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ABSTRACT 

Speleothems are calcium carbonate deposits, such as stalagmites, 

stalactites and flowstones, formed in a cave environment by loss of 

d . .d f d 	 variations . 18o; 16ocarbon ioxi e rom saturate groundwaters. . . in t he 

ratio of calcite speleothems are related to changes in depositional 

temperature provided that the speleothem formed in isotopic equilibrium 

with its seepage water (conditions characterised by slow co loss and no2 
18o; 16evaporation of seepage water) . Variations in o of the seepage water 

will also be reproduced in the calcite but allowance fo r this effect can 

18 16 .be made if 0/ 0 ratio of the source (ocean water) can be estimated 

(from deep sea sediment cores) and if the influence of temperature on 

180/160 . of . . . t h . can b . .ratio precipitation at e site e determined Because 

cave temperatures closely approximate mean annual surface temperature, 

. 18 16the axial 0/ 0 record of a speleothem is therefore an indication 

of paleoclimate and of temperature change over the period of its growth. 

The frequency distribution of age measurements for several speleo

thems from an area may also be used as a paleoclimatic indicator because 

cold or glacial conditions above the cave will inhibit speleothem growth 

by freezing water at the surface and removing vegetation and soil cover, 

the main source of co for the limestone dissolution- reprecipitation2 

process. 

Pure , non-porous calcite speleothems from several limestone regions 

230 234 	 .have been dated in this study by 	the Th/ U method, and in cases of 

231 230uranium-rich speleothems, by the Pa/ Th method also. For ten such 

cases examined, good agreement of ages determined by both dating methods 
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was found. 

Relatively few deposits however, have shown deposition under 

isotopic equilibriwn conditions, due probably to the well-ventilated nature 

of the caves studied. 

The age distribution for speleothem from Cascade Cave on Vancouver 

Island' , B.C.,inditates growth during the mid-Wisconsin interstadial dated 

as 65 - 30,000 yrs. B.P. Stable isotope profiles for two speleothems which 

. 18 16 grew over this period both show values of 0/ 0 ratios of calcite which 

are significantly lower than calcite growing in the cave today. This is 

the first clearly-defined record of such an occurence (in previous work, 

18 16 .0/ 0 of fossil speleothem was generally greater than modern). Using 


. 18 16
estimates of the change 1n 0/ 0 of ocean water from a Pacific deep sea 

core, and the value determined by Dansgaard (1964) for the temperature 

dependence of 18o;16o of precipitation for oceanic sites, a realistic 

paleotemperature record is derived. The results indicate that temperat

ures at the Cascade Cave site were about 4.0°C , 64,000 yrs. ago · and 

gradually declined to o0 c by 35,000 yrs. ago. These data are consistent 

14with the findings of Canadian workers from c and palynological studies 

of fossil organic matter in the area, and do not support the proposal 

by some American workers of a major glaciation occurring between 35 

40,000 yrs. B.P. 

The age distribution for 140 analyses of 82 speleothems collected 

from caves in north-west England show abundant deposition during the periods 

130 - 90,000 yrs. B.P. and 13,000 yrs. B.P. to present, with limited growth 

over the periods > 350 - 170,000 yrs. B.P. and 70 - 35,000 yrs. B.P. No 

ages were found to lie within the periods 170 - 140,000 yrs. B.P. and 35 

15,000 yrs. B.P. These intervals are correlated to the Wolstonian and 

Devensian glaciations respectively. 
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Only four speleothems were found to have grown in isotopic equilib

rium with their seepage waters, and one of these showed periods of non-

equilibrium deposition. In contrast to the Vancouver Island results, all 

18 16 .
Of 0 ratios were found to be greater than or equal to modern, indicating 

that the apparent oceanic location of this site is not expressed in the 

18 I 16 f . . .va1ue f or temperature dependence of 0 0 o precipitation. 

An oxygen isotope profile for a flowstone dated between 126,000 

180/160 . . l l' h 1 and 109 , 000 yrs. B P s ows ratios commencing at va ues s ig t y. . h 

lower than for modern calcite, and shifting to still lower values at about 

112,000 yrs. B.P. This shift may indicate a cooling event perhaps carrel

ative with the isotope stage Se - Sd transition seen in the deep sea core 

record. A profile for a flowstone over the period 290 - 190,000 yrs. B.P. 

shows excellent correlation to interglacial stages 9e and 7c seen in the 

deep sea core record, and a pronounced growth hiatus dated at about 250 

210,000 yrs. B.P. correlates with glacial stage 8. These are the first 

speleothem results to show a climatic record beyond 200,000 yrs. B.P. 

18 16 .The differences in 0/ 0 behaviour for speleothems from the two 

locations (N .E. Pacific and .. E. Atlantic) are interpreted in terms of 

their relative proximity to the ocean, potential for exchange of water 

vapour and 'rainout' by airmasses moving towards the cave sites, and 

possibility of change in meteorological conditions (principally storm 

track) over the periods studied. 

In a subsidiary study, evidence for major sea level lowering during 

the Illinoian glaciation is recognised by age determinations on the calcite 

core of speleothems collected at 4Sm below present sea level from a 'blue 

hole' near Andros Island in the Bahamas. 

234u;238The possibility of applying the u dating method to 

speleothem is also investigated in this work, by the analysis of modern 
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calc i tes and their seepage waters, using a new method for uranium extrac

234 238 .tion from groundwater. However the variations in U/ U ratios observed 

over short distances in the same cave demonstrate that estimation of 

234 238initia· · 1 f oss1· 1 ; U in the spe eothem cannot · 1 e mad· U · 1 simp y b e by 

averaging modern ratios for the cave. 

Consideration is also given to the temperature dependent distrib

ution of trace elements in calcite, particularly magnesium and strontium. 

Analyses of modern calcites and waters show that Mg incorporation is 

strongly temperature dependent whereas Sr is not. The possibility of 

using Mg variations in fossil speleothem as indication of temperature 

change is briefly examined but the results for one sample are found to 

be inconclusive. 
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CHAPTER 1 


THE TIME SCALE AND INTENSITY OF QUATERNARY EVENTS GEOLOGICAL 

EVIDENCE AND THE ROLE OF SPELEOTHEM 

Introduction 

The most recent period of the earth's geological past is known 

as the Quaternary. It has been variously estimated as describing an 

interval ranging from the last 350 Ka (1 Ka= 1000 years) (Emiliani 1955), 

to 3 million years (Flint 1971) but is now thought to have begun about 

1.6 to 2 million years ago (Shotton 1977, Bowen 1978) . Its base is de

fined by the substantial faunal change in the marine succession of the 

Calabrian Formation in Italy, and it is a period characterised by animals 

and plants of predominantly modern types. It is also considered to be a 

peri od of fluctuating climate marked by several major ice advances in the 

northern hemisphere. The Quaternary is sub-divided into the Recent (or 

Holocene) epoch comprising the last 10 Ka (a warm period following the 

last glaciation), and the Pleistocene which corresponds to the remainder 

of Quaternary time. The Pleistocene is defined primarily in terms of 

glacial-interglacial climatic cycles (Flint 1971 ) . Recently, glacial 

events have been recognised in the Pliocene period, so that now the term 

'Late Cenozoic glacial ages' is considered to more correctly describe 

the succession of ice ages attributed to the Pleistocene (Turekian 1971). 

Early studies of the Quaternary deposits of a region subdivided 

1 
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the period into several stages, each named according to the type locality 

of a characteristic geological deposit (usually a glacial till, lake or 

river sediment deposit). The result was the creation of a confusing 

array of stage names for glaciated regions, few of which could be inter

correlated satisfactorily. 

Table 1.1 illustrates the present nomenclature for glacial and 

interglacial stages characterising the Late Quaternary deposits of N. 

America, Britain, N.Europe and the Alps. Inter-correlation of stages 

within the two most recent glacial/interglacial cycles of Europe and 

Britain has been proposed on biostratigraphic and thermal evidence 

(Mitchell et al. 1973), but correlation between these and the Alpine or 

N.American sequence is so far not proven. 

The last twenty years has seen a fervour of activity aimed at ob

taining a detailed record of Quaternary climate. An important motive has 

been determination of the cause of rapid changes, so that future climatic 

events might be predicted. This work has shown that the most consistently 

reliable and globally extensive results are obtained from deep sea sedi

ment cores. A continuous paleoclimatic record extending back into the 

Pliocene has now been constructed from studies of deep sea cores and 

tested against theories and models of climatic change. Deep sea cores 

however, by virtue of their slow accumulation rate and environment of 

deposition, are difficult to date accurately and are unable to record 

sudden fluctuations in climate lasting 1 - 2 Ka or less. For these rea

sons they cannot precisely define or predict the speed and timing of 

continental climate change, and this is the type of change in which man

kind is most interested. AJter·native methods must therefore be used to 



CLIMATE N .AMERICA ALPS N.EUROPE BRITAIN 

Interglacial 

Glacial 

Interglacial 

Glacial 

Interglacial 

Glacial 

Interglacial 

Glacial 

PRESENT 

WISCONSIN 

SANGAMON 

ILLINOIAN 

YARMOUTH 

KANSAN 

AFTON IAN 

NEBRASKAN 

HOLOCENE 

WURM 

RISS/WURM 

RISS 

MINDEL/RISS 

MINDEL 

GUNZ/MINDEL 

GUNZ 

HOLOCENE 

WEICHSEL 

EEMIAN 

SAALE 

HOLSTEIN 

ELSTER 

CROMER 

MENAP 

FLANDRIAN 

DEVENS IAN 

IPSWICHIAN 

WOLSTONIAN 

HOXNIAN 

ANGLIAN 

CROME RIAN 

BEESTON IAN 

Table 1.1 	 Nomenclature for glacial and interglacial stages for the Late Quaternary of 

North America, the Alps, Northern Europe and Britain. 
Vl 
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determine the 'fine structure' of the earth's climate. This thesis 

describes the application of one such method, isotopic analysis of 

speleothem, to determine paleoclimate changes in several maritime areas 

of N.America and Europe. 

This chapter briefly describes other techniques used in Quater

nary studies and contains a summary of ice core and deep sea core 

evidence. The role of speleothem in determining a continental record of 

climate change is then described. 

1.1 Evidence of Climatic Change 

Table 1.2 summarizes the types of geological feature or deposit 

which can give paleoclimate information. Some deposits or formations 

only indicate the climatic regime in which they were formed, (eg. till, 

submerged beaches and pollen deposits) while others are characteristic 

of the prevailing climate and can be dated by a radiometric or other 

absolute technique (eg. fossil organic matter, uplifted reef terraces ) . 

Others again can both be dated and yield information of change i n absolute 

temperature or climate by the presence of a component in the deposit which 

. . . h h ( 180; 160 . . d dis sensitive to sue c ange eg. ratios in eep sea cores an 

D/H ratios in ice cores) . 

Construction of a reliable paleoclirnate or paleoternperature record 

for t he Quaternary requires good preservation and continuity of the geolo

gical evidence, a factor seldom seen in most of the deposits listed in 

Table 1.2. However, correlation between records of the same type of 

formation (eg. tree rings, pollen zones) for overlapping time periods, 

has permitted the synthesis of several detailed paleoclimate curves. 



Table 1. 2 Evidence for climatic change during the 

Quaternary. 



Se l ected 
Type Feature 1:e fe rcnc es 

1) Cli m3 te-characteristic 
depo s it s 

2) 	 Datable climate
characteristic deposits 

3) 	 Datable deposits 
containing climate-
or temperature-sensitive 
component (eg. isotopic 
ratio ) 

till, fluvioglacial )
depos it s 

erratic s , glac i a l striae , 
peri gl acia l f eatures, U-
va lleys e tc. 

pluvia l lakes (in presently 
arid r egions) 

presently-submerged beaches, 
shorelines and caves 

coastal sedimentary cycles 

river terraces 

deep sea sedimentation rate 

mineralogy of deep sea 
sediments 

faunal distributions in the 
terrestrial zone 

pollen record in bog and 
sediment cores 

faunal zones in the marine 
foraminiferal record 

statistical comparison of 
faunal assemblages, temperat
ures and salinities in 
pelagic sediments 

lake sediments 

soils and paleosols 

loess 

well-preserved fauna, 
wood, peat etc. 

archeological sites 

varves 

caliche 

till (when interbedded with 
datable strata, e.g volcanic 
rocks) 

deep sea carbonate cores 

groundwater 

coral ree f terraces 

tree rings 

ice cores 

- speleothem 

s 

Fl i nt ( 197 1) 

Heezen et al. 

(1959 ) 


Gascoyne e t a l. 

(1979 ) 


llutzer (-1975) 

Zeuner (1959) 

Clayton (1977) 


Broecker et a l. 

(1958) 


Heath et al. 

(1976) 


Bostrom (1970) 

Broecker (1971) 


Coope (1977a) 

Stuart (1977) 

Butzer and Isaacs 


(1975) 

van der Hammen 

et al. (1971) 


Ericson et al. 

(1961) 


Imbrie and Kipp 

(1971) 


Kipp (1976) 


Kaufman and 

Broecker (1965) 


Ruhe (1965 ) 

Valentine and 

Dalrymple ( 1976) 


Kukla (1975) 

Coope (1977a,b) 

Clague -(1976) 


Butzer and Isaacs 
(1975 ) 

Schwarcz ( 1979) 

Tauber (1970) 

Flint (1971) 


Ku et al. ( in press) 

Porter (1979) 

Emiliani (1955, 
1966 ' 1978) 

Shackleton and 
Opdyke (1973) 
Ninkovitch and 
Shackleton (1975) 

Evans et al. (1978) 

Fai rbanks and 
Matthews (1978) 

Yapp and Eps tein 
(1977) 

Dansgaard et al. 
(1969) 

Epste i n et al. 
(1970) 

Hendy and Wilson 
(1968) 

Thompson et al. 
(1976) 

Schwarcz et al. 
(1976) 

Harmon ct al. 
(1978a) 
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Nevertheless, the terrestrial records are usually incomplete and 

frequently disagree with one another, even for the same locality. It 

is also questionable to what extent the marine records can be extra

polated onto the continents because extremes of climate and rapidity of 

change are seldom experienced in the deep sea environment. 

1. 1 .1 The Ice Core Record 

Ice cores may help to bridge the gap between continental and 

marine paleoclimate records. For instance, Dansgaard et al. (1971) have 

shown how the upper 280m portion of the Camp Century ice core ( r.Green

land) contains climatic details in the form of secular variations in 

18o; 16o ratio of ice for the last 800 years (Figure 1.la). Beyond this 

time however, only longer period climatic oscillations are recorcled 

(Figure 1.lb), due to molecular diffusion and thinning of ice layers. 

Shorter period warming events (interstadials) can be seen superimposed 

on the Late and Early Wisconsin glacial periods, but Dansgaard et al. 

have perhaps been overambitious in correlating these directly to the 

continental records of N.America and Europe. These interstadials may 

only be local phenomena and so far, insufficient precise data are 

available to permit intercorrelation of such events over large distances. 

1.1.2 	 The Deep Sea Core Record 

Deep sea cores contain several components and characteristics 

which 	are capable of giving a continuous paleoclimate record for all of 

14the Quaternary (Table 1.2). They can be dated by c and uranium series 

methods in their upper parts (0 - 200 Ka), by dated ash layers and faunal 
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extinctions in middle parts and by the presence of dated paleomagnetic 

reversals in their lower parts ( >700 Ka). Ages of intermediate horizons 

are then obtained by assumption of constant sedimentation rate from a 

'dated' zone. Alternatively they can be dated by correlation of stable 

isotopic maxima and minima (notably stage Se of the last interglacial) 

to climatic events which have been dated by other means. 

Shackleton and Opdyke (1973) have shown that the oxygen isotopic 

variation of foraminifera in deep sea cores is directly related to the 

oxygen isotopic composition of the oceans. The latter in turn, is a 

function of the amount of ice accumulated on the continents, and therefore 

is an indicator of eustatic sea level and global paleoclimate during the 

Quaternary. This interpretation is in contrast to that proposed by 

Emiliani (1955), wherein most of the oxygen isotope variations in deep sea 

cores (in the Caribbean) were attributed to a change in surface ocean 

temperature, with only a small change ( ~20%) due to the ocean isotopic 

composition. 

Many deep sea cores have now been analysed (Shackleton alone has 

studied over 60 cores) and some workers have constructed a composite 

core record representing changes in global ice volume and paleoclimate 

over the last 500 Ka or more (Hays et al. 1976; Emiliani 1978). Typical 

records from long cores and composite cores are shown in Figure 1.2. 

Prominent peaks (warm periods) are assigned odd stage numbers, and 

troughs (cold periods) are assigned even stage numbers as initially 

proposed by Emiliani (1955). Isotopic sub-stages are assigned letters 

(a, c, e = warm; b,d = cold) after Shackleton and Opdyke (1973) . The 

alternative nomenclature of 'terminations' (transition from glacial to 
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Figure 1.2 	 Correlation of isotopic peaks and troughs (interglacial 

and glacial stages) for three deep sea cores from different 

areas : A. P6408-9 from the Caribbean (Emiliani 1978); 

B. Vl9-28 from the eastern Pacific (Ninkovitch and 

Shackleton 1975); C. V28-238 from the western Pacific 

(Shackleton and Opdyke 1973). Good correlation between 

isotope stages (Arabic numerals) and terminations (vertical 

lines with Roman numerals) can be seen between cores. 
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interglacial; Broecker and van Donk 1970) is also shown. An excellent 

correlation of stages and isotopic detail is seen in Figure 1.2 between 

all cores irrespective of locality. 

The study of faunal assemblages in deep sea cores has permitted 

both qualitative and quantitative distinction between cold and warm 

periods in the past. Ericson et al. (1964) have used variations in 

species abundance and coiling directions of foraminifera to obtain paleo

climate curves for the Pleistocene. A more quantitative approach, taken 

by Imbrie and Kipp (1971), is to mathematically relate present .faunal 

assemblages and distributions, from deep sea core tops taken around the 

world, to the physical state of the overlying surface water (ie. tempe

rature, salinity). Faunal variations down a core may then be interpreted 

in terms of paleoenvironments. 

Recently, Hays et al. (1976) have combined isotopic and faunal 

methods in spectral analysis of the variations in a composite deep sea 

18core of o o of foraminifera, temperature (from statistical analysis of 

radiolarian assemblages) and abundance of C.davisiana (a radiolaria 

whose abundance is not directly temperature controlled but is a function 

of surface salinity and thermal gradient). Time- and frequency-domain 

spectra derived from these parameters has shown excellent correlation with 

the reco·rd o:f the variations in the earth's orbital geometry (obliquity, 

precession, eccentricity), thus indicating that changes in orbit geometry 

are the fundamental causes of the succession of the Quaternary ice ages. 
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1.2 The Role of Speleothem 

1.2.1 Speleothem Deposition and Morphology 

The term 'speleothem' describes any mineral deposit formed within 

a cave (Moore 1952), and is generally used to describe the familiar 

stalactites, stalagmites and flowstones which are formed when seepage 

waters enter a cave. A glossary of cave and speleothem-related terms is 

given in Table 1.3. 

The solution of limestone bedrock by co2-rich groundwater, 

followed by re-precipitation as speleothems in a cave is described by the 

composite reaction: 

CaC0
3 

+ + Ca2+ 
+ 2Hco; ( 1.1) 

Several processes combine to control the growth of speleothem in a cave 

(Pitty 1966, Picknett 1976): 

1) meteoric water containing atmospheric co 2 enters the soil zone and 

dissolves more co produced by the respiration of plants and by 2 

decaying vegetation, 

2) if the soil zone contains limestone fragments (CaC0 ) then these are3

dissolved concurrent to co 2 uptake (the open system process); alter

natively dissolution of the underlying limestone bedrock occurs after 

the water has left the soil zone so that no further co 2 uptake is 

possible (the closed system process). In practice, these processes 

represent extremes and most systems are a mixture of open and closed 

dissolution mechanisms. Open system solution generally leads to 
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Table 1.3 Glossary bf terms and abbreviations used in this thesis 

aven - a vertical extension from a cave chamber or passage, 
either closed at the top or leading to an upper passage. 

choke 	 complete blockage of a pre-existing cave passage by 
sediments. 

duck - a short section of cave passage containing water at 
or near roof level. 

fissure - a narrow vertical cave passage (usuall y formed 

entirely under vadose conditions). 


flowstone -	 defined in text. 

karst - now a general term describing special erosional 
features associated with limestone regions (originally 
an area of N.W.Yugoslavia) . 

limestone -	 an area with a limestone bedding plane exposed on the 
pavement 	 surface and usuall y weathered along joint planes. 

master cave - usually a large stream passage carrying water collected 
from several passages draining a large area. 

phreatic - implies cave development below the water table (in the 
saturated zone) such that solution takes place equally 
in all directions resulting in roughl y circular cross
section passages, often known as phreatic 'tubes' . 

. pitch - a vertical or near-vertical descent requiring 

artificial aids (eg . ladders or ropes ) . 


pothole - either a vertical pitch open to the surface or a cave 
system containing several pitches. 

shakehole - a surface depression in limestones and overburden 
caused by collapse of a cave roof. 

siphon -	 see sump 

soda-straw 	 defined in text. 
II II IIstalactite 

stalagmite 	 II" " 
sump - a pool of water encountered in a cave passage which 

has a submerged extension (also known as a s i phon) . 

vadose - refers to the permeable zone above a water table and 
implies the presence of a free water surface in a cave 
passage. Solution can therefore occur only laterally 
and downwards so that vadose passages are commonl y 
trench-shaped. 

Symbols and Abbreviations 

'del' or 'delta' defined in Chapter 3 

8 suffices: 	 c = calcite, w = water, sw = sea water, p = precipita tion 
f = foraminifera. 

'lo~ = 'permil' or 'per mille' (=parts per thous and) 

A radioactive decay constant t 1 = radioactive half-life 
~ 

Ka Ka B.P. = 'kilo annumi (1000 years), before present. 
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. 2+higher Ca and Hco; concentrations in solution than the closed system. 

3) 	 on entering a cave containing a lower partial pressure of co 2 than that 

i n solution, the seepage water will lose co and calcium carbonate2 

will precipitate either as calcite or aragonite. Aragonite speleothems 

are comparatively rare and are usually found only in tropical and 

sub-tropical environments where high temperatures induce precipitation 

rapid enough to form the more soluble polymorph, aragonite (Moore 1956). 

High concentrations of other ions in solution (eg. Mg) will also 

cause aragonite to precipitate preferentially (Picknett 1976). 

Seepage water dripping from the cave roof deposits Caco around3 

itself and gradually constructs a tubular stalactite which extends 

downwards with time. Slow continuous growth in this way may result in 

'straw' stalactites longer than 2m. More often though, blockage of the 

central hole by CaCO~ precipitation will divert the water flow to the 
~ 

outside, and the stalactite assumes a conical shape. Stalagmites are 

co l umnar deposits which grow upwards from the floor towards the drip 

source. Because the water splashes and flows outwards when it lands, the 

diameter of stalagmites is usually greater than the stalactite above and 

is fairly constant over its length. The size difference between a 

stal actite and stalagmite pair depends on the rate of calcite precipi

tation, drip rate, and potential for evaporation of the water droplet. 

Flowstones are thinly-laminated deposits formed from seepage water 

flowing down cave walls or along floors. 

In all three types of speleothem, crystal orientation is usually 

perpendicular to the growth surface (Kendall and Broughton 1978). 

Their internal morphology is characterised by a series of growth layers 



14 

which can be distinguished from one another by changes in colour, 

texture and impurity content. The layers have been attributed to annual 

deposition in some stalagmites (Broecker and Olson 1960) but Hendy (1969) has 

determined from 14c dating that, in a Speleothem from New Zealand, 

they each represent at least 10 Ka. 

Clastic sediments such as quartz sand, clays and limestone frag

ments are sometimes deposited onto a growing speleothem by flood waters. 

They are then cemented in place by a fresh layer of calcite, once depo

sition resumes. Deposits formed mainly by evaporation and/or rapid out

gassing of co 2 are usually found in draughty cave passages or at the cave 

entrance where humidity is low. They are often porous and contain detritus 

distributed throughout the entire speleothem. Because of their bulk and 

smooth profile, flowstones are most likely to survive destructive events 

such as roof-collapse, invasion of sediment-bearing streams and intrusion 

of glacial ice and sediments. 

1.2.2 Depositional Hiatuses 

As described above, speleothem growth may temporarily cease due 

to f l ooding of the cave and this may be seen as a detrital horizon in the 

growth layers. Growth may cease or slow down for longer periods either 

because of local hydrological changes (re-routing of the seepage water 

due to blockage of the bedrock fissure or stalactite tube) or because of 

the influence of climate. For instance, arid conditions will reduce or 

stop the supply of groundwater to the cave; glacial or periglacial 

conditions will prevent groundwater flow due to a frozen overburden and 

ice blockage at the drainage outlets. Arctic conditions will also prevent 
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speleothem growth by removing soil and vegetation cover, the main sources 

of co in limestone dissolution (and hence in speleothem formation by · 2 

outgassing). 

If deposition resumes at a later date, then the break in growth 

is often clearly seen either as a thin layer of detritus ( from airborne 

dust or flood events) or as a sudden change in colour or texture of the 

calcite growth layers. Figure 1 . 3 shows examples of a stalagmite and a 

flowstone containing several hiatuses. In the stalagmite, all three 

hiat uses are clearly marked by a thin detrital horizon whereas the lower 

two hiatuses in the flowstone are seen only as abrupt colour changes. 

They are distinct from growth layer differences because crystal conti

nuity ends at the hiatus. Without radiometric dating and stab l e isotope 

information from either side of the hiatus it is impossible to determine 

whether the cause of the break in growth was simply a flood event, a 

change in the 'plumbing', or one influenced by climate. 

1.2.3 The Significance of Speleothem Growth and Paleoclimate Analysis 

The presence of fossil speleothem in a cave indicates tha t at the 

time of growth, conditions were such that they permitted speleothem 

development, ie. perma-frost was absent and groundwater could drain 

freely through the cave without ponding due to ice blockage at the outlet. 

These inferences, together with isotopic analyses of the speleothem have 

the following applications: 

1) speleogenetic significance: radiometric ages of speleothems strati graphi

cally related to cave sediments or from several levels in the cave 


s ystem can indicate maximum average cut-down rates of passages, 
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relative ages of levels of cave development and minimum ages of de

watering of the passage (the types of speleothem described above 

cannot be formed underwater). 

2) 	 geomorphic and hydrologic significance: speleothem ages may be used to 

determine the age of local geomorphic and hydrologic events such as the 

age of cave resurgence levels and localised water tables, the relation 

of valley floor levels to cave development, valley downcutting rates etc. 

3) paleoclimate determination: 

i) from frequency of age distribution: periods of abundant speleothem 

growth may indicate warm conditions with good soil and vegetation 

cover (presently applicable to most low to mid-latitude, temperate 

caves); conversely, absence of speleothem growth may indicate an 

arid environment or glacial or periglacial conditions during that 

period. 

ii) from oxygen isotope ratios: variations in the 18o; 16o ratio of the 

speleothem calcite if deposited in equilibrium with its drip water 

indicate changes either in temperature of deposition and/or 

. 	 . . l 80 I l 60 . f h . h .variation in ratio o t e water wit time. There are 

several factors which affect the isotopic composition of the drip 

water, but in certain situations, as will be shown in this thesis, 

their effects can be estimated and the temperature variation at the 

site of deposition can be determined. If this is not possible 

then oxygen isotopic variations must be explained in terms of 

climate variation (ie. as a combination of changing temperature and 

precipitation characteristics). 

iii) from the isotopic composition of fluid inclusions: the speleothem 



18 

cal cite sometimes contains small amounts of fluid inclusions 

which are thought to be representative of the drip water at the 

time of deposition (Schwarcz et al. 1976). For a speleothem in 

isotopic equilibriwn the difference in isotopic composition 

between these inclusions and the surrounding calcite is a function 

of temperature alone. 

Speleothems can be used in two other ways as indicators of paleo

climate. Carbon isotopic composition in speleothem calcite is in part a 

function of the presence and type of vegetation growing above the cave. 

A change in climate may introduce vegetation with a different carbon iso

top i c composition which would in turn alter that of the speleothem below. 

However, the carbon isotopic composition of speleothem is also a function 

of dissolution-precipitation processes occurring in the system before 

speleothem formation occurs (Wigley et al. 1978) and the kinetics of 

isotopic equilibration in solution and isotopic exchange with cave atmos

phere C02 during speleothem formation (Hendy 19 71) . These mechanisms are 

not directly influenced by climate change. 

Variations of trace element concentrations in calcite also holds 

potential for paleoclimate determination but the complexity of the chemical 

processes involved in the distribution of trace elements between drip 

water and calcite has so far prevented their variations to be interpreted 

in terms of climate or temperature change. 

1.2. 4 Speleothem vs. Deep Sea Cores in Paleoclimate Analysis 

Speleothem has several advantages over deep sea cores in paleo

climate studies : 



19 

1) Speleothems are usually very pure, consisting entirely of Caco ;
3

deep sea cores need to be carefully dissected and cleaned to extract 

the foraminiferal species of interest. 

2) Cave temperature has been found to be approximately equal to mean 

annual surface temperature (Wigley and Brown 1976) and therefore 

i sotopic paleotemperature records obtained from fossil speleothems 

should closely parallel variations in surface conditions with little 

distortion; far less temperature variation is experienced by the anima l s 

whose tests are found in deep sea cores because of the thennal damping 

effect of the ocean. 

3) Because speleothems record surface temperature they are therefore a 

direct indicator of continental paleoclimate; the isotopic composition 

of animal tests in deep sea cores is mainly influenced by changes in 

the isotopic composition of sea water which in turn measures continen

tal ice volume and therefore paleoclimate. Only benthonic foramini

fera can be used to determine ice volume; planktonic species contain an 

additional temperature-related change. 

4) The isotopic composition of speleothem carbonate rapidly responds to 

changes in mean annual surface temperature and the isotopic composi

tion of drip water, and - ~peJeothems o~ten grow rapidly enough in 

some situatibns to permit sampling to within 10 or even 1 year growth 

increments; the amplitude of variation in the isotopic composition of 

deep sea cores, however, is attenuated by the finite time required for 

global mixing of ocean waters ( - 1 Ka) , and by the action of burrowing 

animals (known as bioturbation). Speleothem is never affected by 

bi oturbation. 
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5) 	 Speleothems generally do not undergo recrystallization and effects of 

re-solution by unsaturated groundwater are usually confined to the 

surface of the speleothem; deep sea sediments however, often suffer 

from differential solution or complete re-solution as the planktonic 

debris descends into depth where seawater becomes unsaturated with 

respect to calcite and the higher Mg-calcites are preferentially 

dissolved. 

6) 	 Certain species of forams found in deep sea cores are known to exist 

out of isotopic equilibrium with sea water during their life cycle (Dupl

essy et al~970a}and many are subject to influences of salinity, osmo

tic pressure and sea water density which in turn affects their isotopic 

compositions (Savin and Stehli 1974). These 'vital' effects are not 

found in speleothem because it is entirely formed by inorganic 

processes. 

The main disadvantages of speleothem over deep sea cores are: 

1) 	 accessibility: speleothems cannot be sampled by 'remote' techniques 

as can deep sea cores. The most suitable speleothems are often found 

in the more inaccessible parts of a cave and therefore can be collec

ted only by persons experienced in cave exploration. 

2) 	 The aesthetic value of speleothems imposes a strong conservation 

ethic amongst cave explorers which creates sampling problems because 

their age cannot be easily estimated before removal to the laboratory. 

Deep sea cores suffer no such limitations. 

3) 	 Similarly, prior to collection and analysis, it is not always possible 

to identify speleothems formed in isotopic equilibrium with their 

drip waters and which are therefore useful for paleoclimate analysis. 
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4) 	 Speleothem growth may not occur throughout the whole year but may 

be a function of water and Hco; supply which are seasonally con

t rolled. A bias towards recording a seasonal temperature may there-

f ore be found. Benthonic foraminifera in deep sea cores experience 

no seasonal effects and grow all year round. 

5) 	 Speleothems are deposited sporadical!Y and several deposits may be 

required in order to construct a continuous paleoclimate record. 

Deep sea cores are usually chronologically continuous, although the 

core top may be lost during sampling and certain horizons may be 

compacted or altered. 

The ability to date , pre_cis~.ly speleothems as old as 350 Ka and obtain 

excellent isotopic resolution outweighs many of the above disadvantages. 

Previous speleothem results are reviewed where relevant in the following 

chapters and are compared and contrasted with the results described in 

this thesis in Chapter 10. 

1.3 Thesis Objective 

Speleothems from caves in several maritime limestone regions in 

N.America and N.W.Europe were collected in this study in order to compare 

the paleoclimates of N.E.Pacific and N.E.Atlantic environments. This 

thesis describes the results of dating selected speleothems by the 

230 234 231 230 	 . . .Th/ U and Pa/ Th methods and the application of stable i sotope 

analysis to several of the dated samples. It has not been possible to 

fulfil the objective described above mainly because of the lack of 

deposits, in both regions, which have comparable growth periods and which 

are suitable for isotopic analysis. 

http:pre_cis~.ly
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The results, instead, are interpreted in terms of their speleo

genetic and geomorphic significance and implications for Quaternary 

chronology in the areas studied. Results on topics of related interest 

are also described, including the disequilibriwn of uranium isotopes in 

groundwater and speleothem, and trace elements in speleothem and their 

application to paleotemperature determination. 



CHAPTER 2 

URANIUM SERIES DATING OF SPELEOTHEM 

Introduction 

Within the three decay series of the naturally-occurring, 

. d . . d 238 235 d 232 h h . d1ong-live act1n1 es, U, U an T , are several s orter-live 

nuclides which can be applied to dating recent geological deposits. 

The three decay series are described in Figure 2.1 showing mode of decay 

and half-lives of intermediate nuclides. 

To use any of these methods requires a knowledge of some or 

all of the following : 

1) initial conditions; ie. the amount of radionuclide present, or its 

ratio relative to some other nuclide, 

2) present nuclide concentrations (or more usually, radioactivities, 

here simply referred to as 'activities'), 

3) absence of daughter product at the time of initiation, or the 

possibility of estimating the amount initially present, 

4) the decay scheme and nuclide half-lives. 

In addition, there is a general requirement of 'closed system' 

conditions following formation or emplacement of the deposit, ie. no 

migration or addition of parent, daughter and intermediate nuclides. 

The methods of particular relevance to speleothem work are 

those which permit deposits at least one million years old to be dated. 

23 
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238 234The longest of the intermediate decay sequences, u ...:....=t u, is 

best suited for this. Unfortunately, it requires precise knowledge 

o . . . 1 234U/238U . hf t he initia ratio in. t e speleothem, a parameter which is 

not easily predicted or determined by other means, and so the method 

has so far found little use in speleothem work. It is discussed in 

more detail in Chapter 8 together with measurements of variations of 

this ratio in young speleothem and groundwater. 

Speleothem and other carbonates have mainly been dated by 

techniques involving measurement of the amount of daughter nuclide, 

initially absent from the system, that has grown towards equilibrium 

wi·th the parent i In part · icu1ar, the '· · ' method cnuc1. de. ionium 230Tu; 
234

u) is most useful because of the large differences in the chemical 

properties of each nuclide. A related method, involving the ingrowth 

231p d . . b . . h 235 . . blof a towar s equili rium wit parent U i s applica e to 

spe l eothem containing high uranium concentrations. These methods are 

described in the following pages, with emphasis on their application 

to dating speleothem. 

2.1 Decay Theory 

During the radioactive decay of a parent nuclide, the number of 

atoms of daughter nuclide (N ) present at any time t after formation of2

the deposit is a function of 1) the rate of its own decay and 2) the 

rate of production by decay of the parent, ie. : 

dN2 = A. 1N1 - A. 2N 2 ( 2 .1 ) 

dt 
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where A. is the decay probability of the nuclide i. 
1 

N1 is related to the initial concentration N~ by 

= ( 2 . 2 ) 


Therefore (2.1) can be rewritten as 

' No e-Alt ( 2. 3) = 
I\ 1 1 

and integration gives the concentration of daughter nuclide presently 

remaining 

= (2.4) 

The second term refers to the daughter nuclide initially present in the 

sys t em, ie. co-deposited with parent. For most carbonate deposits this 

is f ound to be zero and so the term is omitted. Equation 2. 4 can be 

rewritten in terms of the ratio of daughter to initial parent concen

trations : 

(2.5) 

This equation forms the basis of most U-series dating applications. 
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It should be · noted that all references to 	nuclides in this thesis 

230refer to their 'activity', not concentration, eg. Th = N A in the230 230 

above nomenclature. 

2. 2 The Geochemistry of Uranium and Thorium 

The geochemical cycles of U and Th are very different from one 

another. U forms a number of soluble complexes in the natural environment, 

particularly with bicarbonate, phosphate and fluoride ions, so that it is 

easily weathered from source rocks and transported in solution. Th is 

from 100 to 1000 times less soluble, forms few complexes, and on weathering 

from a parent rock, is usually removed as an insoluble particulate rather 

than a dissolved ion. For these reasons,although Th is four times more 

abundant in crustal rocks than U, its concentration in seawater is less 

than 1/200 that of U (Koczy 1954) . The U/Th ratio in freshwater is less 

well-known and may be influenced by the presence of organic complexing 

agents in solution. In general though, Th is almost completely excluded 

from groundwater owing to its very low solubility and ease of adsorption 

onto clays and other detrital particles. The geochemical cycle of U i s 

more complex and is discussed in greater detail in Chapter 8 . Protactinium 

(Pa) behaves like Th in the groundwater cycle and is also prec i pi tated. 

It is a prerequisite of speleothem dating that during the precipi

tation of calcite in a cave, Th and Pa are not co-precipitated with U in 

any appreciable quantity. Results of dating modern speleothem from N. 

American caves (Thompson 1973a, Harmon 1975 ) and English caves (this 

study) generally indicate that this is the case. A few results showing 

228the presence of excess Th in dripwater 	or speleothem (Thompson 19 73a) 
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and some non-zero ages for modern speleothems from Vancouver Island 

(Chapter 4, this study) suggest that under certain conditions Th may 

become mobile, possibly as an organic complex. An additional requirement 

is that Th or Pa are not included as particulate detrital matter in 

the speleothem calcite because they may then be available for leaching 

during the analytical procedure. This aspect is discussed in more 

detail later on. 

The U concentration of speleothem is dependent on factors such 

as U content of overlying bedrock, residence time of groundwater, 

availability of Hco; or other ligands, rate of degassing in the cave etc. 

For these reasons U concentration in a speleothem is likely to vary 

considerably both parallel to and normal to its growth direction. 

Variations in U concentration are found locally, from one speleothem to 

the next in the same cave, and regionally, between limestone formations. 

U concentrations are found to vary between < 0.0lppm and about 90ppm. 

230Th/234U . h .2 3 . The 	 D.ating T ec nique 

2.3.1 	 Principle 

This technique relies on the precipitation of small quantities 

of 	uraniwn in a growing speleothem, in the absence of thorium. After 

230
deposition there is a gradual increase in the concentration of Th in 

234
the speleothem produced by radioactive decay of u (Figure 2.1). The 

. 230 h/234 . f . f h f h h d bratio T U is a unction o t e age o t e speleot em an may e 

230 h d 234 . d b h . . . 	 f h h ddeterm1ne y c em1cally isolating T an U rom eac ot 	er an 

from the calcium carbonate, and measuring the activity of each 	nuclide 
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by alpha spectrometry. An artificial tracer or 'spike' is added at 

the outset to permit correction of the measured activities for 

chemical yield . 

In early studies of U series dating techniques (eg. Barnes et 

230 238al. 1956) the ratio Th/ u was used as a dating method : 

= 	 (2. 6) 

. h h . l" . . h 234 	 /238 1wit t e imp ic1t assumption t at U U = .00. 

234
However, Cherdyntsev (1955) clearly 	showed that u was seldom in 

238radioactive equilibrium with parent u. Equation (2.6) must therefore 

be modified as follows : 

1 - e-A.230t 	 1 = ---) 

234U/238U 234U/238U 

( 2. 7) 

230 234where A. and A. are the decay constants of Th and U respec230 234 

tively. Solutions of this equation are expressed as an isochron 
234 

diagram in Figure 2. 2. For low U excesses the method is restricted 

to an upper limit of about 300 Ka. In speleothem of high U concentra

. C 2 ) d h . h . . . 234 I 2 3 8 . C 2) . . . b 1t1on > ppm an ig initial U U ratio > , it is poss1 e 

to resolve ages as high as 400 Ka. The limits of the technique are 

discussed in greater detail at the end of this chapter. 
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2.3.2 	 Detrital Contaminants 

230The dating method requires that Th is not co-precipitated 

with uranium or included in detrital grains (sand or clay) during the 

growth of the speleothem. The presence of detritus itself does not 

affect the precision or accuracy of the determined age, but if Th and 

U are leached from it by acid during sample dissolution, then it be

comes necessary to correct for the presence of authigenic and detrital 

230Th 234 d 238 . h f. 1 Th 	 f d . 1, U an U in t e ina spectra. e presence o etrita 

232Th can be seen by the appearance of Th in the Th spectrum, but the 

230amount of accompanying Th will differ from one sample to the next 

due to varying amounts of adsorbed and resistate Th in detrital 

minerals and the time elapsed since deposition of the surface-adsorbed 

230Th. In the latter case Th is unsupported and decays away with a 75 

Ka half-life, such that in a 	 closed system, the older the speleothem, 

230the less the effect detrital Th has on its calculated age. 

Previous studies of speleothem have tended to reject ages based 

230 232 on analyses where measured Th/ Th ratio is < 20 (eg. Harmon et al. 

1978a). Alternatively, -ages have been 'corrected' for detri tal Th 

(Thompson 1973a) assuming : 

1) d . 1 230 hetrita T .is 1a ways . d by 232Thaccompan1e dan .vice-versa, 

2) the initial 
230. 232

Th/ Th 
230 232

ratio of detritus, ( Th/ Th) , can 
0 

be 

estimated, 

3) 	 closed-system conditions have persisted since deposition, ie. the 

detritus was included in the calcite only during speleothem deposi

t i on and no U or Th has entered or left since. 

The l ast assumption is generally true for 'clean' speleothem and can 
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be reasonably extended to cover detrital inclusions. The first and 

second assumptions are more tenuous; in particular the problem of 
232230determining c Th/ Th) of the detritus and whether this is 

0 

appropriate to correcting speleothem age, because differential amounts 

of each isotope may be leached during the dissolution 	of speleothem for 

234 238
analysis. Furthermore the possibility of leaching u and u 

from the detritus will also affect the calculated age, and there is no 

simple way to determine the magnitude of this effect. 

In previous attempts to correct for detrital contamination, it 

has generally been assumed that preferential leaching and isotope 

fractionation are negligible and a correction need only be made for 

230Th . d d . h 232Th dur1ng t he . f d . . Threeintro uce wit . time o eposition. 

methods have been used to determine this correction : 

14
1) comparison with c ages of the same samples to determine the 

230 230amollllt of Th in excess of that required to give comparable Th/ 

234U ages, (Kaufman and Broecker 1965). These workers found an 

1 230 . ; 232 h... 1 d . 	 . f 1 7 b . d h d.in1t1a etrita Tn T ratio o . est applie to t e se iments 

of the Pleistocene Lakes Bonneville and Lahontan in the western U.S. 

2) isochron plots can be used for contemporaneous samples of differing 

232 234detrital content. A plot of 230Th/ 234u vs. Th/ u gives the 


230 234 . 232 234
corrected Th/ U ratio at Th/ U = 0. By this means Osmond 

230 232et al. (1970) found a c Th/ Th) value of 5 for modern shells 
0 

and beachrock in Florida, and Kaufman ( 1971 ) a value of 2 for lake 

sediments in the Dead Sea basin. Turekian and Nelson (1976) used 

a more simple procedure to date travertine layers in a cave by 

230
assuming that all samples have the same age and detrital Th 
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230 234activity. 	 Plotting Th against u gave a straight line, the 

. 230 234slope of which, ( Th/ 	 U), was then corrected by subtraction 


234 
of 	 he · U = . Schwarcz 1 ht 230Th intercept at 0 ( 979) as suggeste d 

230 232an improvement to this which only requires that c Th/ Th) is 
0 

constant in the layers, and then he uses Turekian and Nelson's 

data to derive a slightly greater age for the deposit. However this 

age may in part be an artefact of differences in techniques used by 

the two workers in determining an age from the calculated ratios. 

3) Ku et al. (1979) analysed carbonate 	and detritus content separately 

230and 	corrected the carbonate age for Th leached from the detritus, 

. . 230Th/232Th .knowing its ratio. 

Thompson (1973a) has corrected some speleothem ages for detrital Th by 

assuming Kaufman's initial 230Th/ 232Th ratio of 1.7. 

Schwarcz (1979) has considered other aspects of detrital 

contamination including preferential leaching of U isotopes and has 

230 230distinguished between Th adsorbed onto detrital grains and Th in 

secular equilibrium in resistate minerals. He considered model systems 

for partial leaching and total dissolution of a detrital phase, but 

concluded that without multiple analyses of the same sample, the 

complexity of effects prevents satisfactory correction of ages of 

contaminated samples. 

2.3.3 	 Previous Work 

230 234The Th/ u dating method has been used to date many types of 

secondary carbonate including reef limestones, shells, caliches, lake 

sediments, travertines and speleothems. A comprehensive review of this 
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and related methods has recently been given by Ku (1976). Speleothem 

was first investigated about ten years after its initial application to 

marine carbonates, by Rosholt and Antal (1962). They analysed stalag

mites from European caves but found evidence of appreciable U loss 

d 231resulting· in· excess 230Th an pa. Cherdyntsev et a1 . (1965) were 

more fortunate in using speleothems that were not U-leached and they 

found good agreement between the ionium and protactinium dating methods, 

in spite of considerable detrital Th contamination. Fornaca-Rinaldi 

230 238(1968) used the ratio Th/ u to date speleothems from Italian 

caves, but did not allow for 234u excess in the samples, and so the 

ages obtained were probably too young. Duplessy et al. (1970b) ob

tained good stratigraphic ordering of ages for a long stalagmite from 

southern France. No detrital Th was detected in the inner parts of 

the speleothem but U concentration was generally low (0.06 to 0.12ppm). 

The speleothem was found to have grown from 130 to 90 Ka and a stable 

isotope profile for this period was also determined. 

G.Thompson et al. (1975) dated a long stalagmite from a 


. . 230 234 234 238
Missouri cave by Th/ U and U/ U methods and argued for accep

ting the latter ages as more valid. This result was strongly criti

sized by Harmon et al. (1978c) who re-interpreted G.Thompson's results 

230 234to indicate that the Th/ u ages were more reliable. Aspects of 

this work are discussed in more detail in Chapter 8. 

P.Thompson (1973a) and Harmon (1975) have contributed most to 

dating speleothem over the last decade, principally for North American 

caves. In general their results have shown (Harmon et al. 1975, 1977, 

1978a, b; P.Thompson et al. 1976) : 
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1) 	 old speleothems ( > 200 Ka) have been found almost exclusively in 

the Canadian Rockies and the N.W.T.; areas such as north-central 

USA, Bermuda, Texas and Mexico appear to contain younger speleothems 

only. 

2) 	 U concentrations vary widely between areas (eg. 5 - lOOppm in the 

N.W.T., 	 0.02 - lppm in Bermuda), 

(234U/238U)3) 	 ratios range from 0.8 to 2.6 and generally show little 
0 

relation to either U concentration or age of sample, 

4) 	 almost all speleothems were calcite and appeared not to be recrystal

lized. Only one from Mexico was thought to be recrystallized, 

presumably from aragonite, 

5) 	 most speleothems showed correct stratigraphic ordering for measured 

ages and showed little detrital Th contamination and no U or Th 

migration. 

6) 	 periods of speleothem deposition were found to correlate quite well 

with known waTIIl events in the Pleistocene (determined from deep sea 

cores and reef terraces), Periods of almost zero growth for northern 

latitude caves existed from 15 - 30 Ka, 60 - 80 Ka, 130 - 160 Ka, 

and 235 - 260 Ka, indicating times of cold or glacial climate. 

Pronounced warm events were marked by the abundance of speleothem 

ages about 0 - 10 Ka, 90 - 150 Ka, 185 - 235 Ka and 275 - 320 Ka. 

231 2302.4 The Pa/ Th Dating Technique 

2.4.1 	 Principle 

This technique, referred to here as the 'protactinium' method 



36 

235 231is based on the decay of u to Pa via a short-lived intermediate 

231Th (F. 2 1) R h h d . h . . f 231Pa byigure . . at er t an etecting t e activity o 

alpha counting (its a energies are multiple and lie within the 232u 

region, and it is difficult to chemically isolate free of 	U and Th) 


227

it is easier to either count the S decay of 	its daughter Ac or to 

227monitor the a activity of its granddaughter Th and assume that 

radioactive equilibrium exists between all intermediates and their 

parents. The age of the sample is given by : 

231p 227Th 
( 2. 8) 

235 t 235 t 
( a) = ( ) = 

u u 

whereA' is. t he decay constant of 231pa.231 

Used in this form, the range of the method is about 200 Ka, governed 

231
only by the half-life of Pa (32.5 Ka). However, this . equation may 

b . d . h h f h h 235 /238 . . . . hbe com ine wit t e act t at t e U U activity ratio in t e 

230environment is a constant (1 : 21.7), and that the amount of Th 

234grown into equilibrium with u is also a function of time; therefore 

dividing equation (2 .8) by equation (2 . 7) gives : 

1-e-!..23lt 
= 

(2. 9) 


solutions to this age equation are shown in Figure 2.3 and it can be 
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seen that the maximlliil limit of resolution of the method is about 300 Ka. 

227The advantages with this modification are that Th activity may be 

230 hirect1y . h d h f .k 

232 228

compared d . to T in t e same spectrlliil an 	 t ere ore no spi es 

are needed to monitor chemical yields . Addition of 	a u- Th spike 

228
only complicates the technique because daughters of Th grow in 

227

1) assumption of radioa.cti ve equilibrium between Pa, Ac and Th, 

rapidly enough to mask Th. The assumptions and corrections that 

must be made are 

231 227 227

ie. strict closed-system conditions. 

22 7 h2) . f or decay o f T once it. b ecomes unsupported d .correction uring 

chemical extraction. 

2233) correction of ingrowth of daughter Ra after plating out. 

2284) correction for ingrowth of daughters of Th which may be present in 

detritally contaminated samples or if detector background is high in 

this region. 

These factors are discussed in greater detail towards the end of this 

chapter. 

2.4 .2 Previous Work 

231 235The Pa/ u method, using a double spiking technique and a 

and S counting has been successfully applied to the dating of coral reef 

terraces by Ku (1968). From this study Ku found that a value of 34.3 

231Ka for the half-life of Pa better fitted ionilliil ages in the same 

samples, than the original value of 32.S Ka determined by Kirby (1961). 

This was further substantiated by results of dating corals and shells 

from the Ryukyu Islands (Ko ura and Sakanoue 1967) and Taiwan corals 
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(Konishi et al. 1968). The method has also been applied to dating 

terrestrial carbonates but was thought to be limited by the problem 

of U leaching after deposition (Rosholt and Antal 1962). 

227 230 231 235The Th/ Th method is less well known than the Pa/ u 

method, but has been used to date cave travertines (Cherdyntsev et al.1965), 

molluscs (Rosholt 1967), and fossil corals (Moore and Somayajulu 1974) 

with varying success. The latter workers found good agreement between 

ionium and protactinium ages but they failed to state which half-life 

231
of Pa they used. r hey also did not apparently make a correction for 

227
Th decay between separation on the anion column and plating out for 

counting. 

In recent spEHeothem work, P. Thompson (1973a) used the protacti

ni um method to date a small number of samples from caves in West 

Vi rginia and the Rockie~. In general, he found good agreement with 

ionium dates for the same samples but observed that the method was 

restricted to higher U speleothems. 

2.5 Analytical Techniques 

The initial analytical procedure was developed by Thompson 

(1973a) and used by Harmon (1975) with minor modifications. I t has 

often suffered from large or occasionally total losses of uranium and 

thoriwn. An investigation of aspects of the method was undertaken 

during the course of this study to determine the cause of these losses. 

Other aspects have also received attention, such as the determination 

of reagent blank, background activity levels, true spike activity ratio 

and correction of errors present in the data processing stage. 
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Precision and relative accuracy of the dating method were also deter

mined from results of replicate analyses of homogenised standards, 

interlaboratory calibration experiments and replicate dating of an 

important speleothem from an earlier study. 

Results of these investigations up to June 1977 have been 

described by Gascoyne (1977a) and are summarized and updated in this 

231 230
chapter. Aspects of the Pa/ Th dating technique, developed by 

Thompson (19 73a) are also considered here. 

Figure 2.4 summarizes the method of extraction of U and Th from 

calcite and their separation from each other and purification by co

precipitation, ion exchange and organic solvent extraction. The method 

is detailed in Appendix la. The major changes to the method as used by 

Thompson and Harmon have been : 

1) to reduce the volumes of solutions handled so as to keep reagent 

usage low, reduce extraction times etc., 

2) 	 to change from anion to cation exchange resin in the extraction of 

Th, because of the apparent variability of quality of the anion resin 

used, 

3) 	 use of disposable stainless steel discs in the plating-out and 

counting procedure to reduce magnitude and variability of background 

activity levels, 

4) 	 attention to detail throughout the chemical procedure to maximize 

yields, eg. rinsing the speleothem residue and all vessel walls, 

especially in the latter stages of the extraction, to remove adsorbed 

nuclides. 
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2. 5 .1 Aspects of the Chemistry of the Extraction Process 

2 . 5 . 1. 1 Diss o 1 ut ion of S amp 1 e 

Previous workers have used low strength HN0 3 or HCl in this 

process to avoid leaching U or Th from detritus present in the calcite. 

However, it is doubtful whether even dilute acid completely avoids this 

hazard (Kaufman 1964; Thompson 1973a) and instead, the alternative problem 

of adsorption of aut igenic or spike nuclides onto detritus or glassware 

may occur at low acid strengths. The procedure adopted here involves 

adding cone. HN0 to the sample standing in distilled water. On filtering3 

off insolubles, a wash of 2N HN0 is used at the end to remove any adsor3 

bed and available nuclides from the residue. HN0 is preferred over3 

HCl to ensure all U i s present as U(VI) and can be homogenized with 

spike U. 

2.5.1.2 Co-precipita tion with Fe(OH) 3 

This stage i s one of the most critical in the method with respect 

to influence on chemical yield. In it, pH changes from <l to about 

8 by addition of ammonia to the boiling solution. Ferric hydroxide 

begins to form about pH 3.5 and rapidly flocculates in the presence of 

a slight excess of ammonia. U and Th co-precipitate with the Fe(OH) 3 

along with a nwnber of other trace elements present in the calcite. 

2.51.3 Influence of co 
2 

If not totally removed by boiling, co 2 can interfere since it 

forms a soluble U complex at about pH 7 . Several experiments have been 
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rllll to gauge the effect of presence of C0 2 on U yield. 

i) Reprecipitation - after filtering off the first precipitate, more 

FeC1 3 was added to the stirred filtrate causing more Fe(OH) 3 to 

form. This precipitate was then treated in the same way as the 

first, and subs equently plated out and counted. The results for 

two speleothem samples showed that about 12% of U escaped the first 

precipitation, but no additional Th was recovered. This could be 

explained by the absorption of co 2 by the solution after precipi

tation which then dissolved some U, or, by failure to remove all 

co2 when boiling. 

i i) co absorbed after precipitation - allowing the hot solution to stand2

open to the air .after precipitation may permit co2 absorption and 

re-solution of precipitated U. A cabinet was constructed to 

store samples after precipitation in a co -free atmosphere. co 22

free air was bled into the cabinet to maintain a slight positive 

pressure. Gloves in a side-wall allowed all filtration and 

washing of precipitates to be done in this atmosphere. Seven such 

experiments showed no increase in yield of either U or Th and the 

method was abandoned. 

iii) Use of new ammonia - co2 may be introduced to the precipitate 

by use of ammonium hydroxide which had previously been exposed 

to the air (it absorbs co 2 very rapidly). Yields were therefore 

compared between analyses using NH 0H from an llllopened bottle and
4

that remaining in a partly-used bottle, (see Gascoyne 1977~). No 

difference was seen between the two methods r. However, a simi lar 

experiment to that described in i) above in which new ammonia had 
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been initially used, showed no further U to be scavenged by a 

second precipitation. An attempt to increase U yield by using 

co -free ammonia gas also gave no measurable improvement.2

iv) The 'white ring ~ - after precipitation, when solutions have cooled, 

a white ring is often seen at meniscus level around the inside 

of the precipitation beakers . It was found to effervesce in acid 

and atomic absorption analysis showed a high Ca conte.nt. No 

activity was seen on plating it out and counting. It is probably 

CaC0 3 formed by i nteraction of Ca 2
+ with co

2 
at the surface. 

These results show conflicting evidence concerning the effect of 

C0 2 on U yields. Reference to Chapter 8 describing extraction of U from 

cave drip waters by co-precipitation in situ shows that U yields can still 

be quite acceptable eve in the presence of excessive amounts of co 2 

(the large volume of wa er collected in these studies is of high Hco; 

content, and cannot be boiled before precipitation to remove C0 ).2

Yields of between 4 and 38% were obtained from 7 such samples. 

2.5.1.4 Ether Extraction 

This stage of the procedure can give many problems which even

tually contribute to U or Th loss; eg. incomplete extraction of iron, 

generation of three or more phases, variable solubility of aqueous and 

ethereal phases in one another, gelled organic layers, and a critical 

dependence on acid strength. These troubles are especially prevalent 

in the analysis of samples contaminated by clays and organic substances. 

Some useful observations are : 

i) the Fe(OH) 3 precipitate is best dissolved i n concentrated HCl 

http:conte.nt
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(12N) and the filter paper washed afterwards with 9N HCl, because 

if only 9N is used, the resulting acid strength after .reaction with 

the precipitate may drop below 7N so that incomplete iron extraction 

with ether occurs. 

i i) 	 if too much cone. HCl is used, the resulting solution becomes less 

ionized and acid solubility in the ether rises significantly so 

that much of the added ether 'disappears' during the extraction, 

only to reappear as a separate layer during the boiling off stage. 

Addition of more water usually overcomes this problem. 

ii i ) 	 if the iron concentration in the aqueous layer is initially high, 

the first extraction may give three layers instead of two, the 

middle being deep green iron-chloride-ether compound ( Fe ( Et 2o ) 2 Cl~, 

Et = c2H5). It should be discarded along with the top layer. 

iv) 	 sometimes, no matter what is done, the iron will not extract 

completely into the ether. In this case either the aqueous layer 

can be boiled to dryness, treated with aqua regia (cone. HC1/HN0 )3

to remove organics and re-extracted from 9N HCI or the iron can be 

extracted at a later stage after elution (along with U) from the 

anion exchange column. Except where much iron is present, the 

latter is the better alternative. 

Loss of U or Th into the ether layer has been checked by directly 

plating out and counting a small aliquot of the ethereal layer. Only a 

small a activity ( - 2% yield) was measured during the analysis of a 

U-rich speleothem. The presence of at least 3% Th was found in the 

ether layer in a second experiment using 
234

Th as a S spike. Ada 

Dixon (pers. comm.) has found comparable results in similar experiments). 
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A low activity might be expected however, since Th or Uwould be carried 

by acid in the discarded ether. 

2.5.1.S Anion Extraction of U and Th 

Until April 1976 Bio-Rad AG 1-X8 100-200 mesh resin was used in 

the extraction of both U and Th in the Cl and No; forms respectively . 

Little problem was ever experienced with U extraction but highly 

variable Th yields were commonly found. Selectivity coefficients for 

adsorption of U and Th and other trace metals, have been published by 

Korkisch (1969) and show that Znr
1

, Cdr 1, sn11 , Sn1V and Bi 111 remain 

adsorbed on anion exchange resin at all concentrations of HCl, and 

many others adsorb in strong HCl; hence the possibility exists that 

sufficient amounts of these elements may block exchange sites on the 

resin causing U to pass through. Elution characteristics of U and Th 

for a high U speleothem sample have been determined for anion exchange 

resins to ascertain : 

i) whether washing of the U column with 9N HCl removed any U, 

ii) the relative efficiency of 9N and 12N HCl in retaining U on the 

resin column, 

iii) the rate of washing of Th from the U column, 

iv) the rate of elution of U and Th from their respective columns 

using O.lN HCl, 

v) whether Th was washed off the anion nitrate column by 8N HN0 
3

. 

Results showed that 

i) U was not leached from the anion resin by either 9N or 12N HCl 

(up to 6 column volumes), 
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ii) Th was most rapidly removed from the resin by 9N HCl (about 2 

column volumes), 

iii) U was eluted within 2 column volwnes and Th within about 4 volumes 

of O.lN HCl from their respective resins and 

iv) Th was not removed by the 8N HN0 washes from the anion column in3 

one analysis. 

Using anion exchange resin for U and Th extraction generally gave 

good U yields but vari able Th yields, especially in early 1976. It was 

thought that some substance in the speleothem itself might be the cause 

since repeatedly low or zero Th yields were obtained for certain samples. 

Poor Th yields were eventually attributed to variable properties of the 

anion resin used in t he Th purification step. Experiments using spike 

a l one showed complete adsorption of Th by the resin, without release 

on elution with 0.lN HCl. A different batch nwnber of resin however, 

gave good Th yields. It was concluded that the anion exchange resin 

was either of variable quality or suffered degradation (oxidation) in 

some situations but not in others. The latter would account for the 

sporadic nature of the Th loss. From April 1976 the cation exchange 

technique was used in all Th extractions, and yields improved conside

rably; means of 12% before and 37% after the change have been calculated 

for over 50 analyses (Gascoyne 1977a). 

2.5.1.6 TTA Extraction of U and Th 

This step, the third purification phase, further frees U and 

Th from radioactive daughters, calciwn, magnesium and other trace 

elements that may still be present in the column eluates. Often iron 
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which has not been f lly removed is extracted into TTA but i f present 

in trace quantities causes no problem or significant loss of resolution 

in counting. In fact, it acts as a useful indicator of the progress of 

the TTA extraction by its characteristic red-brown colour. A prelimi

nary extraction at pH 1 for U samples serves to remove Th that has 

eluded the exchange resin stage (this can happen if the U columns are 

inadequately washed with 9N HCl) and to remove Pa which follows U through 

the extraction procedure. Kaufman (1964) examined the results of 

separately plating out and counting this phase on 20 samples but found 

no significant activity in any due to Th or Pa and so abandoned the step. 

In the present work, the results of counting 5 such samples showed some 

activity due to the small quantity of U that will extract at this pH, 

but none due to Th or Pa. However, Pa contamination may become 

significant when insuf ficient spike is added to match the 238u (and 

231 . . 231hence Pa) activity .. In this case the Pa will contribute appreciabl y 

232 .
to t he U signal. For this reason, and for the occasions when Th 

removal is incomplete , the pH 1 step has been retained in the extraction 

pr ocedure. 

2 . 5.1.7 Additional Notes 

i ) Th adsorption 

Vycor (silica) beakers were used in the ion exchange procedures 

and for storage prior to counting, to reduce Th adsorption and 

exchange with Na on glass walls. Addition of about lOOmg LaCL to3 

the oxalate eluate to inhibit Th adsorption onto vessel walls was not 
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found to significantly increase yields. 

ii) Electroplating 

A.G.Latham has recently investigated electroplating as a means 

of preparing a thi n source, with the added advantage that the 

stronger (?) metal-metal bonds so created (rather than metal-oxide 

bonds as in the TTA method) on the planchet, will reduce the 

contamination of t he detector due to recoil atoms. Results so far 

indicate that good yields and thinner sources can be prepared in this 

way thus giving be t ter resolution, but if done without prior TTA 

extraction, signif "cant contamination of the spectrum by other 

nuclides .is found, eg. Po, Pa. 

2.5.1.8 Other Methods of U-Th Extraction 

i) 	The method used by G.Thompson et al. (1973) in U and Th extraction 

from speleothem omits the carrier iron stage and directly isolates 

Th by dissolving the sample in 8N HN0 and passing through an anion3 
234 238 .

column in nitrate form, ( U/ Uwas determined by mass spectra

metry). This me tho . was tried on a number of occasions, but al though 

it worked well on one sample, others still gave low yields (pre

sumably due to the variable resin quality). It was also unsatis

factory because of the long time taken for the large volume of 

fairly syrupy acid solution to pass through the resin, and the 

probable degradation effects that would have occurred during this 

time. 

ii) 	A variation on the above technique employing a double column 
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procedure was used with limited success. The sample, after 

dissolving and spiking, was brought up to 8N with nitric acid and 

passed through an anion column which led into a column of TBP 

(tributyl phosphate) adsorbed on Fluoropak 80 (trifluorochloro

ethylene polymer). U extracts into the TBP and can be eluted by 

O.lN HN0 (Huff 1965). Slow flow-through times and generally poor3 

yields were again obtained. 

iii ) An alternative to the above methods was to dissolve the sample in 

in HCl, omit the co-precipitation step and remove U by passage 

through an anion column in 9N HCl followed by dilution to 3N HCl 

and extraction of Th on a cation column. This again suffered from 

the problem of handling large volumes and long passage times. 

iv) The method presently in use is a compromise between the method in 

Figure 2.4 and (iii) above. After the co-precipitation and 9N HCl 

anion exchange steps, the 9N solution containing Th is diluted to 

3N which will then pass fairly rapidly through a cation column, 

without the problems of destruction of organics and re-solution of 

the residue found in the original method. 

2.5.2 Determination of U and Th Activities 

2.5.2.1 Equipment 

Three alpha spectrometers are used for pulse height analysis 

(PHA) of U and Th samp l es plated onto stainless steel discs. Thompson 

(1973a) has described the equipment in detail. The method involves 

capture and measurement of the energy of emitted a particles by a 
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charged surface barrier detector. Pulses are then amplified, energies 

discriminated and stored in a memory. Visual display of the stored 

spectrwn is available through an oscilloscope and a teletype is used 

for retrieval. Detectors are used in a vacuum and are set at fixed 

distances (about lcm) from the sources. Poor spectrwn resolution has 

occurred often during this study due, in part, to high temperatures in 

the counting room, (the detectors and pre-amplifiers operate with 

least noise below 25°C) . A remarkable improvement in resolution has 

recently been obtained by enclosing the detectors, chambers and pre

amplifiers in an air-conditioned hood operating at 1s 0 c. 

2.5.2.2 Counting Procedure 

A sample is generally counted either for up to 5 days or until 

10,000 counts per isotope peak have been accwnulated. About once a 

month, a blank disc is counted to determine background activity, to 

monitor the slowly-increasing number of recoil atoms that become 

embedded in the detector. Precise knowledge of this background 

activity is essential when low activity samples are being counted. 

2.5.2.3 Data Retrieval and Processing 

Before 1975 the spectrum was retrieved by teletype printout and 

tape readout. The tape data were then converted by two computer 

programs to a set of running means and totals from which the counts per 

iso t ope peak were extracted. A third program was then used to determine 

radi ometric age. This lengthy procedure was replaced by manual 

summation of counts directly from the printout by desk calculator. 
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All counts were re-summed until a constant value was obtained and 

all subsequent operations were checked afterwards by a different person 

to minimize the possibility of human error. All ages determined in 

this study have been checked this way. Increased accuracy by this 

method is seen in the re-dating of speleothem NB 10 described later on. 

i ) Determination of count rates 

The Th and U of a sample are generally counted on the same unit 

because of differences in counting efficiency and background 

activity levels. Interpretation of the spectra is an important but 

somewhat subjective step in finally determining an age. The use of 

a second person to check calculations and spectral interpretations 

as described above helps to standardize this procedure. In this stvdy 

channel widths for U and Th peaks are kept approximately equal 

and in the same regions, so that one set of background corrections 

applies to both spectra. Typical U and Th spectra are shown in 

Figure 2.5 and printouts are given in Appendix lb showing nuclide 

channel widths, count times and calculated activities. In a well

235resolved spectrum, (Figure 2.5), u is easily recognised in the 234u 

tail region and omitted during peak integration, but in poorly 

resolved spectra with larger tails, it is better to include it in 

234	 238the u count and then subtract 1/21. 7 of the u activity from 

. ( h 1 . . b d . f 235 238 )it t e 	natura activity a un ance ratio o U to U . 

ii) Age 	 Calculation 

Raw count rates, current background activities, spike activity 
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Figure 2.5 Typical uraniwn and thorium a.lpha sr>ectra 
. . 238 234 232

showing speleothern nuclides U, U Th, 
230 . 232 228Th and spike nuclides U, Th and daughters 

(Ra, Rn etc.). 
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ratio, sample weight, count times and counter unit calibration 

factors to determine U concentration and yields are put into a 

dating program to obtain a radiometric age with associated la 

error. A prior estimate of the age can be obtained by correcting 

d 230Th/234 . f . d ht he 	measure U ratio or yiel s t us : 

232230Th 230Th 
--(true) = --(meas. ) x R x 0 (meas.) (2.10) 
234 234 s 

228Th0 	 0 

· 	 h · k . . . (228Th/232U)'where R is t e spi e activity ratio 
s 

. h h 234 / 238U . . h . h 1 . F. 2 2 and 	wit t e U ratio, using t e isoc ron p ot in igure .. 

The computer program to determine precise ages and error limits 

was written by Thompson ( 19 73a) an·d h.as been extensively checked 

and modified in this work (several errors have been eliminated). 

The program is listed in Appendix Jc. Briefly, the routine : 

1) determines corrected count rates for each nuclide, allowing where 

. 	 . ( 228Th f 2 32Th) necessary f or natural contamination eg. rom , 

228 2242) corrects Th for ingrowth of Ra since plating out and for 


232
decay since separation from parent U, 


230 234

3) uses equation 2.10 to determine true Th/ u ratio, 

4) calculates sample age (t) using this ratio and the measured 

234u; 238u ratio by an iterative procedure using equation 2.7, 

its derivative an an estimated value of the age, 

5) 	 count rate errors (lo) are determined and then used as upper and 

lower limits in the subroutine to find the standard deviation of 

the age, 

234u;238u)· h" 1 f · · · 1 · c	 · deter6) 	 using t is age, a va ue or initia ratio, > is 
0 
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mined by a second subroutine based on the age equation 8.1. 

2.5.3 Correction Factors and Sources of Error 

2.5.3.1 Background Activity 

Background activity is determined by counting a 'blank disc' 

at regular intervals. This activity has three sources: i ) natural 

activity from trace a ctinides in the vacuum housing and detector 

materials - this is usually negligible, ii ) recoil nuclides (from pre

vious sources) adhering to the walls of the chamber, source support and 

detector rim - these can all be removed by periodic cleaning with an 

acid solution, iii) recoil nuclides embedded in the detector surface 

these can generally not be removed without damaging the detector · 

surface. Those most likely to be present are daughters of extremely 

short-lived parents (high a energy) and those whose concentration in the 

22 8 hh . h h . k d .sample has been t he i.g est. For t ese reasons, sp1 e T an 1ts 

daughters have the highest background activity, but decay away more 

rapidly. There is often a significant activity in the 'parent' region 

(2 38 232 h) 'b d . . f h b d. . .U, T , poss1 ly ue to ejection rom t e source y is1ntegrat1on 

of a near-neighbour or contamination in dust, pump-oil vapour etc. 

When background activity reaches about 0.1 cpm in any one region of 

interest the detector is 'retired'. 

Before October 1975, it was normal practice to re-use the stain

less steel planchets, after first removing the old sample with emery 

paper. However at the start of this study, such a disc was counted to 

238
mon1. tor b ackground act :1 . v1. ty and 1. ts very h.igh count rate ( - 5 cpm U) 
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indicated that sufficient sample from the previous analysis remained 

on the edges to appreciably contaminate it. Accordingly, a change to 

disposable discs was made and a more consistent background activity 

has since been found. 

2.5.3.2 Reagent Blan· 

Thompson (1973a) showed the presence of a finite amount of U 

and Th in the reagents used in the extraction process. From six spiked 

runs he derived a mean activity level for each nuclide and then correc

ted for yield and included these values into the dating program ready 

to be subtracted from measured activities of a given sample. Harmon 

(1975), in apparently similar runs found a negligible reagent blank 

but continued using the program embodying these corrections. 

Table 2.1 summarizes the results of 29 analyses of reagent 

blank activity over the period Nov. '75 to June '79. Of these, 18 

were spiked to allow determination of RB for 100% chemical yields and 11 

were unspiked to check for memory effects (nuclides from a previous 

analysis adsorbed onto glassware and not removed during cleaning, but 

available for leaching during subsequent analyses) . Spiked runs 

prior to RB 16 were used to determine U and Th reagent blank values 

for inclusion in the dating program. All dates in this work incorpo

rate these corrections and associated error limits. They are : 

238 234 u = 0.016 : 0.007 cpm and u = 0.050 + 0.043 cpm for 100% yield. 

232At the time, no Th blank was found and the significant but highly 

variable 230Th activities were attributed to memory effect alone, 

232
reasoning that a true reagent bl_ank would show comparable Th and 



57 SPI KED ANALYSES 

U count rates ( cpm) Th count rat es ( cpm) 
Analysis 238 234	 232 230

No . Date 	 u u Yi eld (% ) Th Th Yi eld (%) Comments 

RB 1 Nov' 75 - 0 .009 0 . 009 39 0 . 003 0.036 20 resins were re-used 

Nov'75 0 . 006 0 .009 ~o -0. 02 3 - 0 .002 18 

F~b' 76 0 . 014 0.015 59 0 . 005 0.029 24 

4 Mar'76 0 . 0 10 0.040 31 - 0 .015 0 .108 18 

6 Apr'76 0 . 0 19 0.010 74 0.004 0.010 44 

Apr'76 -0.003 0.020 42 0.002 -0.003 42 resins were re-used 

11. Aug'76 0.005 0.034 0.017 0.015 38 acid bath in use 

12 Feb'77 0.009 0.015 0.009 0.013 34 

15 May' 77 0 . 007 46 0.020 0.033 67 large 
232 

u tail 

17 Nov'77 0.009 0.030 11 0.028 0.040 23 

18 Jan ' 78 0.019 0.023 41 0.039 0.015 56 

21 Jul ' 78 -0.001 0.005 40 0 .003 - 0.001 68 

22 Jul' 78 0.002 -0.011 58 0.003 -0.001 39 using spec-pure acids 

23 Oct'78 0 . 0 14 0 .032 5 3 0.026 0 . 031 32 using residual TTA + HN0 
3 

26 Nov '78 -0.007 0 .018 23 -0. 007 - 0 .002 13 

27 May ' 79· - 0 .00 7 - 0 . 002 11 0 . 025 - 0.006 49 

28 Jun'79 0.006 0 .003 24 0 . 009 0.049 16 

29 Jun'79 -0.003 0.013 9 - 0.007 0 . 060 35 

means** 0.009 0.059 	 0.014 0.099 

UNSPIKED ANALYSES U count rates ( cpm) Th count rates (cpm) 
Analysis 238u 234u · 232 232Th 230Th 228ThDate 	 CommentsNo. 

RB 5 Apr '76 0 . 004 0 .005 0.142 0.003 0.007 0 .190 resins were re-used 

8 Apr'76 0.020 0.029 0 . 05 1 -0.004 -0.008 -0.004 

9 May' 76 O. 006 0. 008 0. 00'. -0.001 0.027 0 .02 7 acid bath in use 

10 Aug'76 0. 037 0.068 0 .021 -0.004 0.031 0 .038 

13 Feb'77 0.004 0.012 0.002 0.005 0.027 0 .024 

14 May'77 0.000 0.000 -0.010 0.000 0.002 0 .015 

16 Nov'77 0.009 0.014 - 0.002 0.016 0.013 0.002 * known low U yield 

19 Jan'78 0.003 -0.015 0 . 000 0.000 0.033 0.026 

20 Jul'78 -0.002 -0.024 0.002 -0.008 -0.004 0.051 

24 Oct'78 0.013 0.008 0.005 0.017 0.014 0.001 using residual TTA + HN0
3 

25 Nov'78 - 0 . 008 - 0 . 007 0 .009 0.000 0.005 0 .008 

means 0.008 0.009 0.020 0 .002 0.013 0.034 

analyses by B.Blackwell 


corrected for yield 


Table 2.1 	 Swrunary of reagent blank determinations in spiked and 

unspiked analyses. 
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230	 230Th activities, whereas a memory effect would only show Th 

activity (Gascoyne 1977a). This assumption was substantiated by the 

results of unspiked r uns in which similar appreciable and variable 

228 
activities of Th were seen. It was therefore considered impossible 

to define correction factors for Th reagent blank because the amount 

of residual nuclides picked up from the glassware during the extraction 

procedure will vary between runs depending on activity of the previous 

sample, cleanliness and age of glassware, strength of leaching solutions 

and contact time. 

These findings can be extended by examination of all the results 

in Table 2.1. It can now be seen that 

i.) f rom t he spi. k d runs 238U activity (0 . + 0.034 cpm ) . f ar 1e . . 009 _ is ess 

234 238
than that of U (0.059 ! 0.074) but in the unspiked runs U 

234
and U levels are comparable. This could be due to the presence 

233of u in the spike (formed as a by-product in the neutron 

231 232activation of Pa to produce u) whose a energy falls within 

234 232the u region. It may also be due to u spike tail. Without 

counting in an extremely high resolution system it is impossible 

to differentiate between these effects. 

230Th 	 234ii) activities show a larger variability than those of u, 

due probably to greater fluctuations in memory effect. 


238 232

iii) 	the reagent blan· activities of u and Th in the spiked runs 

are comparable (0.009 and 0.014 cpm respectively) suggesting that 

there are small but detectable levels of U and Th in the reagents. 

232However, negligible Th activity is seen in the unspiked runs 

and so it may be concluded that U is present in small amounts but 
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232Th is generally absent. 

iv) chemical yields are often low in spite of the purity of the system. 

The fluctuations induced by memory effect, particularly in Th spectra are 

usually Hel 1 above levels of activity contributed by the reagents, and 

therefore for this wo r k, the reagent blank correction stated above has 

234
been retained and no Th correction has been used. The u correction 

may be too 1arge i. f d £ on 1y to 
2 32 

U ta1. 1 but even t h.is becomes 

234
negligible for most cases where speleothem u activity is between one 

and three orders of magnitude larger. The adjustments for reagent 

blank however assume great importance when young, low U speleothem is 

analysed (eg. post-glacial samples from Vancouver Island, see Chapter 4). 

Fluctuations in memory effect in particular, will easily lead to spurious 

results. 

2.5 . 3.3 Spike Activity Ratio 

i) 'Old Thompson Spike' 


232

An aliquot of 10 µC of u in 3N HCl was purchased from 

Amersham, England around 1968. The spike was sold as 'in equili

brium' with its daughters above 
220 Rn but addition of distilled 

water to the vial by Thompson caused Th to plate out on the glass 

walls. Acidification partially rectified the disequilibrium but 

the theoretical equilibrium isotope activity ratio (R ) could no 
s 

longer be assumed. A working stock solution was prepared in October 

1970, referred to here as 'old Thompson spike'. From 1974 to 1978 

232this solution c u activity= 145 dpm/ml) was used in this study. 
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Growth back into equilibrium was monitored by Thompson using a 

high resolution detector to separate nuclide a energy peaks. 

This activity ratio was calculated directly from the spike spectrum 

(see Thompson 19 73b, Gascoyne 19 77a) . Harmon ( 19 75) cont i nued 

monitoring growth using this method, and found it to be essentially 

attained by 1974 with R = 0.99. s 

For transient equilibrium between a short-lived daughter (B) 

and a longer-lived parent (A), the equilibrium activity ratio is 

given by : 

( 2. 11)= 

232 228
RA/B = 1.027 for the u - Th pair, not 0.99. In the present 

study, early attempt s to determine R by the method of Thompson
s 

(1973b) have been unsuccessful because of poor resolution of spike 

peaks. Values of R 
s 

obtained by this method ranged from 0.80 to 

1.09. 

More precise determinations of spike activity ratio was performed 

in two ways: 1) by isotope dilution analysis using U and Th standards 

made up from metal and metal salts, and 2) by calibration against an 

230 234' infinite age' uraninite (ie. Th/ u ratio = 1.000) supplied by 

J.N.Rosholt. The former method is fully described in Gascoyne (1977a) 

and was found to give ratios near the true equilibrium value but with 

a high standard deviat ion. The uraninite technique, also described 

in Gascoyne (1977a),was used to calibrate the old Thompson spike in 

6 determinations (Table 2.2). Results show a mean R of about 
s 
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Date Analysis Uraninite R :t la 
No. Standard Used s 

pre-July 

.II 

I 78 SC 

2 

3 

4 

s 

6 

1 

1 

2 

2 

1 

2 

0.975 ± 0.021 

0.996 ± 0.017 

0.977 ± 0.016 

1.004 ± 0.021 

0.997 ± 0.017 

0.981 ± 0.013 

mean 0.988 ± 0.012 (ls) 

July '78 SC 7 2 0.963 ± 0.010 

9 2 0.941 ± 0.014 

10 	 0.950 ± 0.010 

mean '\.. 0.95 

post-July '78* SC 11 2 1.0415 ± 0.007 

12 1. 019 ± 0.010 

u 2 1. 0465 ± 0.017 

14 0.980 ± 0.012 

18 3 1.034 ± 0.013 

19 3 1. 0195 ± 0.016 

" 20 1.036 ± 0.015 

21 1. 007 ± 0.019 

22 3 0.989 ± 0.014 

mean 1. 0298 ± 0.0135 (ls) 

* · analyses 11 to 22 calculated· using ~ean of 230Th/ 234u and 230Th/238U . ratios 
not used in determining mean (s ee :ext) 


'\, 0.5 g/l Uranini te prepared wi t'.-.out HF 


2 '\, 0.2 g/l Uraninite prepared wi t'.1 HF 


3 "' 0 .1 g/l Uraninite prepared wit:. HF by A.G.Latham 


Table 2.2 	 Summary of spike calibration results using a 

uraninite in isotopic equilibrium. 
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0.99 ± 0.01, fortuitously in agreement with the 'equilibrium' value 

used by Harmon (1975). 

For a short period during this study, before determining the 

above value precisely, the true equilibrium value of 1.027 was 

assumed and all speleothems were dated on this basis. However, the 

results of Phase I of USIP (the U-series Interlaboratory Calibration 

Project, described later) showed that 0.99 would give better age 

agreement with the other laboratories, and this was subsequently 

confirmed by the uraninite analyses described above. All age results 

were then correcte to this result. 

ii) New 1 Fortified 1 Spike 

The old Thompson spike was almost completely used up by July 1978, 

and so a further aliquot from the vial was diluted to give approxi

mately the same activity. However, three ca~brations of this spike 

(Table 2.2) showed it to be more out of equilibrium than the old 

spike (R - 0.95). A 5 litre volume of a dilute version was then s 


made up ( - 17 dpm/ml ) and a calculated aliquot of this passed 


232 228

t hrough an anion coltnnn to remove U. The Th eluate was returned 

to the 5 1 reservoir thus 'fortifying' it to a spike ratio of 1.027, 

(calculations were based on the 3 analyses in Table 2.2 ) . 

This fortified spike was then re-calibrated in 9 subsequent 

determinations using 3 different preparations of the same uraninite 

powder standard. Results are shown in Table 2.2. Mean R for 7 
s 

of these determinations was 1.0298 ~ 0.0135 (ls ) , very close to 

the equilibrium value. Two analyses were rejected from this 
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calculation because they involved a uraninite standard which \vas not 

prepared with HF (to dissolve silicates) so that the standard con

tained some insoluble residue. Measurements of R using this 
s 

standard were low (Table 2.2) and suggested that some nuclides were 

preferentially adsorbing with time on the residue, throwing the 

solution out of equilibrium. Even if these two results are included, 

R (mean) becomes 1.023 which is still within one standard deviation 
s 


of the equilibrium value. 


2.5.3.4 Measurement of U Concentration 

In previous wor< (Thompson 1973a) , U concentration of a speleo

them was determined from the U spectrum using the equation 

238U B 
U (ppm) = (~~ x (2.12)

232 obs. W 
u 

238where B is the weight of U (µg) that has an equivalent activity to the 

232u contained in lml of spike solution, and W is the weight of speleothem 

used (g). If greater or less then lml of spike was used, the numerator 

should have been multiplied by V , the volume of spike used. This 
s 

practice was often overlooked during the period 1973 - 1975, giving 

erroneous U concentrations and many of the speleothem U concentrations 

given by Harmon (1975) and in Harmon et al. 1975, 1977) are too high by 

up to a factor of 5. B was determined by counting standard U samples 

232and comparing them to u activity determined from direct counting of a 

spike aliquot. 
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More precise determination of B is given by isotope dilution 

232analysis. This technique was used by Gascoyne (1977a)and the u 

activity of the old Thompson spike was found to be 144.6 ± 1.6 dpm/ml 

in October 1976. U concentration is therefore : 

238u v 
= (--) x .$ x 19 5 . 5 (2.13)

232 obs· W 
u 

238	 238where A is the activity of lµg u ( = 0.73965 dpm), and the value 

195.5 is exactly equivalent to the factor B. An earlier value of about 

220 was determined using a less precise method in this work (Gascoyne 

1977a} but this was found to be too high during comparison of the Phase 

I USIP results. The original value measured by Thompson (1973a) and 

assumed by Harmon (1~175) was 136.5. The increase in apparent activity 

of the spike since then is probably due to partial evaporation of the 

spike solution, and is a further source of inaccuracy in speleothem U 

concentrations quoted by Harmon. 

2.5.3.5 	Detector Calibration and Yield Determination 

238 230The yield of u and Th in the extractions is given by the 

232 228ratio of the observed u and Th activities (A b ) to their true 
0 s. 

activities (At ) . The 'geometric' efficiency (E) of the detector rue 

must be known in order to make this calculation, where 

A b (cpm) 
E = 0 s. 

x 100% (2.14) 
Atrue (dpm) 

E has been determined in three ways in this study 1) by counting an 
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232
aliquot of spike solution directly pl a ted out, and determining u 

activity as described by Gascoyne (19 77aj 2) by plating out (with 

asswned 100% TTA efficiency) and counting an aliquot of a U or Th 

standard solution, and 3) by counting a disc previously cal i brated 

i n a known geometry (eg. the 4TI geometry of a gridded ioni zation 

chamber). The latter is the most precise method and has recently 

been made possible by calibration of a relatively 'hot' U disc 

( ' # 11' ) by Simon Webster at Harwell, England. 

Yield is calculated as : 

232u 
obs. 

= x 100 % ( 2.15 )YU 
232u x E x v 

s s 

~d 
228Th 

obs. 
= x 100 % (2 .16)YTh 

232u x E x v x R s s s 

232 232where U is the u activity (dpm) of lml spike solution. 
s 

Detector efficiency E depends on 1) the area and depletion depth of the 

detector, 2) the area of the disc covered by sample and 3) the spac i ng 

between detector and sample disc. Initiall~ different source-detector 

spacings were used in the two counters available, but the same efficiency 

value was used for both . This resulted in one unit grossly underesti

mating the yield of U and Th. Both units were set to a 2cm spacing i n 

October 1975 and detect or efficiency (for the 900mm2 size) was determined 

at about 14% using methods 1) and 2) above. The distance was shortened 

to lcm in June 19 76 increasing detector effi ciency to about 28% with no 
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~pparent loss in resolution. The Harwell calibration subsequently 

showed that efficiencies for the three counting systems used ranged 

between 24 and 34%. 

2.5 . 3.6 Amendments t o the Dating Program 

230 234A number of errors have been found in the Th/ u dating 

program as used by Thompson (1973a) and Harmon (1975). Two affect 

sample age, another can substantially alter U concentration in the 

sample (already described) and others affect error limits associated with 

the age. In order of significance, the changes made and their effects 

are: 

i) correction of the true 228Th count rate equation in the program to 

also allow for background activity, ie. TN6 = N6 - B3 - N4 + Bl 

This omission only became important when Th yields were low. 

228ii) a routine was inc l uded to correct the measured Th count rate for 

224 . h f 	 h . d f . d f h .ingrowt o Ra over t e perio o counting an or t e time 

elapsed between plating out and counting. This correction is 

224 necessary because approximately 5% of Ra energy occurs under the 

228
Th peak. 

iii) re-definition of the reagent blank values originally introduced by 

Thompson (1973a), a Th reagent blank is no longer included. 

iv) 	 reagent blank error limits, already fixed in the program, were 

found to apply only to 100% yield of nuclide, but they were in fact 

added on to values that were not adjusted for yield. The effect 

was to create very large 10 errors on samples of either low age or 

low Th yield. This effect was probably the cause of the large 
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errors determined by Harmon (in Atkinson et al. 1978) for young 

English speleothem samples (eg. GBlA in their paper has 23.6ppm U, 

an age of 11 Ka but an error of ± 6 Ka; with such a high U concen

tration, the error should be less than 1 Ka). The error limits 

238for reagent blank analyses determined in this study were u = 

234 232 230
± 0.007, u = ± 0.043, Th = ± 0.005, Th = ± 0.005, all 

for 	100% yield. 

v) 	 a full error propagation equation was used in place of the simpli

fied version in the existing program, ie. contributions from errors 

associated with reagent blank and background count rates and times 

have been included (Gascoyne 1977a). 

vi) although not an error in the program, 	 frequent failure to activate 

228a routine which corrects for decay of Th spike has been noted 

in some previous work. The parameter DECT (delay in counting Th) 

. d 228 h b . f .a11ows f or decay of unsupporte T etween separation rom its 

232parent c u) on the anion column and its time of counting. The 

effect of omission of DECT increases with age of sample, eg. if 

DECT = 7 days, an age increase of ~ 1% is seen below 100 Ka and 

~ 3% up 	 to 300 Ka. 

2.5.3.7 	 Error in Spike Activity 

To the author's knowledge, the error quoted in all radiometric 

age 	measurements is based only on counting statistics. Most laboratories 

230 234 232 228
dating carbonates by the Th/ u (ionium) method use a u- Th 

spike in this work, whose activity ratio is either taken as the 

equilibrium value 1.027, (often wrongly shortened to 1.03 - since 



68 

excepting chemical i n terference 1.02725 is the maximum value attainable) 

or an intermediate value determined by calibration. It has already been 

shown that determinat ion of the activity ratio is difficult and unlikely 

to result in a precision better than ± 0.01. For this reason, even in 

the case of a spike expected to be in equilibrium, the age error quoted 

should also reflect uncertainty in the spike activity ratio. Table 2.3 

shows that this error can be quite substantial in the case of older 

samples. However, because ages of speleothem and paleotemperature data 

obtained here are ultimately to be compared with deep sea core data and 

other terrestrial res · lts in which no correction for spike error is at 

present made, it is logical that this error should not be included in 

speleothem work eithe . 

2 . 5.3.8 Correction for Detrital Thorium 

Most speleothems analysed in this study have consisted of pure 

calcite free of detrital impurities. Some however contain appreciable 

amounts of residue which is insoluble in dilute acid, and often a small 

. . d 232 h . . h hactivity ue to T is seen in t e t orium spectrum. In the present 

23 Th/ 232 hstudy, ages showing T . o < 20 ave b· ratios f h een 'corrected' 

. (230Th/232..fh)by assuming = 1. 5. This value is quite arbitrary and 
0 

will not necessarily be obtained if sediments in any of the caves 

studied are leached with acid. It is slightly less than the value used 

by Thompson (1973a) to correct speleothem ages (1.7) and may therefore 

be only a minimum correction to the ages presented here. In some 

respect it serves to test itself by permitting comparison of corrected 

ages of contaminated speleothem with those of uncontaminated speleothem 
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Spike Ratios 

1. 027 1.017 1.007Sample 

No. 230 234Calculated Th/ U .ages (Ka) 

76001-22 45.0 ± 1. 7 44.5 ± 1. 7 43.9 ± 1. 7 

79001-1 105.2 +g. 3 103.6 +6.2 101.9 ±g:9- .0 -5.8 

300.4 +69.6 +59 . 7 +50.677242-1 285.8 273.0-43.3 -58.4 -34.5 

Table 2. 3 The effect of spike ratio on speleothem age 
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from the same area or cave. Results are discussed individually in the 

fol l owing chapters and general conclusions are drawn in the final 

chapter. 

2.5.4 Determination of Precision and Accuracy 

2.5.4.1 Internal Laboratory Standards 

To determine if the calculated la error in an age measurement 

is realistic, a nwnber of replicate dates must be obtained for the same 

sample. The standard deviation of these results a should be comparable
r 

to the mean standard deviation 0 calculated from the analysis of 
c 

propagation of analytical errors as described above, and computed in the 

dating program. 

Three standards have been prepared at McMaster. The f i rst (RHN), 

prepared by P.Thompson, was from a U-rich speleothem from the N. W.T., 

Canada. Ten determinations quoted by Harmon (1975, p.61) show the 

standard to lie outside the dating range ( ie. > 350 Ka) and to be 

230 234 essentially in isotopic equilibriwn. Mean Th/ U was 1.05 ± 0 .05 1 

(a ) while a for each determination varied between 0.01 and 0. 02 . r c 

These results suggest that a is inadequate to describe the observed 
c 

variation in ratio. RHN is a rather unsatisfactory standard because 

it does not express variation in terms of age and is atypical of most 

speleothem dated at McMaster due to its high U content ( - 5ppm) . 

In the present work, two standards have been prepared. The 

first was from some remaining pieces of B 10, a stalagmite collected 

and previously dated by Thompson (1973a) . 12kg was homogeni zed by 
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c~ushing, powdering and drum-rolling but 6 ages obtained from aliquots 

of the standard show wide variations (between 170 and> 300 Ka) . It 

was later foW1d that a portion of the speleothem had suffered U leaching 

so that any slight inhomogeneity in the powdered standard would cause 

a wide variation in ages. 

A third standard was prepared from pieces of a flowstone callee

ted from Sumidero Tenejapa, Chiapas, Mexico in January 1976, by the 

author. This standard was found to have a number of advantages over 

previous standards: 

i) it has a moderately low U concentration (0.8ppm) thus making it 


comparable to samples typically studied at McMaster, 


230 234

ii) 	it lies within the age range of the Th/ u method (SO Ka - an 


ideal age for estimating the precision of dates obtained from 


Vancouver Island speleothem), 


iii) 	because it is a flowstone, larger quantities are available 

laterally ( ie. of the same age) which therefore reduces the possi

bility of picking up age heterogeneities in the final powdered 

standard. 

Approximately lOkg of the sample was crushed, powdered and 

sieved to < 100 mesh and drum-rolled for about 6 hours. Incomplete 

homogeneity was initially suggested by the result of 64.8 Ka (Table 2.4). 

The powder was then stirred for two hours in a large mixer (courtesy 

Mrs. Stevens, Arts III Cafeteria) and redated. The one analysis by 

B.Blackwell lies well outside 30 limits of the mean of the author's and 

231 	 230 .
A.G.Latham's analyses (47.7 ± 1.7 Ka). The Pa/ Th result lies 

within 20 of this mean and is discussed towards the end of this chapter. 



234 234 230Th 230Th Yields (%) AGE (Ka)Date of Analysis U cone. 0 0 
Analysis No. (ppm) ( 2 38 ) 0 u Th238u u 232Th 234u ± lcr(crc) 

= 

Mar'76 -4S 0. 81 1. 824 1.947 31 0 .377 54 12 49.4 ± 3.6 + 

Jun' 76 -6 0.90 1. 769 1. 885 > 1000 0.382 51 12 50,2 ± 5.2 + 

May' 76 -H 0.78 1. 748 1.850 78 0.353 37 32 45.7 ± 2.1 * + 

Aug'76 -L o. 72 1. 970 2, 103 31 0.357 61 24 46.l ± 1.7 * + 

Sep' 76 -8 0.68 1. 825 1.984 270 0.456 66 47 62.7 ± 2.8 

Re-homogenised 

Nov' 76 -11 0.79 1. 862 1.989 59 . 0.375 62 12 49.1 ± 2.2 + 

Nov' 76 -12 0.82 1.839 1.958 40 0.363 60 27 47.1 ± 1.4 + 

Dec' 76 -13 0.87 1. 923 2.056 79 0.369 45 28 48.0 ± 1.5 + 

Jun' 77 -14 0.78 1.953 2.088 167 0.364 42 27 47.2 ± 1.8 + 

Nov '77 -15 - 1.918 1.966 132 - 23 13 18 3 + 18.0 ** . - 14.9 


Nov'78 -22 0.84 ' 1. 900 2.021 35 0.349 33 17 45.0 ± 1.7 + 


Apr' 79 -25 0.82 1.847 1.944 > 1000 0.307 38 19 38.6 ± 2.1 *** 


Apr' 79 -26 0. 79 1.900 2.027 40 0. 363 40 40 47.2±1.3 + 


Apr' 79 -27 0. 79 1.855 1.984 25 0.382 43 34 50.2 ± 1.5 + 


means 0. 81. 1. 867 1.986 mean age = 47.7 ± 1.7 (or) 

±0.05 ±0.065 ±0. 071 


± 2 .2 (crc) 
* determination by A.G.Latham 


** dated by 231Pa/230Th method, yields estimated from weight used, 238U and 230Th count rates and data from 
 -..._J 

other analyses N 

*** determination by B. Blackwell 

+ indicates results used in calculations of mean age 

Table 2.4 Results of analyses of 76001 speleothem standard. 
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For the eleven indicated results in Table 2.4,o is slightly
r 

less than a in contrast to Harmon's results above. However if the two 
c 

anomalous ages (62.7 and 38.6 Ka) are included o ± 5.1 Ka whereas 
r 

0 remains unchanged. Because of the possibility of inhomogeneity
c 

and contamination during analysis contributing to the o and not to 
r 

ere it is difficult to clearly determine the adequacy of oc. It seems 

however 	that there is general good agreement between the statistical 

age error and that determined for several replicate analyses. 

2.5.4.2 	 Interlaboratory Standards 

Six powdered carbonate samples (5 corals and 1 speleothem) were 

distributed as Phase I of an interlaboratory calibration project (USIP) 

in 1976 	 (Harmon and Ku, 1976). Nine laboratories analysed them 

and returned results by Sept. 1976 although one of them failed to determine 

ages from measured ratios (Matthews, pers.comm.); the variations are 

shown in Figure 2.6. McMaster was laboratory number 5 and can be seen 

to l ie at the upper end of most age distributions. In addition, 

McMaster's U concentrations were up to 25% greater than most other 

laboratories. The analysis for RKM 4 gave only a 4% Th yield and so 

should be ignored. Of the remainder, the bias to higher ages and U 

concentrations can be attributed to use of incorrect spike ratio and 

232 	 . . dU act1v1ty as previously described. The ages have been correcte 

as shown in Figure 2.6 and a better agreement can generally be seen. 

If results for samples RKM-1,2 and 3 are representative of the spread 

that might be expected at these ages for perfectly homogenized samples, 

the two 	 samples (RKM-4 and RHKL-1) show anomalously large age distributions. 
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One explanation may be inhomogeneity of the samples (as previously seen 

in the NB 10 standard). This is indicated by the fact that RHKL-1 

(a coral from Key Largo, Florida) has only " l\J 90% aragoni te" (Harmon 

et al.1979a), and is known to have been poorly selected for radiometric 

dating (Halley, pers.comm.). A coral should be> 98% aragonite; anything 

less is likely to give variable ages due to differing amounts of re

crystallized portions dated. It is therefore misleading for Harmon et al. 

to propose a 'best-estimate' age for Florida Key limestone of 139 +lB Ka
-13 

based on interlaboratory determinations for this one sample. 

In the second part of the project; 3 carbonate powders (2 corals 

and 1 speleothem - 76001 provided by the McMaster laboratory) were dated 

with a common spike of ratio 1.027. Results from 9 laboratories have 

been kindly provided Dr .. R. S .Harmon and are shown in Figure 2. 7. Many 

of the laboratories did not report in Phase I so that it is difficult 

to determine whether an improvement in precision is seen in these results. 

However, lab 5 (McMaster) is fairly central to all clusters this time. 

2.5.4.3 Re-dating NB 10 stalagmite 

The speleothem NB 10 from West Virginia has previously been 

dated by Thompson (1973a) and found to have grown over a period of 45 Ka 

commencing at 208 Ka. Subsequently it fell over and two smaller stalag

mites grew on its side at around 110 Ka. Much of the speleothem 

paleoclimate record for W.Va. has been based on this sample. As a test 

of reproducibility in the early part of the present study, portions of it 

were redated. Eight samples were analysed by the author and ages were 

dete·rmined from the raw spectra by R. S. Harmon. Re- appraisal of the 
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Figure 2. 7 Diagrammatic representation of the results of USIP Phase II. 
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McMaster is lab. 5. 
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original raw results and analysis of two more results by the author and 

Ada Dixon at a later date revealed some discrepancies. Results are 

sununarized in Figure 2.8. Ages are listed approximately in the correct 

stratigraphic position although in the re-dating, some doubt existed as 

to the exact position of the samples with respect to the unbroken 

stalagmite, because only ill-matching portions of the sample remained. 

The following can be seen 

i ) 	 some leaching of U is evident in the upper and middle parts of the 

stalagmite, which were largely undated by Thompson ( 1973a). The 

leaching is not unexpected because this section contains many 

re-solution holes, 

ii ) Ages obtained by Harmon are generally less than Gascoyne / Dixon. 

This could be explained by the latter workers not knowin g the DECT 

228value to correct for decay of Th, because no records of it were 

usually kept. Alternatively, it may be due to differing spectra 

interpretation between the two groups. 

It may be concluded from this project that 

i) double checking of all hand calculations should be done to prevent 

arithmetic errors, 

ii) 	the agreement between columns 1 (Thompson) and 3 (this work) is 

generally good because the base date of 246 Ka was obtai ned on 

material stratigraphically lower than Thompson's base date, and 

simi larly, Thompson's 163 Ka age was obtained on material that in

cluded stratigraphically older layers than those used in sample N 

(144 Ka), 

·i ii)ages may be quite sensitive to slight differences in spectra inter

pretation, 
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ages, with some additional analyses. 
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i v) 	 NB 10 grew from 245 Ka to 144 Ka, fell over and continued growing side 

deposits (without a prolonged hiatus), finally stopping growth about 

130 Ka, 

v) 	 uranium leaching in the upper part of the sample renders this portion 

undatable. Perhaps the stable isotope data obtained from here 

(Thompson 1973a,Thompson et al.1976, Harmon et al.1978a) are also 

invalid. 

Swnmary 

230 234
A nwnber of problems and errors associated with the Th/ u 

dating technique used at McMaster have been identified and solved in this 

present study , although occasional thoriwn losses still occur. Pre

234liminary results of using Th as a S tracer to detect Th los5, by Ada 

Dixon, indicate that most of the loss occurs towards the end of the 

extraction technique, possibly by sublimation of the Th-oxalate compound. 

The precision of the technique has been well-established in this 

work by frequent replicate analysis of internal standards, and more 

importantly, the ages determined are found to be in good agreement with 

those determined by other laboratories using different analytical 

techniques, spikes and data processing methods. Further indication 

231 230
of accuracy is given by the results of Pa/ Th dating described in 

the next section. 

231 235 .
2 .6 	 The Pa/ U Dating Method 

This alternative dating technique ( loosely referred to as th e 

' protactinium' method) was adapted to speleothem work in the McMaster 

l aboratory and used on a small number of samples by Thompson ( 19 73a) 
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only. Ages were estimated from an isochron plot (Figure 2.3) but no 

further refinements were made to improve the method, since it relied 

heavily on the presence of an adequate uranium content in the speleothem. 

Samples containing < 1 - 2 ppm U were regarded as undatable by this 

231 235
method because the natural abundance of the Pa parent ( U) is only 

238 230 234
0.7% of u (the parent in the rh/ u method). If viable however, 

this dating method provides an excellent check on the "closed system" 

assumption, ie. that no nuclide migration has taken place within the 

speleothem since deposition. Any such change will affect the inter

mediate nuclides differently because of their different chemistries and 

230 234half-lives, and therefore, dates obtai ned by the rh; u and 

231 235
Pa/ u methods on the same sample, will not be concordant. 


231 235 .
In the present work, the Pa/ U technique (or in fact, the 

227 230more useful Th/ rh method) has been examined in detail and a 

computer program written for age determination embodying a number of 

previously-unused, decay-correction factors. 

2 .6.1 Chemical Extraction 

The extraction procedure is identical to that used in the 

230 234rh; u method (Appendix la) except that no spike is added at the 

dissolution stage and larger amounts of sample are used, depending on 

. 22 7 h . d dU content (usual 1y b etween 50 and 20Og ) . Since T rap1 ly ecays 

227 away once separated from its Ac parent, careful note must be taken 

of the time elapsed between this separation (on the cation column) 

and the time of plating out (DSPT (hrs.) in the progra~ · Figure 2.9). 
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= · time of separation of 227Th from 227Ac parent 
~- assumed to occur on cation column 

. f 1 . ( . f 223 )= time o p ating out separation ram Ra 

T start of Th count2 


T = end of Th count

3 

= delay between separating and plating Th (DSPT)T1:-To 

= delay. between counting and plating Th (DCPT}T2-Tl · 

T3-T2 = Th count time (CNTT) 

227Figure 2.9 Graphical representation of the decay of Th and ingrowth 
22 3R f . f 227Aof a a ter separation rorn parent c. 



82 

Z.6.2 Counting Procedure 

To offset the decay effect, the Th sample is counted as soon 

as possible after ion exchange extraction, and in any event, must be 

. d. 1 f 1 . . . . 223 . hcounted 1mme 1ate y a ter p at1ng out, to m1n1m1ze Ra 1ngrowt . 

Note is also made of this latter delay period (DCPT, mins., see Figure 

2.9). To minimize background count rates, a new detector is used which 

has never counted any spiked sample, and whose background activity is 

measured either immediately before or after counting the Th sample. 

The U portion is best counted on another detector to measure the 

234u; 238u ratio, so that contamination of the new detector is not in

creased. 

2.6.3 	 Data Processing 

A typical unspiked U and Th spectrum is shown in Figure 2.10 

and 	printouts are given in Appendix lb showing calculated count rates 

232 h. h 	 f . b kand times. Note tat a small amount o T is present over ac 

ground levels, and this gives rise to an approximately equal amount of 

228 224 . 227 223Th, whose Ra daughter grows into the combined Th- Ra peak. 

Corrections to the raw count rates that must be made, in sequence, are 

therefore : 

i) subtract background activity 

ii) correct for ingrowth of 224Ra from 228Th over period of counting 

iii) correct for ingrowth of 223Ra from 227Th over period of counting 

227 h ..iv) correct this new T act1v1ty for 	decay since separation from the 

parent at the cation column stage. 

Only when these corrections have been made, can the isochron plot be 



83 

Counts 

750 

500 

250 

3.8 4.2 4.6 5.0 5 .• 4 MeV 5 . 8 

2000 

Counts 

1500 

1000 

500 227ThI228Th 

+I 232111 I 223Ra 

4.0 4.4 4.8 5.2 5.6 6.0 
MeV 

Figure 2.10 Typical unspiked uranium and thoriwn alpha sfectra showing 
238 234 232 230 228 227

speleothem nuclides u, u, rh, rh, rh, rh 
223and Ra daughter. 
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~sed (Figure 2.3). Age calculation from the corrected count rates is 

230then a simple procedure involving an iterative step as in the Th/ 

234 231Pa/ 230Thu program. The 	 . . Appen ix 1c togetherprogram is. given in d" 

with a typical printout of the results. Error limits on the age are 

230 234typically at least twice those of a Th/ u date since low count 

rates are being determined. 

2.6.4 	 Problems 

. 22 7 h f .So f ar, it has been assumed t hat T is. separate d rom its 

227Ac parent at the Th column stage. Thi s is in fact the case only: 

i) if Th and Ac chemical yields at that point in the analysis are 

identical 

ii) if the cation column is washed sufficiently to remove all Ac before 

eluting with oxalic acid. 

The first point may be invalid if during the Fe(OH) precipitation step
3 

more Th is co-precipitated than Ac (quite possible since their hydroxide 

solubilities differ and the selectivity of 	surface adsorption on the 

2 2 7Th. . b 1) I h . 	 . h 1 .precipitate may e unequa . n t is case in t e resu ting 

22 7ferric chloride 	solution is in excess of parent Ac and decays away 

without replenishment. The alternative situation of excess Ac is of far 

227
less importance due to the longer half-life of Ac. The effect is 

therefore, to make the determined age greater than it really is because 

the given value for DSPT should be larger. 

The second point is very important also, but in the opposite 

227
sense to that above. If some Ac is eluted .with the Th from the 

cation column, then the decay correction for DSPT is too large, giving 
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an excessive. 1y h . igh ue f initial 227Th re 1 . . tva1 or . . . ative to 2 3 OTh in he 

sample. This has the effect of making the age younger than it really 

is. This problem is probably more acute than hitherto realised because 

3+ 4+
Ac and Th are strongly retained by cation resin at low strengths 

when all divalent and most trivalent ions are eluted (Katz and Seaborg 

31957). Ac + is then eluted as acid strength increases (towards 4M). 

The amount of washing required to remove all adsorbed Ac could 

be determined by spiking with a highly active Ac isotope and counting 

aliquots of the wash solution. It is possible however, that even if Ac 

were adsorbed, it may not subsequently be eluted by oxalic acid and 

therefore, would not interfere. The effect of these problems is 

illustrated in Table 2.5 where the value DSPT is varied from the usual 

value (for sample 76121 - 3) to cover both cases. 

One way to minimize the effect of these situations is to rush 

the extraction procedures so that the minimum amount of time elapses 

between the Fe(OH) 3 stage and plating out. Even so, this period is 

probably at least 12 hours and, as can be seen from Table 2.5, this 

would make a significant difference in extreme cases. 

. . h 230 h/2342 6 S Comparison wit U Pge Measurements. . T 

To clarify some of the problems described above and to serve as 

a check on the ionium method, a number of speleothems dated in this 

study have also been dated by the protactinium method. Their results 

are summarized in this chapter irrespective of speleothem location. 

Thirteen analyses of 11 carbonates (including 1 coral) have been made 

(Table 2.6) either by i) taking a stratigraphically-comparable sample or 
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Samnle 76121-3 DSPT (hrs) Age (Ka) 

16 •90 	 106. 4 + 
- 14 .4 

227If Ac is 

16 2eluted with 	 11 100.7 + · 
- 13. 9 

Th 

+ 15 .816 98.2 - 13. 7 

+ 15 .3"Correct' 1 	 DSPT value ~ 21 95.7 - 13.2 

227 + 15.2If Th becomes 26 93.2 - 13 .2 

unsupported (partially 

or wholly) prior to the 31 90.8 
+ 15.1 
- 13 . 0 

cation colunm stage 

41 86.1 
+ 14.6 
- 12.7 

227Table 2.5 	 The effect of removal of Ac before or after the 

cation colwnn stage, shown by varying the time between 

separation and plating of Th (DSPT), expressed in 

terms of the sample age. 
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234Speleothem Anal ysis Location U cone. Yields (%) u 
AGE (Ka ) + laNo. No. 	 (ppm) U Th 238U 

1 
76016 -lb 	 Bahama Blue Ho les cv 20 cv l6 1.031 96 1.324 122.3: ~~:~ 

+ 12.2-la 	 0 . 26 33 8 1.028 70 128.8 - 10.9 
2 

77032 -3 Castleguard Ca ve -v23 -v42 1.334 430 0.673 > 350 
Alta. - B.C . 

- 2 2 . 51 71 63 1 .362 274 277 .8 + 26 .1 
- 21 . 6 

l 
13 8RKM-6 -C 	 Intercalibration -v83 "'77 1.1 48 159 1.224 10 7 .6 + · 

Standard - 12.1 

5 9-B 	 3.19 71 54 1.100 31 128.8 + · - s . 6 

l 
76001 -15 	 McMaster "'23 -vl3 1. 918 132 1.063 18. 3 : ~! : ~ 

Standard 

mean 	 0.81 variable 1 .868 > 20 47.7 + 1.8 

+ 15.776 121 -3 	 Lancaster Hole 1.11 7 160 1.280 96.4 - 13.5
Engl and 

-2 1. 49 76 69 1.130 129 114.0 + 7 • 5 ' 
7 .1 

l j 

76125 + 12.3- 3 ' -v80 -v 43 1.569 257 1. 042 54. 4 - 11.0 

-1 	 2.01 82 60 1.628 105 38.1 + 1.4 

+ 27. 376127 Eas e Gill Caverns 	 0 .881 89 1. 367 203. 4 - 21.1 
England 

+ 24.6
-1 	 13 .1 46 41 0.878 25 5 225.2 - 19.7 

6 .8 
79005 Lancaster Hole 	 1.399 46 1.063 88 . 8 

6. 3England 
3 .1 ( C)-1 	 0 .43 33 34 1.429 11.6 43.3 
3.0 

(38.4 -j; 4.6) 

9.5
77126 -3 	 -v47 "' so 1. 085 > 1000 1.280 108.7 8 . 7 

3.6 
- 2 	 3.93 61 37 1.152 240 106 . 0 3 .5 

77162 
(top) 

-2 l Lost John's 
England 

Cave "' 56 ,"' 63 0.939 199 1. 628 88.8 6 . 8 
6 .3 

-1 6.23 48 61 0.944 127 92.0 
4.3 
4.1 

77162 
2 

-3b -v3 3 0.882 > 1000 1.445 165 . 7 + 18 · 1 
- 15.1 

(base) 
-3 7.21 41 48 0 .916 92 112. 7 5 . 2 

5.0 

78010 
Pa 

{ 

-8 
1 

dates l 
-9 

Warm Mineral Springs 
Springs, Florida 

- "-61 "-42 

"- 27 

1. 02 3 

0 .963 

> 1000 

182 

3.982 

3.539 

-92. 0 

-69.3 

5.1 
5.0 

+ 10.4 
9.5 

78010 -1 3.47 58 31 0.992 31 12.6 : 0.3 

-2 l. 91 52 19 1 . 006 5.9 14.4 ! 0.6 (C) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (10.9 ± 1 .1 ) 

Pa date, using near-replicate calcite sample 

Pa date, exac t Teplicate using so lution split" 

Pa dat e, chemical extraction by A.G.Latham 

approximate yields onl y for Pa analyses (calculated from U cone. of ioniwn partner), ve r y appr oximate 
in case of nea r-replicates ( 1 ) because of different U concs.,eg. 76121 - 3 

(C) a ges contaminated by detr i tal Th, corrected age is given 

231 230Table 2. 6 Data list showing comparison of ages determined by Pa/ Th 
230 234and Th/ U methods for the same speleothem samples. 
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ii) as a split of a bulk solution of the dissolved speleothem after 

filtration but before spiking and precipitation. The latter gives 

more exact comparison to the ionium ages. All results are shown 

graphically in Figure 2.11. 

The results, other than 78010, show agreement within l o error 

limits for 5 ages, 20 limits for 10 ages and 30 limits for all ages, 

and equal bias of above (5 cases) and below (6 cases) ionium ages. 

With the exception of 78010 (discussed separately below), it may there

fore be concluded that: 

1) all the samples analysed appear to have remained 'closed' to U and 

Th migration since deposition, 

2) because of the lack of bias between comparisons of ionium and pro

231tactinium ages, there is no reason to re j ect the Pa half-life of 

32,500 years (Kirby 1961) in favour of that of 34,300 years advocated 

by Ku (1968), 

3) 	 the assumptions, equations and computer routines developed in this 

study to obtain protactinium a_ges seem to be correct, or at least, 

conspire to give credible results, 

4) the observed disagreements with ionium ages may be largely explained 

in terms of counting statistics, but also they may be further 

227
influenced by the problem of detennining when Th becomes unsuppor

ted in the extraction process. This time is likely to vary from one 

extraction to another, 

5) 	 within counting error limits, none of the spectra showed excesses of 

228 232
rh over rh, indicating that closed system conditions had 

applied at least during the last few years, and that contamination 
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231 230Figure 2 .11 Comparison of ages determined by Pa/ rh (circles) and 230rh/ 234u (triangles) methods 

for the same speleothem samples. 
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from memory effect on glassware was negligible. 

Sample 78010 gives apparent 'negative' ages by this method. 

227This can be explained in two ways - excess of supported Th or defi

. f 230 h ciency o T . 78010 is a porous flowstone which, until about 1977 

was located at a depth of lSm in Warm Mineral Springs, Venice, Florida 

(Chapter 7). Its porosity suggests that it may also give erroneous 

ionium ages due to variable migration of U and Th. However two different 

analyses (78010-1,-2,Table 2.6) have given essentially the same ionium 

age, suggesting that the system either has remained closed since depo

sition or has been totally and equally influenced by the surrounding 

water. The former is seen not to be the case by the large disagreement 

between ages from the two dating methods and therefor e, either the 

230 h. h . . h h . d . fspring water c emistry 	is sue t at T is remove in pre erence to 

230 227uranium (deficiency of Th) or supported Th is added without any 

227other thorium isotopes (excess of Th). It is difficult to conceive 

230of a situation in which Th could be removed from the speleothem 

without also removing some uranium, since the latter is more soluble 

than thorium in almost all natural systems. It is more likely that 

227	 231
there is an excess of Th, not due to the addition of Pa to the 

system (because it is equally insoluble) but due to addition of the 

227intermediate Ac, a nuclide of greater solubility, of the alkaline 

earth group. This would lead to a 227Th excess without excess 
230

Th 

and bias the age to younger or even negative values. 

Because the flowstone was only raised from the 	spring water 

227
during the last two or three years, most of the excess Ac still 

remains in the speleothem. A test of the above hypothesis would be 
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. h k f 227 . h 231 	 d hcit er to loo or excess Ac wit respect to Pa or to re- ate t e 

227
sample in 20 years time, when half of the Ac will have decayed away. 

2.7 Swnmary and Conclusions 

The investigations described in this chapter have shown the 

following : 

1) 	 general improvement and consistency of Th and U chemical yields in 

the extraction process, largely due to improved analytical techniques 

and use of cation exchange resins. 

2) 	 a reduction in interfering factors in radioactive counting procedures 

and more precise knowledge of their magnitudes (eg. background and 

reagent blank activities). 

3) precise calibration of the spike by analysis of an infinite age 

uraninite. 

4) correction of computational errors which previously affected sample-

U concentration, radiometric age and its error limits. 

5) 	 good internal reproducibility when dating a homogenised standard, 

adequate reproducibility when re-dating a speleothem from a previous 

study and a fair to excellent correlation with ages obtained by other 

laboratories on homogenised carbonate samples (some of the disagree

ment with the latter is likely to be due to their own inaccuracies. 

227 230
6) 	 the use of Th/ Th ratio (in the protactinium dating method) is 

subject to a number of decay corrections, most of which can be defined 

precisely. However, the technique is limited to uranium-rich samples, 

wi th rapid chemical processing and counting on uncontaminated detec

tors. Good agreement with ionilli~ ages on the same samples is seen 
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in these results, over the range 80 to 300 Ka. 

More work still needs to be done on chemical aspects of the extrac

tion and separation of U and Th from speleothem. Large Th losses are 

still occasionally found, sometimes in association with 'dirty' samples, 

but it remains to be determined why yields are often low in reagent 

blank analyses where only pure chemicals are present. 

Ages that are not in stratigraphic sequence along the growth 

axis of a speleothem may be biased by nuclide addition or migration from 

the speleothem since formation. Some parameters can be used to i ndicate 

230 234' 
these occurrences: eg. Th/ U ratios > 1.1 show U leaching (or, less 

232likely, 	Th addition) and presence of Th may indicate addition of non-

h . . 	 230 h f d .aut 1gen1c T rom etritus. However, problems such as partial U 

228 232migration and addition of Th not in equilibriwn with Th, could 

occur and would pass unnoticed in a spiked spectrum. The importance of 

regularly using a second dating method is therefore obvious, concordancy 

of ages being a major argument for accuracy of the final result. 

2.8 	 The Limits of the Dating Methods 

When followed carefully, the ionium dating method is reproducible 

for 	detritus-free, non-porous speleothem containing as little as O.OSppm 

238U, (this corresponds to a U count rate of -0.3 cpm assuming a 50g 

sample with 50% yield and 30% counting efficiency; ie. a signal to noise 

ratio of - 5). Below this level, variations in reagent blank, background 

activity and memory effect reduce the precision to unacceptable values. 

Ultimately the accuracy of the dating methods rely heavily on 

234 231
the accuracy with which the decay constants of U, Pa and particu
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230 230larly Th are known c Th half-life has been variously determined as 

80 , 000 yrs, Hyde 1949; 75, 200 yrs, Attree et al. 196 2 .) and a precise 

re-determination is urgently required . In the same way as uncertainties 

associated with spike ratio are ignored in the error accompanying a 

radiometric age, uncertainties in values of decay constants are also 

omitted. These shortcomings must be given serious consideration when 

the limits of the dating method are debated. 

A lower limit can be easily determined for t he ionium method 

because it relies mainly on the worker's ability to isolate and count 

. . f 230Thsma11 quantities o . The conclusion in the present study is that 

ionium ages as low as 200 years can be determined wi th good precision 

for high uranium speleothem. This is illustrated by sample 76209 

(Appendix 4a) : it contains 9.4ppm U, and its basal age of 0.8 ± < 0.1 

230 hKa determine. rom a T . . o 0 2 cpm at 7a .was d f activity f . 50° yie1 d - an 

activity that was more than ten times greater than background level. 

It is more difficult however, to pr ecisely define an upper age 

limit. Estimations in the literature and quoted by laboratories in the 

calibration project include 300 Ka (Thompson 1973a), 350 Ka (Thompson 

et al. 19 76, Harmon et al. 19 77 ) , 400 Ka (Sc.twarcz et al. 19 79, 

Atkinson et al. 1978) and 500 Ka (Schwarcz 1979, in press ) . To some 

extent these estimates are based on counting procedure and equipment of 

the laboratory concerned, but they are also influenced by the zeal of 

the analyst. Error limits determined solely from counting statistics 

ar e seldom less than 10% and more commonly about 15% near the dating 

limit (say 300 Ka). These limits are only ± la values (68% probability 

that the true age lies within these limits). A ± 20 limit would give 
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almost a ± 100 Ka error on a 300 Ka age, representing 95% confidence 

limits. At this stage the distinction between finit e and 'infinite' 

ages vanishes and only with extremely long count times, excellent 

instrwnent stability, low noise levels and high count rates can this 

distinction be made. Further uncertainty is added if the error limits 

in spike ratio and decay constants are considered. It is therefore 

felt that any attempt to push the limit of the dating method back beyond 

400 Ka, even for 'ideal' samples and counting conditions,only serves to 

mislead others who are less familiar with the technique and are there

fore unable to judge for themselves. 

In the present study a maximwn age of 350 Ka has been used, 

even for the high uranium speleothem analysed from British caves. 
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CHAPTER 3 

STABLE ISOTOPE GEOCHEMISTRY OF SPELEOTHEM 

Introduction 

The temperature dependent fractionation of light-element stable 

isotopes in natural processes was first predicted by Urey (1947). In 

1951 Epstein et al. calibrated the 180 geothermometer for the CaC0 -H2o3
18system using differences in 0 content of fresh calciwn carbonate 

growing on shells at different temperatures. Good agreement with 

McCrea's work (1950) for inorganically-precipitated Caco3 was subsequent

ly found (Epstein et al. 1953). Since then, new calibrations from 

theory and experimental work, have been determined for Caco -H20 and 3

nwnerous other low temperature geothermometers (eg. so -H 0, P0 -H2o,4 2 4

Si0 -H 0). The calcite-water system has however been the most important2 2

because of the ubiquitous nature of the mineral pair and the relatively 

large temperature dependence of isotope fractionation. A SUlllT!lary of 

experimental calibrations and the types of calciwn carbonate deposits 

which have yielded paleotemperature information is given in Table 3.1. 

Much of the latter work has been done for Tertiary and older continen

tal or marine environments so that relatively little is known from 

stable isotope studies on recent (Pleistocene) continental paleoclimate. 

It is here that speleothems help to redress the balance. 
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Type of study Description 	 Author 

Experimental Inorganic precipitation McCrea et al. (1950 ) 
calibration of Caco as calcite Tarutani et al. (1969) 3 

Clayton (1961) 
0 'Neil et al. (1969) 

as aragonite Clayton (1961 ) 
Tarutani et al. (1969) 

Calibration Organic precipitation Epstein et al. (1951, 
from field of Caco on marine shells 1953)3measurements 

Inorganic precipitation Harmon (1975) 
of CaC03 as calcite in 
speleotfiems 

Pa l eotemperature Jurassic and Upper Cretaceous Urey et al. ( 1951) 
a~plications of molluscs 
8 0 of Caco 3deposits Jurassic ammonites Stahl and Jordan (1969) 

Cretaceous molluscs 	 Tourtelot and Rye (1969 ) 
Spaeth et al. (1971) 

Recent molluscs 	 Lloyd (1964) 

Recent and fossil brachiopods Lowenstam (1961 ) 

Recent and Pleistocene coral Fairbanks and Matthews 
(19 78) 

Deep sea cores - Pleistocene Emiliani (1955,1966, 
1978) 

Shackleton (196 7,19 77) 
Shackleton and Opdyke (19 73) 
Broecker and van Donk ( 19 70) 

Deep sea cores - Tertiary Savin et al. (1975) 

Hot-spring travertines 	 Friedman (19 70) 

Speleothem Hendy and Wi lson (1968) 
Duplessy et al. (1970b) 
Thompson et al. (19 76) 
Schwarcz et al.(19 76) 

Harmon et al. (1978a,d, 
19 79b) 

Table 3 .1 Application of various types of carbonate deposit to paleo
temperature studies. 
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3 . 1 Theory of Isotope Fractionation 

Chemical reactions at equilibrium can be described in terms of 

the equilibrium constant K, the ratio of activities of products to 

reactants. Every chemical reaction also has a fine structure of isotopic 

exchange and therefore a second equilibrium constant K' can be defined 

relating the distribution of isotopic species between products and 

reactants. For instance, in the exchange reaction: 

+ + (3.1) 

18 16 113
[cac I cac oJo3K' = (3.2) 

H 180 I H 160 
2 2 

K' can be more conveniently defined in terms of a , the isotope fractio

nation factor, where 

a = (n = number of atoms exchanged ) (3.3) 

For the above reaction, only one atom is exchanged and so a = K. 

18
In this case a can be defined solely in terms of 0 partitioning between 

the two components; Caco (eg. calcite) and water :
3 

18 16o; o (calcite)
a = (3.4)

c-w 
180/160 (H20) 
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The distribution of isotopic species between two phases is a function of 

the distribution of vibrational energy in the crystal lattice. In the 

18exchange of 0 between calcite and water a is therefore temperature 

2dependent and is found to vary as 1/T over a large temperature range 

(O ' Neil et al. 1969). Theoretical and experimental calibrations of this 

relationship are shown in Figure 3.1. The agreement between experimental 

determinations is generally good but theoretical calibrations are 

significantly different at low temperatures. This is due to problems 

in determining values for vibrational energies of solids at low tempe

ratures~ Calculations by Bottinga (1968) more precisely fit experimental 

determinations from 0 to 2s 0 c but disagree above 100°C. 

For 180 exchange in the calcite-water system at ambient tempera

tures, a varies by approximately-0.25 ~~0c, ie. as temperature decreases, 

18 . . 	 . h .0 increasingly concentrates in t e calcite. 

3.2 	 Notation and Isotopic Standards 

. 18 16For analytical reasons the 0/ 0 ratio of a substance is 

best determined relative to a reference standard. Departures are then 

referred to in the 'delta' notation: 

18 16	 18
180 = ( o; o (sample) - o/16o (std)) 103 01~" (3.5)

cS sample-std. 18o;16o (std) 

18
and the fractionation of 0 between two components (X and Y) is related 

to the individual cS values by: 
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Figure 3.1 Theoretical and experimental calibrations of the 
18calcite-water 0 geothermometer. 
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181000 ln a ~ 0 (3.6)OX-std 

Hence the difference in 8 value for the X-Y system is a measure of the 

fractionation factor, which uniquely indicates the temperature of the 

system. 

By convention the Chicago standard PDB (a Cretaceous belemnite 

from the Pee Dee Formation in Southern Carolina) is used as the inter

national primary standard for reporting oxygen and carbon isotope results 

in low temperature carbonates. SMOW (Standard Mean Ocean Water, a 

hypothetical standard defined relative to an existing water stored by the 

National Bureau of Standards) is similarly used as the primary oxygen and 

deuterium isotope standard (Craig 196la). Because neither of these are 

available a series of secondary standards have been made up and their 

isotopic compositions accurately related to the primary standards. 

Carbonate standards such as NBS 20 (a sample of finely-ground Solenhofen 

limestone), TKL-1 and K-2 (two New Zealand carbonates) and water standards 

such as Vienna-SMOW (of isotopic composition almost identical to the 

original SMOW), NBS-1 (mid-latitude riverwater), NBS la and SLAP (iso

topically 'light' waters from snow and ice samples) are now circulated 

for calibration. 

3.3 The CaC0 _:_H o System and Speleothem Isotopic Studies
3 2

Large variations in isotopic composition of the elements H, C and 

180 have been found in natural materials. In particular, o o of speleo
c 

them has been found to vary over 20 1oo depending on loca lity, due to: 
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1) temperature dependence of a (accounting for up to 7 "1oc ) ,
c-w 

18
2) variation in o o of the water of formation (up to 20 o/ov ) o 

13
A similar range of o c of speleothem has also been observed and this 

is due to: 

1) variation in o13c of vegetation contributing co2 t o the system (up to 

20 o/ou ), 

2) t he type of limestone solutional process (Chapter 1) prior to the 

deposition of Caco3 , which affects the amount of limestone carbon 

incorporated (up to 10 ~·~ 1 ) 

In addition, kinetic isotope fractionation in non-equilibrium situations 

gener ally causes an added enrichment of the heavy isotope in the calcium 

carbonate phase. These aspects are now discussed in greater detail. 

3.3.1 	 Isotopic Equilibriwn Deposition and Kinetic Isotope Effects 

18A number of early studies of variations in o o of speleothem 

suggested that cave deposits were not suitable for isotopic paleotempe

rature analysis because of non-equilibrium isotopic fractionation 

(Labeyrie et al. 196 7; Fornaca-Rinaldi et al. 1968; Duplessy et al.1969 ) . 

As an aid to recognising isotopic equilibrium deposition in a speleothem, 

Hendy (1971) showed that along any growth layer (or equal time hori zon) 

of the speleothem : 

. 18 f h .1) t here must be no change in o 0 o t e calcite 

18 132) there must be no correlation between o o and o c of the calcite. 

18Evaporation of water is usually seen as an increase in o o of calcite 

in the direction of water flow over the speleothem. Rapid loss of co2 

will cause disequilibrium in isotopic exchange between C0 (gas ) , H2co
3

,2 
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Hco; and CO~-, which affects o18o and o13c in a similar manner. The problem 

of kinetic effects was further investigated by Fantidis and Ehhalt (1970). 

They analysed four speleothems from European caves and in three samples 

18 13found an enrichment of 0 and c in the direction of water flow. In one 

case however, a depletion was seen in the flow direction (towards the 

tip of a stalactite). Laboratory simulation of CaC0 deposition showed3 

t hat high flow rates gave rise to depletion of heavy isotopes in the 

direction of flow, changing to enrichment at low flow rates. For reasons 

of shape, flow down the side of a stalactite is often faster than down a 

stalagmite and so the simulation results were able t o explain the speleo

them characteristics. 

An additional requirement in the analysis of speleothem growth 

layers is that analyses must be taken in the direct i on of flow of water. 

In the case of a stalagmite or stalact i te this presents no problem but 

in the case of a fossil flowstone which is no longer in its growth 

position, great difficulty may be experienced in deciding the original 

direction of water flow. In this study, all flowstones therefore, were 

analysed along orthogonal directions on the same growth layers. A 

trend in either set of data, or in both, shows non-equilibrium growth. 

18Requirements for obtaining paleoclimatic results from the o 0 

of speleothem were set out by Hendy (1969) : 

1) average isotopic composition of cave drip water must be the same as 

the average rain water, 

2) temperature at the site of deposition must vary as little as possible 

(on a diurnal or seasonal basis), 

3) sites where there is an appreciable draught should be avoided as this 
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causes rapid loss of co from solution and evaporation of water, both2 

causes of kinetic isotope fractionation, 

4) speleothem growth and drip rate should be slow. 

Ideally therefore, the speleothem location should be deep within a cave, 

far from any entrance, relatively isolated from the main passages and 

streamways, the cave humidity should be 100% and the atmosphere of 

rel atively high CO content. 
2 

183.3. 2 Factors Affecting 8 0 of Speleothem 

18
8 0 of speleothem deposited in isotopic equilibrium may vary for 

the following reasons: 

1) change in temperature 

182) change in o o of seepage water 

18
Factors affec t ing o o of the water are numerous and complex and are 

described in the following sections. 

18 f . . .3.3.2. 1 Temperature Dependence of o 0 o Precipitation 

In the condensation of water from the atmosphere, the distri bution 

18 18of 0 is temperature dependent, and for isotopic equilibrium do o/dT 

. 0 0 ~1 0 0 ranges from 0.14 %c / Cat -20 C to 0.075 700/ Cat 40 C (Bottinga and 

Craig 1969). Measurements of this fractionation are diffi cult to apply 

in practice because the condensation is usually a Rayleigh process and 

the fractionation varies with factors such as atmospheric temperature 

gradient, amount of back-exchange and re-evaporation etc. Observations 

18of the change in o o of N.Atlantic and Greenl and precipita tion with 
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increasing latitude (and therefore decreasing surface temperature) have 

shown a dependence of 0. 7°/o"'/ 0 c (Dansgaard 1964) . Subsequently other 

workers have found significantly lower temperature dependence, particu

larly for continental regions, (see Table 3.2). 

3.3.2.2 	 Speleothem Growth and Variation of o 18
o of Precipita~ion with 

Season 

Speleothem growth rate may not be constant al l year round, but 

may vary from season to season depending on: 

1) rate of supply of water, 

2) concentration of Caco in solution (largely dependent on biological3 

production rate of co in the overburden),2 

3) changes in cave temperature, 

4) periodic flooding of cave passages, 

5) changes in barometric pressure gradient through the cave (causing 

draughts), 

etc. 

Due primarily to the variation of o18 
o of precipitation (o 18o ) with 

p 
18

temperature, o of drip water may also vary seasonally which,o	 cave 

18coupled with preferential seasonal growth, may give speleothem with a o o 

record characteristic of temperatures apprec i ably different from mean 

annual cave (or surface air) temperature. Thompson et al. (1976) for 

West Virginia and Harmon et al. (1978a) for Kentucky, Texas and Bermuda, 

18found that cave seepage waters were slightly enriched in 0 relative 

to mean annual precipitation. This was explained in terms of a bias 

towards summer values, probably caused by greater evapotranspiration 
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Area Studied Reference 

Antarctic snow 0.9 	 Picciotto et al. (1960) 
N.Atlantic precipitation 
and Greenland ice 

0. 70 Dansgaard (1964) 

seasonal Chicago precipitation 0.30 Stuiver (1968) 
seasonal West Virginia pptn. 0.28 Thompson (1973a) 

Chicago and Edmonton pptn. 0.39 Harmon et al. * (1978a) 
Arizona,Texas &Mexico pptn. 0.30 - 0.33 II " II 

Yukon and N.W.T. Canada pptn. 0.17 - 0.18 II II II 

Bermuda pptn. 0.01 II It II 

Kentucky pptn. 0.38 II II II 

Maritime Europe pptn. 0.22 - 0.23 Evans et al. (1978) 

* using IAEA World Precipitation Survey data for 1969-1970. 

18Table 3.2 	 Measurements of the temperature dependence of 8 0 of 

precipitation. 

Method used to Measured * Estimated Reference 
determine Ml8o M 18 Of .(max) M 18 o (max)SW SW 

( fH ) ( ·1.0 ) 

Planktonic forams. and change 
in extent and composition of 
ice sheets 

Planktonic forams. 

Benthonic forams. 

Composition and extent of ice 
sheets related to sea level 

Benthonic forams. 

Composition and volume of 
ice sheets 

Composition and volume of 
ice sheets 

Benthonic-planktonic foram. 
difference 

Microfaunal assemblages and 
surface ocean temperatures 

Benthonic and planktonic 
foram. differences 

Benthonic forams. in the 
Antarctic Ocean 

1. 8 0.4 Emiliani (1955) 

'V l. 6 1.2 Shackleton and 
Opdyke (1973) 

1.65 < 1.65 Shackleton (1 977) 

0.9 - 1.3 Olausson ( 1965 ) 

1. 8 > 1.6 Ninkovitch and 
Shackleton (1975) 

> l. 2 Dansgaard and 
Tauber (1969 ) 

1.6 Craig (1965) 

1.6 Shackleton (1967) 

1.8 Imbrie et al. 
(19 73) 

1.0 - 1.5 Duplessy e t al. 
( 1970~ 

0.85 0.85 Savin and Stehli 
(1974) 

18 18* 6o of (max) = the maximum change in o o of foraminifera analysed 

Table 3.3 	 Estimations of maximum change in 8180 of seawater (M 18o (nax)) 
from glacial to interglacial times. SW 
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effects during swnmer months. In all cases however, the drip waters 

showed insignificant seasonal variation and mean annual drip waters were 

found to be in isotopic equilibriwn with calcite forming from them, at the 

mean cave temperature. 

3.3.2.3 	 Variation. with Storm Trajectory 

18
Dansgaard (1964) showed that o 0 of precipitation was dependent on 

the distance the airmass had travelled over land, in that the farther it 

18
travelled, the lower the o o. This was attributed to progressive 'rain

out' of the heavy isotope as well as the effects of exchange with isoto

pically 'light' freshwater and increasing participation in convective 

processes where temperature gradients are steeper. During a glacial to 

interglacial transition, it is very likely that airmass trajectories over 

18 f . . .continents will change and so affect the mean o 0 o prec1p1tat1on at a 

given site. The CLIMAP project (Gates 1976) has recently modeled atmos

pheric circulation patterns for the northern hemisphere for July 18,000 

years ago (the best estimate for maximwn glacial conditions during the 

Late Wisconsin). For mid-continental North America however, it is thought 

that precipitation patterns are comparable to those of winter months 

18
today and that no appreciable change in o o due to this effect would be 

p 

seen (Harmon et al. 1978a). It is likely that the most important changes 

18in o o due to storm trajectory will 	occur during the actual transition 
p 

between climatic periods and modeling of this has so far not been attemp

ted. 
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. . . h 18 f3. . . 3 2 4 Var1at1on wit 8 0 o Source 

18Early results of o o profiles of deep sea carbonate cores were 

interpreted as reflecting a change in tropical ocean surface water tempe

ratures of up to 60 C from glacial to interglacial times (Emiliani 1955). 

18This. correspond d to a out 1 3 ?/,o~o f h o 	served change ofe b . t_ e b 	 1. 8 G' ~J in• 8 0 

of planktonic foraminifera in 	the core. These calcul ations were based on 

18 an estimate for the amount of 0-depleted water stored on the continents 

as ice during maximwn glaciation. Re-calculation of ice volume and 

18
average o o of ice by later workers (Olausson 1965, Dansgaard and Tauber 

1969) and analyses of benthonic foraminifera in cores from the Caribbean, 

eastern Pacific and Atlantic Oceans (Shackleton 1967, Duplessy et al. 

181970a) have strongly indicated that most of the change in o o of core 

profiles is due to changes in the isotopic composition of ocean water, not 

temperature. Various estimates of this change are listed in Table 3.3, 

and it is presently felt that change due to temperature is at most only 

about 10% of the total (Ninkovitch and Shackleton 1975 ) . 

3.3.3 The Determination of 	Paleotemperature 

The 	 interplay of factors affecting o18o of precipitation ~ake it 

18difficult to express variations in o o of speleothem in terms of tempe

rature change. The following approaches have been used. 

3.3.3.1 The Oceanic Island 	Situation 

Hendy 	 and Wilson (1968) radiocarbon-dated two speleothems from 

18caves in New Zealand and were 	first to express a o o profile in terms 
c 

of paleotemperature change. To show that the samples were f ormed in 
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isotopic equilibriwn 	with dripwater, they used: 

181) the constancy of 8 0 along three growth layers of one speleothem
c 

18 13
2) the lack of correlation between 0 0 and o c along the three growth

c c 

layers 

3) the finding that isotopic equilibriwn deposition exists between modern 

calcite deposits and groundwater in the same cave. 

Because of the proximity to the ocean, Hendy and Wilson argued that the 

18temperature dependence of 8 0 should follow Dansgaard's value of 0.69 o/o~
p 

/°C, and therefore a 	 change in temperature gradient between the tropical 

ocean and precipitation site for a given change in climate would affect 

18
0 0 of speleothem thus: c 

= 0.69 	 (T - T) + 0.24 T ( 3. 7)
x 	 x 

where T is the decrease in temperature at the site and T is the decrease 
x 

in temperature of the tropical ocean surface water. The first and last 

18terms on the right hand side of equation 3. 7 act together (o 0 insw 

creases when temperature decreases) and the second term runs counter to 

the other two. Using a maximum of 6°C change in New Zealand's temperature 

from glacial to interglacial and a measured D.o 180 of 0. 95 fo" for the same 
c 

period, Hendy and Wilson were able to calibrate their o18o record in 
c 

terms of temperature. Re-arrangement of equation 3.7 gives: 

= + 0 .24 T 0 .45 (T - T) 	 ( 3. 8) 
x 

in which + 0.24 T 
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Therefore 0.95 1.4 0.45 (T - T) x 

and (T - T) = 1 x 

Therefore the temperature difference between New Zealand and the tropics 

must have increased by 1°c between the last glacial maximum ( 20 Ka 

B.P.) and the present. If the full change in 8 
18

0 is used (1. 2 °i~c 
c 

at 26 Ka B.P.) the temperature differential reduces to 0.4
0 C, a result 

which is incompatible with current estimates of ocean t emperature change 

. h . f 18and spatial distribution (Gates 1976 ) . Using t e estimate o ~ 8 0 
SW 

from Ninkovitch and Shackleton (19 75 ) , Hendy and Wilson's results may be 

re-ca l culated; 

1.2 = 1.8 0. 45 (T - T) x 

(T - T) = 
x 

This val ue is still quite low but may be higher if the temperature depen

dence of precipitation is less than Dansgaard's value of 0.69 o/o~ !°C 

(as may be the case in precipitation falling at altitudes greater than sea 

level and inland from the coast) . 

A less sophisticated approach to paleotemperature interpretation 

was taken by Labeyrie et al. ( 1967) and Geyh (1970). Using radiocarbon 

dating and stable isotope analysis along the axis of two Holocene stalag

13mites, both groups found correlation between 8 c and inter-
c 

preted the variations in terms of change in climate. A decrease of 0. 46 ~o 



110 

18in o o was taken to represent a temperature decrease of 1°c (Labeyrie
c 

et al. 1967.). 

A similar direct relationship was assumed by Duplessy et al. 

(1970b). In this study uranium series methods were used to date a 2.3m 

long stalagmite from Aven d'Orgnac, southern France. They assumed that 

it was deposited in isotopic equilibrium by the absence of air movements 

18in the cave, and by lack of correlation between o o 
c 

points along the growth axis. (As previously noted, the latter is not a 

18criterion for equilibrium deposition) . They interpreted o 0 changes in 
c 

terms of temperature using the relationship 

= 0.69 flt 0.24 Lit = 0.45 flt (3.9) 

Lit is the variation in surface temperature above the cave. 

This relationship ignores: 

in 01801) the effect of changes 
SW 

2) the change in temperature of tropical ocean surface water (designated 

'Ti in Hendy and Wilson's work) 

3) the possible effect of change in wind trajectory accompanying a 

climate change 

18
From this, Duplessy et al. proposed a direct relationship of o o with 

c 

temperature, and interpreted the speleothem record as a prolonged 

warm period from 120 Ka to 97 Ka B.P., sharply bounded on either side 

by cold periods, with a further warm period terminating growth at about 

92 Ka B.P. 
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18
3.3.3 .2 Use of Modern 6 0 

18Emiliani (19 71) was the first to apply the 6 0 of modern cave 

18calcites to the interpretation of 6 0 profiles from fossil speleothems . 
c 

He made the simple assumption that recurrence of modern values i n the 

past indicates deposition under similar conditions to the present. In 

this way he was able to invert the isotope profile of Duplessy et al. 

18(1970b) and relate the 0 depleted peak at 95 Ka B.P. to the stage 5 

inter glacial maximwn seen in deep sea co-re records. Further justification 

for t his lies in the fact that speleothem growth rate increased four

fold over this period, as might be expected in warm humid cl i mates. 

In more recent detai l ed studies Thompson et al . ( 19 76) and Harmon 

18et a l. (19 78a) have used 6 0 of modern speleothem as an indicator of 

18interglacial conditions in their interpretation of 6 0 profiles of 
c 

18date d North American speleothems. Good agreement with 6 0 (modern) and 
c 

known warm events in the Late Pleistocene was found in speleothem from 

West Virginia, Iowa and Bermuda, but a poor to ~nverse relationship in 

speleothem from Kentucky and the Canadian Rockies. 

183.3 . 3.3 Allowance for 6 0 w 
18As previously described, the change in 6 0 of seawater from 

glacial to interglacial times is now thought to be the dominant factor 

18controlling 6 0 of deep sea carbonate cores. Due to this reversal in 

thinking, new interpretations have been made concerning the significance 

18of changes in o 0 of speleothem because water vapour from the oceans 
c 

during glacial times was up to 1. 8 '10.; heavier than in interglacial times. 

This effect is seen as a concomitant change in speleothem calcite fo111ling 
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18in a cave (Harmon et al. 1978a). Analysis of o o of speleothem from 
c 

18 caves in Iowa and Bermuda have been corrected for change in o o by
SW 

these authors. To do this, the assumption was made that the di fference, 

18 18
6t' between o o of foraminiferal tests (o 18

of(t)) a t time t and o o of 

18
modern tests (o 18

of(O)) was equal to the corresponding change i n o osw' ie. 

18 18 
o of (t ) 0 0 f ( 0) 

18 18 
= 0 0 0 ( 3.10)

sw(t) o sw (O) 

Val ues of 6t were read off from the data of Ninkovitch and Shackleton (19 75) 

for core V19-29, assuming ages based on constant sedimentation rate and 

18 
a o o minimum at -820crn in the core, corresponding to isotopic stage Se 

18 ' (125 Ka) . The full range of o Of (6 t = 1.8 faL) was used without allowance 

for changes due to temperature. The effect of this correct i on on the 

Bermuda data was found to be slight (Figure 3 .2) mainly serving to shift 

18o o to more negative values. In the Iowa data however, a decrease of 
c 

about 2 ~'oo in o18o during the Late Wisconsin deglaciation completely dis
c 

18
appeared after correction for o o If it can be assumed that tempe-

SW 

rature increased by 10 to 1s0 c during this period, then the corresponding 

change of about - 2 .5 to - 3.S o/oJ in speleothem calcite must have been 

. . b . h . 1 8 f . . . ( 180 '\offset by a similar ut opposite c ange in o 0 o prec i p i tation o J . 
p 

This order of change is quite acceptable judging from the data i n Table 3. 2 . 

18
Many of these problems assoc i ated with interaction of o o 

SW 

18
and o o can be circumvented by the direct analysis of the water of 

p 

deposition preserved as fluid inclusions in the speleothem calcite. 
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3.2 Two speleothem o 0 records, from Bermuda (A, upper) and 
c 


Iowa (B, lower) showing the effect of correcting for change 

18


in o o (shown as 6t' the difference between modern and 
SW 18
fossil values of o o of benthic foraminifera in Pacific 

core Vl9-29; Ninkovitch and Shackleton 1975). Curve Bin 

upper plot is as curve A but shifted by 4.5 Ka so that stage 

18
Sc is coincident with the oldest maximum i n the o o curve. 

c 
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3.3.4 Fluid Inclusion Analysis 

3.3.4.1 Application to Speleothem 

Growing speleothem traps small fluid inclus ions (f. i.) of drip 

water between crystal faces, and this 'paleowater' can be subsequently 

extracted and analysed isotopically (Schwarcz et al.197.6). For speleothem 

formed in isotopic equilibriwn with the drip water, the difference in 

18 o 0 between the two phases is related to the temperature of deposition 

thus: 

6 
1000 ln a c-w = 2.78 (~

T2 
2.89 (O'Neil et al. 1969, 1975) 

(3.11) 

where 1000 ln a c-w = 
1 + 10-3 0180 

(3.12) 

i + 10-3 180
0 w 

18Because of the likelihood of subsequent exchange of 0 with host calcite 

d"ff h d . d . . 180 bat temperatures l erent to t ose ur1ng epos1t1on, 8 f .i. ~ay e 

18unsuitable for comparison with o o for determination of paleotemperatures.
c 

The hydrogen component of the inclusion however is not exchangeable since 

calcite conta ins no hydrogen, and measurement of the D/H ratio of fluid 

18
inclusions can then be related to the original 0 of.. by the meteoric 

.l. 

water relationship. 

3.3.4.2 The Meteoric Water Relationship 

Isotopic analysis of many types of meteoric water (seawater, 

rivers, lakes, snow and ice) for many different climatic regimes has been 
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shown frequently to give the same empirical relationship (Craig 1961b, 

Dansgaard 1964) 

oD = + 	 10 ( 3. 13) 

Using isotopic data from the IAEA-WMO precipitation survey, Dansgaard 

(1964) recognised certain controlling factors in the determination of 

1) the oD relationship calculated from known fractionation factors 

isotopic character of precipitation and described a number of locations 

which did not conform to the above relationship. His findings can be 

summarized as follows 

18 - o o 

18is oD = 8 o o for equilibrium (Rayleigh) condensation and isothermal 

evaporation processes. 

2) non-equi librium processes affect the slope (m) and introduce an 

18intercept (c) into the relationship, thus: oD = m o 0 + c 

3) 	 non-equilibrium evaporation from i) a l imited water body, gives rise 

to deuterium depletion (ie. negative 'c') and usually m <8; ii ) an 

infinite , well-mixed water body gives a fairly constant and positive 

c, and m = 8. 

4) 	 non-equilibrium condensation rarely occurs in nature but it can give 

rise to m >8. 

3.3.4.3 	 Requirements for Paleotemperature Determination in Speleothem 

18
In order to use oDf.i. to determine o of.i. and hence paleo

temperature, equation 3.13 or its equivalent, must be shown to be valid 

over the period of growth of the speleothem. Two approaches to this have 
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been used: 

1) 	 analysis of modern calcite and drip waters at the speleothem site. 

Comparison of mean annual cave temperature with those calculated from 

fluid inclusions in modern speleothem from West Virginia have shown 

good agreement (Thompson et al. 1976). 

2) examination of isotopic relationships in the ice core record (this 

would show any variation due to climatic change). Dansgaard et al. 

18(1969) and Epstein et al. (1970) found no change in the oD - o o 

relationship for polar ice throughout the Late Pleistocene and it has 

been argued that the same may be true for unglaciated continental North 

America (Schwarcz et al. 1976). However, in recent determinations of 

paleotemperatures for the Late Wisconsin in Iowa (Harmon et al. 1979b). 

use of equation 3.13 gives sub-zero temperatures for part of the growth 

period of one speleothem. A more realistic paleotemperature record is 

. b D 8 180 . h . . h . . fgiven y o = o , suggesting t at isotopic c aracteristics o 


precipitation may change with climate. 


Additional requirements for the use of fluid i nclusions in paleo

temperature analysis are : 1) the isotopic equivalence of precipitation 

and cave drip water (this has already been discussed) and 2) the lack of 

leakage and isotopic fractionation of the inclusions after formation. 

Calculation of fairly realistic temperatures (between -2 and 20°C) in 

work done so far is the best testimony that this effect is not important. 

However a number of temperatures that appear to be too low have been 

determined for Bermuda (4.S°C), San Luis Potosi, Mexico (6.9°C) and West 

Virginia (-1.6°C). Possible reasons for this include variation of the 

18oD 	 - o o relationship during the past (as described above) and analytical 
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difficulties. Most of the work was done using soft copper tubing in the 

crushing operation and subsequent work by Dr.T.Fallick showed the possibi

lity of contamination by appreciable amounts of water present in the 

tubing which could only be removed by prolonged heat and vacuum treatment 

before use. Furthermore it was found that after crushing an extraction 

time of up to 24 hrs was required to completely transfer all liberated 

inclusions. In previous work, much shorter times were used and so presu

mably the isotopically lighter fraction would be preferentially collected 

and this would account for the low calculated paleotemperatures. 

In the present work, no fluid inclusion analysis was attempted due 

180. . . 1 prob 1 ems in. 8 measurements using. t h e mass spectrometer andto initia 

the subsequent shortage of suitable isotopic equilibrium deposits in the 

areas of study. 

3.4 Anilytical Techniques 

3.4.1 Gas Preparation 

10 to 25mg of powdered calcium carbonate was taken from an acid-

cleaned, dry face of a sectioned speleothem using a low-speed electric 

drill and l/16th inch bit. Carbon dioxide was then generated by reaction 

under vacuum with 100% H Po in one of two ways: in individual, isolated
3 4 

reaction vessels at 2s 0 c for 12 - 24 h@urs (after the method of 

McCrea (1950) or by reaction of successive aliquots of carbonate in a 

vat of acid at so 0 c for 15 - 30 mins. (a modification of the method 

used by Shackleton and Opdyke (1973), Shackleton (pers.comm.1979). co 2 

produced in each case was dried by at least 3 passes through dry ice
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CC1/CHC1 traps and yield measured by Hg manometer and checked against
3 

expected yield before storage in gas vessels. The 2s0 c method o·f prepa

ration has been used in all previous work, although yields were generally 

not measured. The so0 c method was investigated as a means of speeding 

up the gas preparation step without incurring additional errors. However 

the results of tests of 

1) reproducibility on 23 preparations (Tab l e 3 .4 ) 

2) memory effect using alternate samples of 'light' and 'heavy' calcite 

(Table 3.Sa) 

183) variation of o 0 with reaction time (Table 3.Sb)co2 
suggest that isotopic exchange with previously generated gases and 

water could occur and so influence the results. 

From Table 3.4 it can be seen that the preparation of co from2 

Caco 3 us i ng Hlo is temperature dependent, by about-0.04 1o-./ 0 c.4 

3.4.2 Mass Spectrometry 

A 6-inch radius, 90° sector, double collecting mass spectrometer 

was used to determine relative isotopic abundance ratios of co 2 generated 

from speleothem carbonate. The mass spectrometer follows the design by 

Nier (1947) and uses electro-magnetic change-over valves in the inlet 

system to provide rapid comparison of standard and sample gases (McKinney 

et al. 1950). In operation, CD from the standard g~s reservoir is2 

allowed to 'leak' through narrow-bore capillary tubes into the mass 

spectrometer where it is ionized by electron bombardment from a tungsten 

source. The ions are accelerated by a potential drop through a magneti c 

f i eld, where they are deflected according to their mass. The resulting 

http:about-0.04
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46 45Analysi s vs.GCSWS No. of o(raw) No. of o(raw) 

Nwnber nwnber samples ct ls) samples (±1~ ) 
analysed ( Juo ) analysed ( Jjot- ) 

GCS 4* to 2 23* -0. 9 72±0. 30 2** 17* -0.315±0.294** 
GCS T6 

GCS Wl to 2 5 0.026±0.16 7 6 -0. 097±0 .114 
GCS W6 

GCS Cl to 3 10 0. 119±0. 141 7 -0.096±0.139 
GCS 38 

GCS 38 to 4 ·5 0.010±0.094 1 -0.13 
GCS 42 

C. A. p I L L A R I E s C R I M p E D. 

GCS 43 to 4 5 -0.176±0.059 6 -0.122±0.091 
GCS 49 

N E W F I L A MENT 

GCS 51 to 5 4 -0.155±0.079 4 -0.078±0.01 7 
GCS 54 

* Sample gases prepared at 500 C 

** la error 

Table 3.4 	 Swnmary of results of analysis of same carbonate samples (GCS ) 
on different occasions, against different batches of working 
standard gas {GCSWS) . Standard deviation of the mean is 
determined for each group. 
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460 	 450Carbonate Sample 	 ( ~10(; ) ( c/oJ ) 

GCS 10 

NAH 1 

GCS 11 

NAH 2 

GCS 12 

NAH 3 

-0.88 

-7.07 

-0.98 

-7.06 

- 0.91 

-6.51 

-0 .. 04 

-6 .. 75 

-0 .. 20 

-6 .. 80 

-0 .. 20 

-6 .. 11 

Table 3. Sa 	 Results of test for memory effect using the so 0 c 
carbonate reactor and sequential addition of 
carbonate s (GCS and NAH powdered standards) of 
differing o values. NAH 3 can be seen t o be 
appreciably heavier than previous analyses. 

460 450Sample No. Reaction Time Yield 
(mins . ) (%) ( 0/ov ) ( ~00) 

GCS 25 0 - 30 94.4 -1..17 -0.66 

30 - 60 4.1 - 0 .. 97 

60 - 75 0.7 -1.. 50 

75 - 90 0.2 - 0 .. 81 

90 - 120 0.2 -2 .. 86 

120 - 180 0 .'2 -4 .. 19 

GCS 26 0 - 30 -1..14 -0 . 13 

30 - 60 - 1.. 75 - 0.83 

60 - 180 -4.41 

. . f 46 .r d 45 .r • h . . .Table 3. Sb 	 The variation o u an u wit react~on time using 
the so0 c carbonate reactor for two carbonate samples. 
Increas ingly light gas is collected throughout the 
reaction. 
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ion beams are collected giving ion currents representing masses 44 and 

45, or (44 + 45) and 46 depending on the focussing of the mass spectra-

meter. The ion currents are approximately balanced by a Kelvin-Varley 

voltage di vider and residual current is displayed on a strip-chart 

recorder. Sample gas at the same pressure is introduced via the change

over valves and analysed in the same manner. After a number of compari

sons between sample and standard the relative isotopic abundance ratio 

of the sample can be determined from the difference in setting of the 

sample and standard dividers, and recorder trace separations. The value 

obtained is termed 'o ' and must then be corrected for instrumental raw 

characteristics and isotope abundance effects, as described later. 

3.4.3 Operational Characteristics 

A series of problems beset initial mass spectrometer work, in 

some cases causing the machine to be out of action for months at a time. 

Problems with magnet supply, source voltage dividers, change-over valve 

magnets, accelerating voltage supply, source and collector lead-throughs 

and burnt-out filaments were commonplace. These problems were eventually 

solved and routine analysis began in early 1977. 

3.4.3.1 Standard Gases 

The mass spectrometer working standard was carbon dioxide pre

pared from Grenville marble calcite (GCS). Up to SOOmg GCS was used in 

one reaction to make approximately 0.5 atmospheres in a 250ml reservoir 

on the mass spectrometer line. Small cuts of this were taken when 

required. During most runs the same gas sample from a preparation of 
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NBS 20 (Solenhofen limestone) was analysed to check on machine drift. 

3.4.3.2 Isotopic Enrichment of Standard Gas 

During the course of routine twin tests (comparison of a fresh 

cut of working standard with gas already in use) it was discovered that 

the working standard gas was becoming isotopically enriched during the 

course of a run. The reason for this was taken to be back-diffusion of 

gas in the capillary leak allowing preferential retention of the heavier 

isotope gas molecules. To prevent this, most gas-source mass spectro

meters are fitted with crimped capillaries and run at pressures of ~ 

4cm Hg on the high pressure side of the capillary. Gas flow through the 

leaks in these conditions becomes viscous and back-mixing does not occur. 

On the machine used here the capillaries had never been crimped and the 

inlet pressure was only about 0.5 - lcm Hg. For the present work, the 

magnitude of the enrichment effect was measured on each run and, assuming 

linear ity, a time-related correction was added to each raw sample o 

value . After each run the machine standard was pumped away. Over the 

period of measurement the following results were determined : 

no. of cases range (*L/hr) mean ± l o c:yo~ /hr ) 

56 0.15 to -0.02 0.048 ± 0.029 

42 0.09 to -0.01 0.025 ± 0.019 

The large range of enrichments seen above is probably due to variations 

in the volume of standard gas in the reservoir and occas i onal changes in 

mass spectrometer running pressure. It is interesting to note that 
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46 45 mean 6 8 is. a1most exactly doub le t hat of mean 6 8 , as might be 

expected on theoretical grounds. Since a run might last from two to ten 

hour s using the same standard gas, a total enrichment of 0.5 Jjoo or more 

coul d be seen, and so it was essential to correct for this enrichment 

first before correcting to the daily secondary gas standard. Longstaffe 

(1977) also used this procedure for correcting raw 8 values and in 25 

46determinations observed a range of 6 8 = 0. 03 7 to 0. 085 °/ov/hr and a mean 

of 0.069 ':;jou/hr. I n January 1978, new thick wall capillaries were fitted 

(I. D. = 0. 00 7") and crimped, so that a 4 - 5cm Hg reservoir pressure of 

7 gas .gave a pressure at the source of the mass spectrometer of ~ 5 x 10

mm Hg. Subsequently, regular checks on the machine standard showed that 

even after two weeks of daily use of the same aliquot, no measurable 

enrichment had occurred. 

3. 4 .3.3 Inlet System 

With the use of a spiral trap for water vapour i n the gas trans

ferring apparatus, it was found unnecessary to use a dry ice trap on the 

mass spectrometer inlet line. This reduced time spent in gas handl ing 

before analysis but because of the higher pressure requirement when the 

capillaries were crimped, the entire gas sample had to be frozen over 

into the inlet reservoir. This caused problems of reproducibility of 

analysis because on warming up, the gas had to be mixed by repeated 

pumping of the mercury pistons in the reservoir and left for five mi nutes 

to compl etely equilibrate. If this was not done, the measured 8 value 

could be seen to shift during the run. Finally, the volwne of the inlet 

system was re duced sufficiently to allow a cut of the expanded gas to be 
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taken, which when compressed gave sufficient pressure for operation 

without requir~ng complete transfer by free zing or use of more carbonate 

in the preparation stage. 

3.4.3.4 Pressure Dependence of o 

It was found that a small change in gas pressure (usually of the 

sample relative to the standard gas ) caused an appreciable change in 

measured o value. Using the mass 44 signal displayed on the millivolt 

meter, a dependence of about -0.07%JmV was observed from one measurement. 

This effect is opposite to what might be expected from poor peak shape and 

larger cont ributions of 44 tail at higher pressures, and may instead be 

due t o pressure dependent fractionation at the capillaries. Care was 

taken therefore to exactly match sample and standard mass 44 signals 

46during ana l ysis and each sample was routinely analysed twice for 0 

on different days (and a third time i f necessary) until analyses lay 

45 within 0.1 foo of each other. Usually only one measurement of o was made. 

3.4. 4 Machine Correction Factors 

3.4.4.1 Valve Mixing Correction 

Because of the imperfect seal at ground glass joints in the 

change-over valves, leakage may occur across the valves when closed, thus 

contaminating the gas being analysed. The measured isotopic difference 

between sample and standard is therefore less than the true difference 

and the correction factor is determined as a multiplicative factor (> 1. 0) 

by a method similar to Dienes (1970) . The change in mass 44 ion current 
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was measured when a gas was removed from the waste side of the change

over valves. This was expressed as a fraction of the full mass 44 

current (f1) at normal running pressure and was added to the analogous 

value (f2) determined when the valves were switched over and gas intro

duced to the other reservoir. The valve mixing correction is therefore 

VMC = 1 + + (3.14) 

and the raw o value corrected for valve leakage is 

0 VMC (3.15)raw 

Schwarcz (1971) found that leakage of both valves was negligible and 

subsequent workers used no correction. In July and October 1978 the 

mixing correction was redetermined and found to be about 1.00 7, with 

one valve accounting for over 80% of this leakage. This value was used 

to correct all results in this work. 

3.4.4.2 Tail Correction 

The overlap of the large mass 44 peak tail onto masses 45 and 

46 is usually determined graphically and expressed as an 'abundance 

sensitivity' correction (Deines 1970). The current measured on the narrow 

collector at a given accelerating voltage is divided by the maximum 

current of the mass 44 beam, and its inverse, the abundance sensitivity, 

i s plotted against accelerating voltage for a scan over the mass peaks 

of interest. The mean overlap is measured for each of the minor peaks and 
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and expressed as a multiplicative correction factor. In July 1978, 

46
abundance sensitivity corrections were determined as Asc = 1.0082, 

45ASc = 1.0103. Previous values determined by Schwarcz (1971) were 1.0041 

and 1.012 respectively; these were used in most previous work without 

redetermination. 

Raw o measurements are corrected for the above effects as follows: 

46 = VMC ASC ( 3. 16) 

45 = VMC ASC (3.17) 

Other corrections to raw data cited by Deines (1970) include background, 

difference in voltage dividers and capillary leak fractionations, but 

these tend to be cancelled out by comparison to a secondary standard 

analysed in sequence with the samples. 

3.5 Precision and Accuracy 

Estimation of precision in Bass spectrometry can be based on 

four types of measurements: 

1) same gas run on same 'day' 

2) same gas run on different 'days' 

3) different gas preparations of same sample run on same 'day' 

4) different gas preparations of same sample run on different 'days' 

whe r e the term 'day' is taken to mean 'period of operation'. Types 2 

and 4 usually provide the most information on reproducibility and usually 

give the largest error limits. Periodic variations (day-to-day or 

longer term) in mass spectrometer· characteristics may also necessitate 

http:ASC(3.17
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normalization of all samples to a standard, analysed in sequence with 

them. The merits of this procedure have also been investigated in this 

section. 

3.5.1 The Effect of Using Crimped Capillary Leaks 

Because of the drastic change in operational characteristics after 

the change-over to crimped capillaries, measurement precision is considered 

in two parts : before and after crimping. 

3.5.1.1 Before Crimping 

Analyses made during this period (prior to January 1978) were 

subject to corrections for time dependent enrichment of the working stand

ard gas as previously described. To determine error limits of type 4 

analyses during this period, 43 samples of GCS were prepared over 10 months 

and means and standard deviations calculated for each group run against 

the same preparation of working standard or at the same preparation 

. . b f 46 d 45 stemperature CT ab 1 e 3 .4) . Large error 11m1ts can e seen or o an u 

analyses (between ±0. 1 ~~o and 0. 3 '/oo) . This range is comparab 1 e to that 

of analyses of the same NBS 20 gas on a different day (type 2) shown in 

colwnn 5 of Table 3.6. Preparative errors therefore seem to be minor in 

comparison to those incurred in correcting for time-dependent enrichment 

of working standard gas. 

3.5.1.2 After Crimping 

Analyses made after January 1978 were not affected by enrichment of 

standard gas and accordingly show much better precision. Standard 



6 I 8 

Period of IPreparation IP'°paration INumber of I Arithmetic Means (±ls) Working Weighted Group Means (±ls)
Anal ysi s Number Temperature Analyses 46 45 Standard 46 4S 

18 I 13 
c0 c) 46

6 
I 4s15 

0NBS-GCS 0NBS-GCS Prepn . 0NBS -GCS 0NBS  GCS 0GCS-PDB 0GCS-PDB 
( 01.. ) ( I.. ) No. 

c·~. > (%0 ) ( 01.. ) ( %0) 

29/6/76 NBS 20-F 2S 3 
' • 

0 7.S23±0.047 -
NBS 20-E 2S s 7 7.064 ±0. 205 =~:~~;!~:~~~ I GCSWS 2 17.SS0±0.304 I - 1.367±0.021 I -ll.750 I 0.688to NBS 20-1 2S 7 5 7.669±0. 124 

~ !c~c??____ NBS 20-2 2S 7 1 7. 791 ±0.110 -1. 2S--- ---- ---- ----- --- -- - ----------- ---- ---- ----
1/4/77 NBS 20- 3 so Q 1 - - 1 . 90 

to NBS 20-4 so s 7 6. 7S8 ±0.04 7 =~:~~~!~:~!6 I GCSWS 2 16 .420±0.049 I - 1.608±0.031 I -10.620 I 0.911NBS 20-S so 1 2 S . 71 
6/7/77 NBS 20-6 so 3 2 6.093±0.064 -l.72S ±0.01S 
--- ----- ---- ----- --- -------------j - -

NBS 20-MG 25 3 4 7.860±0.243 -l .44 3±0 .0S7 
18/7/77 NBS 20-TF 2S 2 2 7.90S±0 .23S - l.38S ±O.OOS 

NBS 20-MG2 2S 2 3 7.7S0±0.08U = ~ :!~~!~:~~~ I GCSWS 3 17 .9S3±0.140 I -1.370±0.0 70 I -12.149 I 0.702to 
NBS 20 - 7 25 1 2 8.07 

12/ 12/7 7 NBS 20 - 8 2S 16 4 7 . 942 ±0.14S - l. 41 s ±0. oso 
NBS 20N-l 25 lS 10 8.010±0. llS -1.303±0.046 

-------- -- -- ------- - ---- -- - - - - - ---- -- --------- -- ------ ----
14/ 12/77 NBS 20 - 8 2S 3 0 7.713±0 .22S -

NBS 20N-l 25 6 l 7. 79S±0.237 -1. 37 IGCSWS 4 17 .69 8±0. l 77 I -1.37 I - 11. 899 I 0 . 693to 
NBS 20-9 2S 3 0 7.607±0.117 

lS/1/78 NBS 20N-2 25 3 0 7 . S80±0.1 22 
- L -------- - - -  - -'--- -

____ _____ ___ ! ___ ____ __ ____ 

C A P I L L A R I E S C R I M P E D ___ ___ _____l___ _____ __ ___I__ ____ _____I_________[____ ___ __ __ _ 
NBS 20 - 8 25 1 1 7.S 4 - 1.4726 / l/78 NBS 20N-l 2S 10 l 7.S30±0.0S8 -1.34 

to NBS 20N-3 2S 7 1 7.470±0.122 -1.42 

~~~ ~~~ ~ ---- - -~;~-:~~~~~-- ---~~------ ~~ - - - ~--- - ~~~~~;~~~~~ :!~~!~;~~~~! 
- 11.690 0.708GCSWS 4 17 .489±0 . 071 I - l.393±0.05S 

N E W F I L A ME N T 

- ------ - -~------ -- - - - -t ----------- i----- ____t _____ 26/6/78 NBS 20N-5 25 6 0 7. 562±0.087 
to NBS20N-6 25 12 5 7 .608±0.0881-l.38±0.039 I GCSl\ISS l 7. 608 ±0 . 079 l -1.335±0.0S7 I - 11.808 I 0.6S2 

6/11/78 NBS 20N-7 2S 18 6 7.623±0.071 -1.30 ±0.072 
-------- - ------------ -- ------- - -- - --- --- 

6/ 11/78 to + + · + +ID/l 2/ 78 j NBS 20N-7 25 15 8 7.604-0 . 034 l -1.34L0 . 034 I GCSWS 5 17.604_0.034 j -1.347-0.019 I -11.804 I 0.665 

13/12/78 to I NBS 20N -7 I 25 1 22 110 I 7 .566±0.051,-1.381±0.036 1 GCS\'/S 6 1 7 .569±0 . 0521-1.371±0.036 I -11. 768 I 0.690 
present NBS 20N-8 25 S l 7.580±0.054 - 1.27 

I 

Table 3.6 Means and standard deviations for all analyses of NBS 20 standard gas preparations , determined 
against different preparations of working standard gas (GCSWS). Derivation of data in columns 
7 and 8 are described in text and Appendix 2 . 

1--' 
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deviations for analyses of 9 preparations of GCS (Table 3.4) show limits 

46of l ess than± 0.lo/oofor both 0 and 459 , and this is in good agreement 

with those of 'daily' analyses of 8 preparations of NBS 20 over an 11 

46
month period (column 5, Table 3.6). A slight increase in oNBS-GCS is 

seen after June 1978, which may be due to use of a new batch of GCS 

working standard. 

3.5.2 Correction to a 'Daily' Secondary Standard 

In some previous work with this machine it was thought necessary 

to correct raw sample results to the 'daily' value fo r a secondary 

standard gas (Harmon 1975). However, Olson (1975) found that no improve

ment in precision was gained by making such a correction; in fact, use 

of the raw analytical results gave better overall precision, and no norma

lisation was therefore made. Longstaffe (1977) normalised to an hourly

run secondary standard as a means of correcting for enrichment of standard 

gas rather than for 'daily' fluctuations. In the present study a compa

rison was made between the overall mean error of duplicate (post-crimping) 

analyses of 132 gas samples (the duplicate was run on a different 'day' 

in all cases) and the overall mean error when each analysis of the pair 

was corrected to the NBS 20 value for that 'day'. For 132 pairs, overall 

mean error for uncorrected results is ± 0.0451oc and overall mean error 

for corrected results is ± 0.053*0 , a value which is nearly 20% larger. 

It therefore seems that, for this work at least, no improvement in 

precision can be gained by correcting to 'daily' analyses of a secondary 

standard. 
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3.5.3 	 Conversion to PDB Standard 

To permit conversion of raw results to the PDB standard, group 

means of NBS 20 analyses were determined (column 7, Table 3.6) by averaging 

'daily' analyses of NBS 20 preparations which were all run against the 

same preparation of GCSWS, (column 6, Table 3.6). This was done because 

the method of preparation of the working standard batches appeared to 

give sl i ght differences in isotopic content (eg. GCSWS 3 was up to 0.3 %o 

lighter than other batches). These means were then converted to 

18 	 13 
8 OGCS-PDB and 8 CGCS-PDB (column 8, Table 3.6) , using the relationship 

be t ween NBS 20 and PDB (determined by Craig 1957, later amended by Craig 

and reported in Blattner and Hulston 1978) : 

18 	 13
-4 .18 '/ou 	 -1. 06 °/ov o ONBS20-PDB 	 o CNBS20-PDB 

This conversion, and an example of converting raw sample data to 

18 13 
8 OX-PDB and 8 CX-PDB are given in Appendix 2. 

3.5.4 	 Other Secondary Standards 

The calcite powders TKL-1 (Te Kuiti Limestone No.1) and K-2 

(Kaikoura No.2) were obtained from Dr.P.Blattner (New Zealand Geological 

Survey) . They had previously been circulated to 19 laboratories for 

18
measurement of 8 OPDB of each and hence "explore the likely range and 

s i gnificance of proportional mass spectrometer errors" by calculation 

18of the difference in o o between the two samples. The difference E 

was defined as (Blattner and Hulston 1978) : 
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18 - 180 
o OTKL-1-PDB o K-2-PDB = ( 3. 18) 

-3 18 
1 + 10 . o OK-2-PDB 

Resul ts of analyses of two preparations of each standard are shown in 

Table 3. 7 together with means and ranges reported in Blattner and Hulston 

(1978) for analysts who used PDB as primary reference standard. As can 

be seen, results from the present work are in excellent agreement with 

the mean of reported analyses. This indicates that not only are the 

measurements and data processing methods accurate but that mass spectra-

meter correction factors (particularl y for tail and valve mixing) are 

also accurate. 

18Since 8 0 of waters has not been determined as part of this 

research, no attempt was made to intercalibrate to water standards 

(eg. SMOW, SLAP). 

3.6 Summary and Conclusions 

The following comments can be made concerning past and present 

isotopic measurements in this laboratory: 

1) the use of crimped capillaries to increase inlet gas pressure was 

found 	to be essential to prevent heavy-isotope enrichment of the 

46working standard gas. The large improvement in precision for 0 

measurements. after crimping can. be seen in Tables. ~.6 and 3.8. 

2) The large error limits found by Olson (1975) are no t comparable to 

those given by Harmon (1975) even though both worked concurrently 

on the same machine (Table 3.8). However a range of 2.9 ~00 for measured 
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8180 	
13

Preparation No. (PDB) cS c (PDB) 

( c/~u) ( ~~( i ) 

TKL-1-1 -4.266* -1. 550 

K-2-1 -26.943** -3.654 

E 23.305 2 . 112 

TKL-1-2 -4.120 -1. 750 

K- 2-1 -26.843 -3.657 

E 23.350 1. 914 

18	 13Overall mean E = 23.33 for 8 0 and s 2.013 for 8 C 

* mean of four analyses of same gas 
** mean of three analyses of same gas 

Interlaboratory Comparison Results 

Range of 14 results Mean Mean * * * 
18 18 13

8 0 	 (PDB) 8 0 (PDB) cS c (PDB) 

( ~~o ) ( 'jo.., ) ( 1~o ) 

TKL-1 - 4.6 to -3.85 - 4 .26 :t 0.19 -1.69 ~ 0.13 

K-2 -27.3 to -26. 42 -26.85 t 0.24 - 3.69 + 0 . 14 

23.00 to 23.60 23.23 ± 0.16 2.023±0.096 

*** based on 12 analyses, range not given 

Table 3.7 Results of analyses of isotope reference standards 
TKL-1 and K-2 in this laboratory (upper table) and 
from 	other laboratories (lower table). s is defined in 
the text. Exce l lent agreement is seen with other laboratories. 



Q u o t e d .E r r o r L i m i t s ( 0/oo ) 
Type 2 Type 3 Type 4 

Sample (same gas (same sample (different preparation ~ different day) 
Analysed Author different days) same day) normalised unnormalised 

CaC0
3 

Harmon (1975) 

BaS0
4 

Olson (1975) 

Si0
2 

Longstaffe (1977) 

CaC0
3 

This --· work · 
before 

crimping 

after 

crimpin g 

± 0.1 N.D. t S 1 igh t ly > . ±0. 1 I N.D. 

± 0.8* ± 0.25 ± 0.55 ± 0.35 

N.D. ± 0.09 ± 0.21** N.D. 

± 0.14 

± 0.14 

(GCS) 

(NBS 20) 
N.D. N.D. 

± 0.22 

± 0 . 2 3 

(GCS) 

(NBS 2 0) 

± 0.04 

± 0.08 

± 0.05 

(GCS) 

(NBS 20) 

(duplicate 
analyses) 

N.D. N.D . 
± 0.07 

± 0.03 

(GCS) 

(NBS 20) 

N.D. 	 = Not Determined 


mean of two sets of analses which were presumable made over a peri od of greater than one year .
* 
** 	 not clear whether same gas from a number of preparations or just one preparation 

All error limits are 'ls' for this work and lo for other work 
~ 
~ 

Table 3.8 	 Summary of determinations of analytical precision for isotpic analysis of co2 for this work 

compared to that quoted by previous workers for the same mass spectrometer. 

f--1 
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'daily' values of NBS 20 preparations observed by Harmon, is more 

in keeping with the analytical precision calculated by Olson. 

During their work the capillaries were not crimped and were of the same 

materi al as used in the first part of this work; therefore it is 

likely that the poor precision found by Olson was due to time-dependent 

enrichment of the working standard. Normalisation of analyses to a 

'daily' standard, as done by Harmon, would not adequately correct for 

this and, as already noted, Olson found no increase in precision 

could be gained by such normalisation. 

46 . d 	 f l 72 1 . h . k b3) 	 f rom paire measurements o o on .J samp es in t is wor , etter 

precision was obtained between raw o results than between results 

normal i sed to the 'daily' secondary standard. Normalisation of raw 

result s was therefore not used in this work. 

4) a l l 	 sample gases were analysed at least twice (on different 'days') 

46 45for 0 and once for 0. 

5) 	 analyt i cal precision for replicate carbonate analyses before crimping 

is estimated to be within ± 0. 23 u/oc, and after crimping, within ± 0. 08 °/ov 

for both 460 and 450 . The latter value is excellent considering the 

age and operating characteristics of the mass spect r ometer, and is 

comparable to precisions quoted for modern machines. 
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CHAPTER 4 

AGE DETERMINATION AND STABLE ISOTOPE ANALYSIS OF SPELEOTHEM FROM 

VANCOUVER ISLAND 

Introduction 

Vancouver Island lies between latitudes 48° and 51° N. on the 

Pacific coast of Southern British Columbia (Figure 4.1). Today, it 

enjoys a mild wet climate controlled largely by the warm N. Pacific 

current. Much of its area is occupied by the Island Mountains whose 

peaks rise to over 2000m above sea level. Finger lakes are found 

between north-west trending ridges in the central part of the Island 

and the west coast is indented by numerous fjords. The lower eastern 

shore, the Coastal Lowland, borders on the Georgia depression, a sub

merged valley which separates the Island Mountains from the Coast Range. 

The depression is known as the Straits of Georgia in the north and 

the Puget Sound in the south near Seattle. Although densely forested, 

the southern part of the Island has been cleared and settled for some 

time, and it is in this region that a number of small, well-decorated 

cave systems have been found. 

Thi s chapter describes the results of dating speleothems from 

four caves on the Island; stable isotope profiles have been determined 

for two speleothems. The results are compared to the abundant liter

ature on Quaternary deposits on the Island and the mainland of British 

Columbia and Washington (USA) . 
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137 4.1 Geological Setting 

The central mountainous part of the Island foims the western

most extremity of the Canadian Cordillera. The oldest rocks (the 

Sicker Group) are a metamorphosed complex of basaltic and andesitic 

volcanics of Triassic age overlying upper Paleozoic limestones and 

elastic sedimentary rocks (Yole 1969). 

Overlying these rocks in the east-central part of the Island 

are sedimentary rocks of Late Cretaceous age of both marine and non

marine origin. These sediments (the Nanaimo Group) are mainly found 

in structural basins such as the Alberni Valley and t he Coastal Low

land. Post-orogenic, Tertiary elastic deposits ·fringe the west coast, 

and on the eastern and southern parts of the Island extensive 

Pleistocene deposits can be found (Fyles 1963). 

4.2 The Quaternary Geology of Vancouver Island and S.W. British Columbia 

U-shaped valleys and cirques are abundant in the Island 

Mountains and demonstrate extensive mountain glaciation during the 

Pl eistocene. Some U-shaped valleys however extend through these mount

ains instead of originating in them, suggesting that the Cordil leran 

ice sheet moved across Vancouver Island (with the exception of peaks 

over lSOOm) during the late Wisconsin glacial maximum about 20 Ka B.P. 

(Fyles 1963). Much evidence exists for local advances and retreats 

during this period as well as for the existe1nce of previous interstadial, 

glacial and interglacial climates in the region. 

A number of lithostratigraphic units have been recognised in 

this area and correlated to the Late Pleistocene North American glacial 

sequence (Table 4.1). The oldest deposits on the Island (the Mapleguard 



Table 4 .1 	 Late Pl eistocene lithostratigraphic divisions 

for S.W. British Columbia and Vancouver Island 

(after Armstrong 1977, Armstrong and Clague 

1977, Fulton and Smith 1978). 
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Sediments) are thought to be pre-Early Wisconsin in age, either 

associated with the Sangamon interglacial or representing the start 

of the Early Wisconsin glaciation (Fyles 1963). The Dashwood Drift 

is thought to be derived from the Early Wisconsin ice cover and is 

usually found underlying basal layers of the Quadra Sediments. The 

lower and middle units of the Quadra Sediments are collectively termed 

the Cowichan Head Formation on the mainland (Armstrong and Clague 1977) 

and r epresent a cool to warm interstadial phase (the Olympia 'Inter

glaci ation ') before onset of the Fraser glaciation. The upper limit of 

the sediments correlates to the Quadra Sand unit on the mainland. 

It is a major time-transgressive horizon derived from outwash fans 

deposited in front of the Fraser ice sheet advancing southwards along 

the Georgia depression. Radiocarbon ages of wood from Quadra Sand 

deposits show the Fraser advance to have commenced before 29 Ka in the 

northern end of the Strait of Georgia, terminating at the southern end 

of Puget Sound less than 15 Ka (Clague 1976). The Vashon Drift consists 

of tills from the main part of the Fraser (Late Wiscons in) glaciation. 

Deglaciation had begun by 13 Ka and rapid eustatic sea level rise caused 

deposition of the Capilano Sediments on the lower lying shores of the 

Island. Post-glacial isostatic uplift has since raised these deposits 

to he i ghts up to 175m above present sea level. 

Armstrong (1977) has summarized a number of factors that in

fluence the Quaternary history of the Fraser Lowland area: 

1) high mountain ranges surround the area on two sides 

2) ice sheets formed by coalescence of piedmont glaciers attained a 

maximum thickness of 1800m or more, overriding many mountainous 
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areas and terminating in the sea. They probably filled the Strait 

of Georgia at their maximum, 

3) the area was tectonically active (including sporadic vulcanism) 

throughout Quaternary time, 

4) sea level changes up to 200m or more have occurred due to isostatic, 

eustatic and tectonic adjustments, 

5) in places the thickness of Quaternary deposits exceeds 300m and 

includes sediments of widely diversified origin and history. 

A somewhat different view of the late Quaternary history of 

the region has come from a study of sediments and peat deposits in 

northwest Washington (Easterbrook 1969, Hansen and Easterbrook 1974). 

These authors give stratigraphic and palynological evidence for two 

glacial advances during the Mid-Wisconsin (known as the Salmon Springs 

Glaciations). One occurred before 47.6 Ka and the second was younger 

than 34.9 Ka. These are followed by a cool period (the Olympia 

'non-glacial' interval) ending about 22.7 Ka~ Heusser (1977) also 

advocates a late Mid-Wisconsin glaciation, but occurring between 40 

and 34 Ka, somewhat older than that proposed by Hansen and Easterbrook. 

The Olympia interglaciation is placed in the interval 34 - 28 Ka. 

The controversy regarding the presence (American workers) or 

absence (Canadian workers) of a glaciation during the Mid-Wisconsin 

rests mainly on the validity of three radiocarbon dates for peat 

interbedded with the Possession Drift of supposedly SalmQn Springs 

glacial origin (Hansen and Easterbrook 1974, Easterbrook 1976), and 

on two dates for peat interbedded with (glacial ?) clays from sea 

cliffs in the Olympic Peninsula (Florer 1972, Heusser 1977). Against 
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this evidence is the wealth of radiocarbon dates covering the period 

> 58 to 28 Ka (Armstrong and Clague 197.7) for apparently continuous 

sequences of the Cowichan Head and Quadra Sands format ions. Possibili

14ties of c contamination and non-glacial origin of the Possession Drift 

are discussed in Fulton et al. (1976) and Easterbrook (1976). An 

interesting point raised by Easterbrook concerns a 6,000 year gap in 

the Canadian record which coincides with the late Salmon Springs 

Glaciation (40 to 34 Ka) cited by Heusser (197~. 

Recent palynostratigraphical studies,with dating~of organic

rich sediments on the eastern coastal lowland of Vancouver Island,by 

Alley (1979), have revealed a continuous record of temperate to inter

glacial climate from > 51 to 29 Ka, with climatic det erioration to 

tundra-like conditions from 29 to 21 Ka. No indication of glacial 

conditions is found during the Mid-Wisconsin period, although no 

re l iable finite dates occur in the interval 40 to 34 Ka. In a recon

struction of paleoenvironments of the Mid-Wisconsin for south-central 

British Columbia, Alley (pers. comm. 1979) has found modern arboreal 

pollen types present in the Bessette Sediments over the period 41 to 

34 Ka, thus indicating the absence of glacial conditions. 

The various stratigraphical sequences for the Mid-Wisconsin 

in these N.E.Pacific environments is shown in Table 4.2 and is further 

discussed later on in this chapter in light of the speleothem results 

presented here. 

4. 3 	 The caves of south-central Vancouver Island 

Five caves were visited on two separate occasions in 1975 and 
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GLACIATION 


__1_? OLYMPIA 1- - - - - 

I GLACIATION 

OLYMPIA cooling
1-- 25 - 

NON-GLACIAL N. Georgia 0 


--! ? 	 Strait INTERGLACIAL L rslow 
SALMON l/ y 

SPRINGS OLYMPIA OLYMPIA M cooling 
t- - 30 - - GLACIATION 	 p 

(late) INTERGLACIATION ! 
OLYMPIA &d warm ry 


1- _ _ _ non-glacial I 

35 

1 
SALMON SPRINGS NON-GLACIAL INTER- N 

GLACIATION i 
(late) 	 GLACIAL R 

1- - 40 - - ? very 1varm 

G &dry 


i---45- - l non-glacial ~ __ _ 


J ~ A 

1-- _ 50_ _ ? interval 1-- -1- -t-- I - C 


t- - SS-- S''.'l("\N ~ALMON ~PIUNGS___, ? ,,, I 

t\Ll' lll 	 'I' A 


_ _ SPRINGS GLACIATION (middle) OKANAGAN ? L
60f- - t---4-~ 
GLACIATION non-rucial 


f- - 65--, (early) - - ·I - --1 CENTRE 


1-- 70- -1 SALMON SPRINGS GLACIATION 


GLACIATION 


(early) 

.i 

~ 
N 

Table 4.2 	 Summary of the stratigraphical and chronological sequences proposed for the 
Wisconsin stage in north-east Pacific environments. 

f--1 
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1976 . They were: Euclataws Cave, Riverbend Cave, Main Cave and Lower 

Cave· (all in the Horne Lake Caves Provincial Park) and Cascade Cave 

near Port Alberni. Permission to collect a limited number of speleothems 

was kindly given by the Parks Branch Authority and the Vancouver Island 

Cave Exploration Group (VICEG) who control access to Cascade Cave. 

In 1975 Euclataws, Main, Lower and Cascade were sampled with the help 

of Dr.D.C.Ford and P.Whitfield (VICEG and Parks Branch) and in 1976 

a return was made to Euclataws and Cascade Caves as well as a visit to 

Riverbend Cave in the company of P.Shaw and others (VICEG) and 

A.G.Latham (McMaster). The visits had the following objectives: 

1) to examine the speleogenesis of the Horne Lake Cave systems, 

2) to collect in situ speleothem for paleomagnetic measurements, 

3) to collect loose speleothem for radiometric dating and stable isotope 

studies. 

The latter part of the project is described in the following pages. 

The Horne Lake Park caves have been described in detail in two reports 

(Ford 1976; Latham et al. 1978). 

The caves investigated all lie in densely forested areas 

where thick undergrowth and deadfall obscure the local geology. 

Fyles (1963) has mapped the surficial geology of the area but has 

concentrated mainly on the Quaternary sediments of the Coastal Low

land and the Alberni valley (north-west of Pt.Alberni). The cave 

areas l ie in regions of '~edrock outcrop interspersed with patches of 

thin overburden" (Fyles 1963). Evidence from the mountainous parts 

of the Island suggest that ice thickness above the caves during the 
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Late Wisconsin glacial maximum was 1500m or more. 

4.4 Cave Descriptions 

4.4.1 The Horne Lake Caves 

These caves are situated on the southern bench of the Qualicum 

River Valley just upstream from Horne Lake (Figure 4.2). They lie in 

deformed crinoidal limestones of the Buttle Lake Formation (part of 

the Sicker Group) which are of Pennsylvanian to Early Permian age 

(Yole 1964). In this area the limestones dip WNW at about 40°, and 

are about 300m thick (Matthews and McCammon 1957). Euclataw.s Cave at 

245m a.s.l. is known to connect to Ma.in Cave (lSOm), and Riverbend Cave 

(215m) is hydrologically connected to Lower Cave (145m). These alti

tudes are only approximate. Euclataws is a fossil engulfment cave, 

only containing an active streamway in its lowermost passages . (Figure 

4.3). The entrance series consists of dip- and strike-oriented tubes 

and crawlways partially filled by dissected fluvial gravels, which are 

commonly overlain by speleothem deposits. The passage enlarges 

towards the Dome Room and follows a deep meandering vadose canyon, 

partially or completely filled with sediments. A series of collapse 

chambers leads to the 4m Waterfall Pitch and most speleothem formations 

are in this area. A small stream enters at this point and the passage 

follows a major joint and ends in a gravel choke at the upper end of 

Main Cave. A strong draught can be detected in most parts of Euclataws 

Cave. 

In contrast, Riverbend Cave appears to be more recent in origin 
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Fi gure 4.2 Cave location map (reduced from 1:50000 survey sheet 92F/7) . 
Approximate location only for Cascade Cave. 
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and contains fewer sections dissected through gravel and almost no 

fossi l (non-active) speleothem (Figure 4.4). The cave develops 

initially along strike and becomes a low crawlway due to recent 

aggradation of stream gravels. Beyond this the passage enlarges and 

a series of vertical drops is met. A number of active flowstone 

cascades have developed at seepage entry points near roof level above 

these drops. The gradient reduces after Rainbarrel Pot and a narrow 

vadose trench finally leads to the sump. 

The two resurgence caves, Main and Lower Cave, are lSOm and 

SOm long r~spectively, They have been known to the public for some 

time and are now devoid of speleothem. 

During the first visit to Euclataws Cave a number of broken 

speleothems, mainly stalagmites, were collected from inconspicuous 

sites (under blockfall). On the second visit, a search was made for 

older deposits but only two small pieces of flowstone were taken. 

Few samples were available for collecting in Main and Lower Caves and 

only one small sample was taken from Riverbend, due to the lack of 

fossil deposits. 

4.4.2 Cascade Cave 

This cave is one of the most important systems on the Island. 

It lies to the east of Pt.Alberni at about 365m a.s.l. (Figure 4.2) and 

its Sm entrance shaft is situated in a stream bed at the end of a small 

blind valley. The cave is presently over lkm long and over lOOm deep, 

containing a number of vertical drops, low wet crawls and narrow squeezes 

(Figure 4.5). The entrance and lower series are active vadose passages 
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but below Shovel Pitch the stream sinks in a choke. The continuation 

is an older vadose fissure into which have collapsed several higher 

leve l breakdown chambers. Although the cave is well decorated through

out, the most impressive speleothems are found in these chambers (the 

Theatre, Mars Room and the Pink Pillar Route). These chambers are about 

30m below ground level. 

Most speleothem collected from Vancouver Island came from 

Cascade Cave. Almost all of it consisted of already-b:roken stalagmites 

and flowstones from obscure places in passages and chambers as far down 

as Carne's Carnage. A full description of all samples collected is 

given in Appendix 3a and in the following pages. 

4.5. Results of Speleothem Dating 

4.5.1 Horne Lake Caves 

Numerous analyses were made of speleothem from Euclataws Cave 

(Appendix 3a ) but low uranium concentrations ( < 0. 0 :5ppm) were found 

in all the samples. At these levels of radioactivity, determined 

'ages' are dominated by non-statistical errors such as contamination 

by glassware memory effect or variations in reagent blank contributions 

(Chapter 2). It was therefore decided to regard all calculated ages for 

speleothem of < O.OSppm U as potentially spurious and so they are not 

reported here. For these reasons and the fact that only an 8% Th 

yield was obtained on the 'modern' stalagmite 75151 from Main Cave 

(Appendix 3a ), the age of 265 Ka must also be disregarded. 
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4.5.2 Cascade Cave 

Better results were obtained from Cascade speleothem, where 

U concentration is somewhat higher (0.06 to 0.31ppm). Sample locations 

and descriptions, isotope ratios and determined ages are given in 

Appendix 3a and are shown as a bar graph in Figure 4. 6. 

4.5.2.1 Analyses Showing Detrital Contamination 

Many analyses show measurable detrital Th contamination 

(
230Th/ 232Th < 20). Th have b corrected' . an . .. 1ey een 1 assuming initia 

230 232 .
Th/ Th ratio of 1.5 (see Chapte r 2), and the corrected ages and 

2 3 2Th . . . A d. 3ca1culate d concentrations are also given in ppen ix a . The 

effect of this correction can be considered in two parts: 1) for speleo

them younger than 20 Ka and low in uranium (ie. 75126, 75127, 76011 

overgrowth and 76012), the correction drastically shifts the age to 

232 
younger values, even if only O.Olppm Th is present, 2) for speleo

232
them between 70 and 30 Ka the effect is large only if Th concentration 

is large (say> 0.03ppm). As discussed in Chapter 2, recent dates 

230 h . . 
( < 20 Ka) on low uranium speleothem are based on very low T activi

ties which are comparable to those caused by fluctuations in memory 

228 heffect or reagent . b lank levels. Tai·1·ing of t he T or 
230Th peaks 

232 h . . dd h d . . . h.into t he T region will also a to t e measure activity in t is 

region. Agreement with stratigraphy may sometimes be f ound after age 

correction (eg. 75126, 75127) but the enlarged error limits reduce the 

value of this achievement. For these reasons it is possible that both 

corrected and uncorrected ages are spurious and the only conclusion 

that can be drawn is that they are all probably post-glacial speleothems 
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(from about 20 Ka to 0 Ka old) . 

Evidence for the absence of detrital 230Th, in the presence of 

232
measurable Th, is seen in the analyses 75125-3 and -4A. Replicate 

. h . . byses 75125 8 ana1 - and - 7 respectively s ow no 232Th contamination ut 

still give the same ages within overlapping error limits. In this case 

therefore, the correction procedure appears to be invalid and the 

corrected ages are omitted from Figure 4.6. 

Many age determinations on young speleothem ( < 20 Ka) in this 

study have been rejected due to the presence of extrarn~ous thorium 

contamination. Thoriwn contamination has less impact on age determina

tions between 70 and 30 Ka such that fewer ages need be rejected. 

4.5.2.2 Detritus-free Analyses 

Ages determined for speleothem containing negligible amounts of 

detrital thorium are shown in Figure 4.6. The dates fall into the 

general period 62 to 32 Ka and one age at 10.7 Ka. 

Sample 75125 is a small stalagmite-flowstone formation taken 

from about 2m up the wall of the passage approaching the Theatre. It 

was formed on top of three calcite layers (76013) each separated by 3 to 

5cms of mud and silt deposits (Figure 4.7). The upper layer C and 

lower layer A contained sufficient clean calcite for dat ing. Seven 

age determinations on these samples show excellent stratigraphic agree

ment, indicating that the deposit began to grow just prior to 61 Ka. 

Growth was interrupted by intermittent flood events up to about 55 Ka 

when continuous slow growth commenced, ending after 32 Ka. A small 

stalagmite, 75123, grown on a thin flowstone base, was found in a 
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detrital 
layers 

Figure 4.7 

43.3± 3.0 


Section of stalagmite-flowstone 75125 with sketch of position 
with respect to underlying calcite layers 76013. Numbered 
points and line 1-12 show positions of stable isotope samples 
and dashed lines B and G the growth layers analysed (Appendix 
3b). Approximate positions of 230Th/234u determinations are 
shown. 



155 


collapsed stream inlet near Carne's Carnage. The speleothem grew 

continuously from about 56 Ka to 50.5 Ka. Samples 76008, 9 and 10 

are blocks from one continuous thickness of flowstone found in a 

high level boulder collapse zone (the 'Nervous Breakdown') about l Om 

above the Theatre. Although the three samples were broken when 

collected, they obviously came from the same flowstone mass and could 

be stratigraphically related to one another by distinctive growth 

laye r s. Dates determined on base and top of each piece show some 

apparent inversion, but allowing for overlap of la error limits, the 

speleothem appears to have grown from about 62 to 53 Ka. Sample 76011 

was found out of growth position amongst massive breakdown in the 

waterfall chamber below Carne's Carnage. It consists of a well-lami

nated, clear brown flowstone base which changes abruptly into porous 

leached flowstone towards the top. A white, fresh-looking calcite over

growth thickly coats some areas of the base. Two ages on the brown 

calcite show growth from about 58 to 43 Ka, followed presumably by 

further growth which has subsequently been attacked by acidic ground

waters. The white overgrowth appears to be recent and its age is 

probably less than 16 Ka and 10 Ka as both these results are biased 

by detrital thorium content. 

The top date determined on 76012 (10.7 Ka) is the only analysis 

of post-glacial age speleothem that is not affected by detrital thorium. 

4.6 	 Stable Isotope Analyses of Cascade Cave Speleothen~ 

18 138 0 and 8 c have been measured along two growth layers for each 
c c 

of 75123, 75125, 76008 and 76012 (Figure 4.8,Appendix 3b) to determine whether 



- -- -

156 

18 
. . f i- . d' 'd h dFigure 4.8 Variation o u 0 along in iv1 ual growt layers an 

13
correlation of o1§o with o c along growth layers for 
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they were formed in isotopic equilibrium. The requirements of constant 

18 18 13o o and no correlation between o o and o c along the same growthc c c 

layer (Hendy 1971) were satisfied by samples 75125 and 75123, although 

18
75125 showed slight tendencies towards increased o o along a growth

c 

layer (this may have been due to imprecise sampling because growth 

layers were difficult to see). Samples 76008 (and presumably 76009 and 

10) and 76012 showed more obvious trends, although neither sample is 

strongly fractionated. 76008, 9 and 10 are flowstones and have there

18 13 .fore been analysed for 8 0 and 8 C in two dimensions along a growthc c 

layer as described in Chapter 3. A sketch diagram showing sample sites 

is inset in Figure 4.8. 

Further evidence that 75125 is essentially an equilibrium 

deposit comes from its very slow growth rate (0.2cm/Ka) compared to 

other speleothems (eg. 1.7cm/Ka for 76008, 9, 10), although this may be 

due to other factors such as rate of water supply, seasonal vs. all 

year round growth etc. 

18 13
The o oc and o cc profile~ along the growth axis of 75125 

76013 are plotted in Figure 4.9. Superimposed on it are analyses for 

75123. Although the latter show large variations all points scatter 

. . .('18 f habout s1m1lar u 0 values seen in 75125 and 76013C or the same growt
c 

period. The large scatter is mainly due to the lower precision on 

the 75123 analyses (approximately ~ 0.231o~for samples determined 

18pre-crimping). Comparable 8 0 resul ts for two speleothems from c 

different parts of the same cave, over the same time range,. is good 

evidence for equilibrium growth. 

18
Also shown in Figure 4.9 and Table 4.3 are analyses of 8 0 
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0180 o13c 	 T
0

Sample Cave Description c 
No. (o£Jc (%0) c 

VC4A Cascade 	 red stalact i te -9.05 - 6 . 49 6.9* 
tip 

VC5B soda-straw tip - 8.94 * -6.19 N.D." 

VC6A soda-straw tip -9 . 43 * -9.65 6.9" 

VC6C II 	 adjacent soda- -9 .10 -9.25 
straw tip 

vcz 	 soda-straw t i p -9.53 * -10.97 N.D." 

VEZ Euclataws 	 soda-straw tip -9. 74 * -10 . 78 6. 7 

IIVE2A 	 soda-straw tip - 10 .09 * -8 . 56 7 .1 

IIVE2B 	 top of -10.14 -8. 76 7 .1 
stalagmite 

VE Zl II 	 soda-straw tip -9.30 * -8.1 2 N.D. 

VMlA Main . 	 stalactite tip -9.15 * - 8. 70 7. 8 

mean of two analyses 	of same gas* 
N.D. not determined 

Tab l e 4. 3 	 Results of stable isotope analyses of modern calci t es 

(sample locations .for Cascade Cave s.hown in Figure 4 . 5) . 
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for modern calcite from four different sites in Cascade Cave. For 

comparison, Table 4.3 also shows data for modern calcite in Euclataws 

and Main Caves. The range in values is probably due to: 

. 	 . . s 180 f . . . cs 18 ) b1) 	 1oca1 variations in u o precipitation u O etween caves 
p 

due to differences in temperature, distance inland and altitude, 

2) 	 differences in temperature of calcite precipitation between sites 

(a range of 1.1°c was measured in April 1975, corresponding to a 

range of 0. 4 o/°" in o 18
0 c) , 

3) Variations in growth period of each sample (some stalactites may 

only grow during wet seasons while others grow all year round), 

4) the finite time range covered by the calcite analysed (changes in 

18o 0 may have occurred during the last hundred years or so due to 
c 

short term climatic variations), 

5) some samples may be more kinetically fractionated than others 

depending on the cave and location within the cave. 

4. 7 Discussion 

The absence of any dated speleothem older than the early 

Wisconsin indicates that the development of Cascade Cave may have begun 

in the Sangamon interglacial (about 130 - 90 Ka). Alternatively, if 

the cave is older than this, then any pre-Wisconsin speleothems 

either have not been sampled or were destroyed by the subsequent two 

glacial events. 

Of the four Mid-Wisconsin speleothems dated, three grew in the 

period 62 - 43 Ka. The fourth (76013/75125) contains three breaks in 

deposition over the period 61 to 52 Ka, followed by continuous slow 
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growth to 32 Ka. On this evidence alone, it would seem that the Early 

Wisconsin ice had retreated sufficiently by about 62 Ka to allow 

speleothem to develop and that the warmest period of Mid-Wisconsin time 

was during the 20 Ka immediately following this age. The mud layers 

separating the flowstones of 76013 suggest that this part of the cave 

was being occasionally used as a f l ood overflow. The absence of 

detrital horizons in any other samples indicates that flooding was 

only occasional and confined to the lower levels of the cave. The 

lack of speleothem growth in the interval 30 to 15 Ka, correlates with 

the Late Wisconsin glaciation. Unfortunately the contaminated or 

stratigraphically inverted ages on post-glacial speleothems preclude 

an accurate estimate of the time of perma-frost free ground in the 

area of Cascade Cave, but the data do suggest that speleothem growth 

began in the period 16 to 12 Ka. , 
The 	 stable isotope analyses of 76013/75125 show a steadily

18decreasing o o from the start of growth at about 64 Ka to the end of 
c 

growth at 28 Ka (both ages are determined by extrapolation of the 

radiometric ages to the extremities of the speleothem). The data show 

a range of about 1. S 'Yoc with a change from 64 Ka to 28 Ka of about 

18 	 18At all times, speleothem o 0 is less than modern o o 
c c 

(mean= -9.21°/oo). This observation is opposite to that seen in most 

previous work (Thompson et al. 1976, Harmon et al. 1978a) where fossil 

speleothem is usually heavier than modern. The difference may be due 

to the location of this site at an oceanic margin where changes in 

18
a (the fractionation factor for 0 between calcite and water)c-w 

18 	 18and o 0 of seawater (o 0 ) are more than o'ffset by temperaturesw 
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18dependent change of o o as now described. 
p 

4. 7.1 Determination of Paleotemperatures 

In order to interpret these isotopic data in terms of climatic 

18change, the following factors are assumed to influence o o of 
c 

speleothem on Vancouver Island: 

' 0 0 	 01) 	 da /dT ( --0.27%c IC for 0 to 3 C and --0.26 o~c IC for 3 toC-W /C 	 J( 

6 	0 C, where Tis the temperature of deposition) , 


18 0
2) 	 do o /dT ( +0. 7 ofeo ; c, the value determined fr om many oceanic 
p 

precipitation sites by Dansgaard (1964) ; this assumes that the 

temperature at the site of evaporation of water vapour (the tropical 

ocean surface) does not change from glacial to interglacial), 

3) 	 ~o 18o between time t and the present (this can be determined 
SW 

from deep sea core data such as those from core V19-29 in the 

Pacific, Lat. 3°35'S, Long 83°56'W, (Ninkovitch and Shackleton, 

1975)). 

The reasons for choosing core V19-29 are as follows: 

1) the benthonic foraminifera analysed (Uvigerina Eroboscidea) are 

known to deposit calcite in isotopic equilibrium with seawater and 

therefore biogenic fractionation should not influence ~o 18of 

(foraminifera) of the core, 

2) climatic stages and sub-stages are clearly recognised and well-

developed in the core, 

3) 	 the core has a high accumulation rate (5. 7cm/Ka) and therefore 

the isotopic record is less likely to be homogenised by biotur

bat ion, 
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4) ocean bottom temperature at this site (-3091m) is less than 2°c 

at present and therefore the maximum temperature change contribution 

to the core record is probably within 0.2 *c· 
Isotopic variations in core V19-29 are plotted in the lower part of 

Figure 4.10 using data kindly provided by Dr.N.J Shackleton. The 

time scale is determined by assuming constant sedimentation rate and 

that the isotopic minimum at -830cm corresponds to stage Se dated at 

18
125 Ka (Broecker and van Donk 1970) . Values of o of for the core top 

are listed below. 

0180depth in core (cm) interpolated age (Ka'J ( %u ) --f 

0 0 N.D. 

5 0. 76 3.23 

10 1. 51 3.07 

20 3.02 3.34 

30 4.S3 3. 29 

40 6.04 3. 20 - hypsithermal 

50 7.55 3. 45 

60 9.06 3.63 

830 125.3 3. 19 - isotope stage Se 

18
Modern o Of can· be estimated from the following considerations: 

18
1) most deep sea core top results show an increase in o of from the 



164 

'hypsithermal' ( - 5 Ka B.P.) to the present (eg. 0.05 - 0.25 o/oo, 

Shackleton 1977; - 0.1 ~' Emiliani 1978),
I 

18
2) isotope stage Se in most cores is characterised by o of equal to, 

or greater than, both modern and hypsithermal values. 

must therefore be ~ 3. 19 °/oo. 

A value of 3.35 ± 0.lioois used as an estimate of o18of (modern), and 

18
60 0 t is determined for each speleothem analysis by subtractingsw, 

18this value from the interpolated o of value of the same age, (determined 

from Ninkovitch and Shackleton's data, the lower plot in Figure 4 .10). 

18
Using the asswnptions previ ously described, o o can be 

c 

expressed in terms of temperature change 6. T, thus: 

da c-w 6.T 

dT dT 

and f or t he temperature range 0 - 3 oc, 

18
6.o o = 0. 7 6.T - 0. 27 6.Tc,t 

therefore, 

18 18
6. o o 6.o o = 0.43 6.T (4 .1 )

SW, t c, t 

and for the range 3 - 6 °c, 

0.44 6.T (4 . 2) 


The temperature change 6.T, between Mid-Wisconsin time and the present 

is listed in Table 4.4 and plotted at the top of Figure 4 .10. 



* 18 Ml80 Ml80Analysis Assigned Age Mean o o Lff 
c {joL) S W, t · ~u;;) C, t (OC)No. (Ka) (Yoe) 

76013-1 63.5 -10.10 0.91 -0.89 4.09 

-2 62.9 -10.15 0.95 -0.94 4.30 

-3 61. 9 -10.75 1. 03 - 1. 54 5.84 

-4 60 . 2 -10.32 1.13 -1.11 5.09 

-5 58.4 -10.60 1.16 - 1. 39 5.80 

-6 57.2 -10.49 1.16 - 1. 28 5.55 

-7 56.0 -10.39 1.15 -1.18 5.30 using a. 
c - w 

-8 55.2 -10.48 1.07 - 1. 27 5.32 
= 

00. 26ofocl C 
-9 53.8 - 10.48 1.04 -1. 27 5.25 

75125 - 1 52.9 -10.49 1.07 -1. 28 5.34 
------ - 

-2 50.0 -10.90 1. 23 -1.69 6.79 

-3 

-4 

48.1 

45.7 

-10. 99 

-11. 09 

1.13 

1.13 

-1. 78 

-1. 88 

6. 77 

7.00 
using a. c-w 

-5 43.8 -11. 26 1.30 -2.05 7.79 = o. n°~o/0c 

-6 43.0 -11.32 1. 27 -2 .11 7.86 

-7 40.7 -11. 36 1.32 - 2.15 8.07 

-8 37.8 -11.12 1. 26 -1.91 7.37 

-9 35.9 -11. 39 1.48 -2.18 8.51 

-10 33.7 -11.43 1. 43 -2.22 8.49 

-11 31.6 -11. 60 1.43 -2.39 8.88 

- 12 

-13 

29.5 

28.2 

-11.41 

-11.33 

l. 52 

1. 55 

- 2 . 20 

-2.12 

8 . 65 

8.53 i 

* using o18 oc (modern) = - 9.2lofoo 

18
Table 4.4 Stable isotope and age data for 76013 and 75125, and estimated changes in o o 

SW 

used with Equations 4.1 and 4.2 in constructing Figure 4.10. 
0\ 
Ul 

f-1 
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Figure 4.10 Variation of o o (lower curve), o o (middle curve)

SW C 

and calculated difference in temperature (~T) between 

modern and time t (upper curve), over the Mid-Wisconsin 

period, 64 - 28 Ka. Data for this figure is listed and 

derived in Table 4.4. 
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If modern cave temperature can be estimated, absolute tempera

tures for the Mid-Wisconsin period can be determined. The temperature 

of two dripwaters in April 1975 from Cascade Cave was 6.9°C but this 

value may be less than the mean annual cave temperature because of 

bias of meltwater and the lag effect of winter climates at this time 

of year (see for instance, Pitty 1974). Mean annual temperatures of 

observation stations in the area have been determined from Monthly 

Records of Meteorological Observations in Canada (published by the 

Atmospheric Environment Service) and these are summar ized in Table 4.5 

and plotted in Figure 4.11. Moisture-laden winds which rise over 

this area will cool at approximately 0.6°C/100m (the saturated 

0
adiabatic lapse rate for 5 C and 1000 mbar), Berry et al. (1945). At 

the altitude of Cascade Cave, the mean annual temperature is about 

8.0 +- 0.50 C. Using this value the upper plot in Figure 4.10 has been 

recalibrated to give a paleotemperature curve for the Mid-Wisconsin 

in this area (Figure 4.12). This interpretation shows that speleothem 

growth may have been terminated by cessation of groundwater flow 

caused by persistence of sub-zero temperatures at the onset of the 

Late Wisconsin glacial maximum. 

The temperature data in Figures 4.10 and 4.12 are affected by 

the following: 

181) A mean value of o o (modern) was used in the calculations. If 
c 

instead, the lowest value given in Table 4.3 is used (least likely 

• h h 18 . ) Ato be enric ed wit 0 due to evaporation , uT in Table 4.4 max 

becomes 8.140 C and therefore the lowest cave temperature from the 

record is -0.14°C,more in agreement with the requirement of 
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Period of Mean Annual 
Station Location Map Ref. Altitude Observations Temperature 

(m a.s.l) (yrs.) (OC) 

Alberni 15 km NNW of 4922 12456 91 59 9.3 
Beaver Creek Pt.Alberni 

Alberni Pt.Alberni 4915 12449 9 26 9.4 
Lupsi Cupsi 

Alberni 15 km NW of 4920 12459 75 15 8.8 
Robertson Pt.Alberni 
Creek 

Pt.Alberni as Lupsi Cupsi 4914 12448 60 45 9.8 

Pt.Alberni A airport 4915 12450 3 7 9.2 

Qualicum Fish Qualicum 4924 12437 7.5 14 9.8 
Research Stn. 

Table 4.5 Location and mean annual temperatures for observat i on 

stations in the Horne Lake - Alberni region (data from 

Monthly Records of Meteorological Observations in Canada 

published by the Atmospheric Environment Service. 

I 1 T I I T 

f 11 Mean Annual 

Temperature (OC 
-

t 10 
...... 

•• 
I 9 

I 8 

-- - • 
-... 

• 
..t_ 

100 
I 

- -- - -
saturated adiabatic 

.,,/lapse rate: 0.60C/100m 
-... at s0 c,1000 mbar.- - -- -  - - -· -  - - -. --

1 

I 

200 station Altitude 300 
l .l (m) 1 

_ 

-

Figure 4.11 	 Graph of change in mean annual temperature with altitude 

for data in Table 4.5. Extrapolation at the saturated 

adiabatic lapse rate gives estimate for Cascade Cave. 
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non-freezing conditions for speleothem growth. 

2) a further increase of up to 0.4°C in calculated temperatures is 

obtained if ocean bottom water temperature 	does vary during 

18
glacial/interglacial transitions, causing o of to change by up 

to 0.2 ~(Ninkovitch and Shackleton 1975). 


18
3) 	 Dansgaard's temperature coefficient for change of o O,of 

precipitation may be inapplicable at this site. No data are 

available to test this, but values greater than 0. 7 o/~I 
0 

C would 

reduce the calculated range of 6T as well as generally decreasing 

its 	values (and thus ra~sing calculated paleotemperature). The 

more commonly-observed case of a reduction 	in the coefficient 

(ie. < 0. 7; Table 3. 2) would have the reverse effect, 

- an unlikely situation because speleothem cannot grow in sub

zero conditions as this case would require. 

4) speleothem may change its growth habits as temperature decreases 

18
(ie. it may tend to grow more during warmer 	months) and so o o 

c 

can not be related to mean annual temperature in the same way. 

This is discusse~ more fully in Chapter 3. 

Errors due to the first two conditions are quantifiable and their 

maximum effect is shown in Figure 4.12. Combined analytical errors 

. 	 d . .i'18 .i'18associate with u Oc and u Of are small by comparison, and corre

spond to uncertainties of + _ 0.4 0 C. More precise estimates of the 

present mean annual temperature of the cave will better indicate 

whether the speleothem terminated growth at or below 0 0 C. 

One striking aspect of the paleotemperature curve in Figure 

4.12 is the absence of any obvious interstadial warm 'spike' as seen 
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in mid-continental records of Canada and the U.S.A. (eg. Dreimanis 

and Karrow 1972). This could be due to the frequency of sampling on 

the speleothem (approximately one analysis per Ka in 76013 and one 

per 2 Ka in 75125) . However, a more likely reason is that prolonged 

warm periods did not exist due to t he proximity of the ocean, which 

acted to damp out any sudden thermal fluctuations. 

4.8 	 Summary and Conclusions 

This study has shown the following: 

1. 	Caves investigated in south-central Vancouver Island, with the 

possible exception of Euclataws Cave, appear to be young in 

· comparison to those in the Canadian Rockies. Evidence for this is: 

i) most of the caves are presently undergoing active vadose 

entrenchment in restricted, precursor (phreat ic) passages, 

ii) 	only Euclataws Cave contains extensive sequences of detrital 

sediment and re-excavation, followed by deposition of some 

overlying stalagmite cover. Riverbend and Cascade Caves 

show little evidence of fill phases, 

iii) 	in Cascade Cave no speleothem ages older than Early Wisconsin 

times have been determined, suggesting that the cave may 

be as young as the Sangamon interglacial. Unfortunately no 

reliable ages have been determined from the other caves due to 

low uranium concentrations. 

2. 	 In Cascade Cave, a number of speleothem deposits were formed during 

the period 62 - 43 Ka suggesting that this was the warmest period of 
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the Mid- Wisconsin interstadial, 

3. 	 Two speleothems of Cascade Cave were formed in isotopic equilibrium 

during the period 64-28 Ka. They show comparable 8180 values over ·the 
c 

period of age overlap. At all times, speleothem 0180 was less than c 


modern 0180 by 0.9 to 2.4~. This is contrary to all results 
c 


determined for North American caves by previous workers so far. 


This demonstrates the overriding importance of the dependence of 


18 f . ~18
8 	 0 on temperature or an oceanic environment, causing u 0 to p c 


decrease as temperature decreases. At most continental sites 


18
do o /dT is considerably smaller, and the inverse relationships
p 

18	 18
of a and o o to temperature becomes dominant, such that o o 

C-W SW C 

increases as temperature decreases. Presumably at some point 

18between these two types of site, o o will show no variation with 
c 


changing temperature. 


4. 	A paleotemperature curve (Figure 4.12) for central Vancouver 

Island 	has been determined over t he period 64 - 28 Ka before 


18
present, using current estimates of change in o o and of the
SW 

18temperature dependences of a and o o . The results show c-w p 

a steady decline in temperature from +4°C at 64 Ka to 0 to -1°C 

from 36 to 28 Ka. No distinct interstadial or stadial spikes 

are seen during this time, probably due to the dampening influence 

of the adjacent ocean. These results are consistent with the views 

of Clague, Armstrong, Alley and other Canadian workers that there 

was no widespread glacial advance during Mid-Wisconsin times. 



CHAPTER 5 


DATING AND STABLE ISOTOPE ANALYSIS OF SPELEOTHEMS FROM CAVES IN 

N.W.ENGLAND AND ITS CLIMATIC SIGNIFICANCE 

Introduction 

Karst regions of England and Wales are probably the most 

intensively studied of any in the world. The main areas, Mendip, 

South Wales, Derbyshire and north-west England, are shown in the inset 

of Figure 5.1. They are all characterised by prominent landforms 

such as tors, gorges, limestone pavements, dolines, potholes and 

spri ngs, and they are best known for the innumerable caves developed 

within them. The limestone exposures of north-west England and in 

particular, the Craven District, immediately north of the road linking 

Kirby Lonsdale and Settle (Figure 5 . 1), are the most intensely 

karstified of all the regions. The Craven District contains a number 

of deep glaciated valleys known as the Yorkshire Dales, characterised 

by steep limestone escarpments topped by broad flat expanses of 

'pavement' which are formed in the upper beds of the limestone. On 

these benches rise the steep-sided massifs of Ingleborough, 

Whernside, Penyghent and other less prominent, impermeable cappings. 

They act as collecting grounds for surface streams which sink on 

reaching the limestone and then resurge up to 200m lower down, in the 

valley bottoms. 
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Caves formed in this area range from large ancient tunnels 

situated well above the present water table to low wet crawlways and 

narrow fissures recently formed by sinking streams. The orientation 

and distribution of many of the caves bears no resemblance to the 

surface topography and for this reason exploration and mapping of 

these systems has frequently yielded surprising information about 

their origin and development. A detailed description of the area and 

its major cave systems is given by Waltham (1974). 

Until recently, all theories of cavern genesis and enlargement 

in this region have been described in terms of sequential internal 

events and there has been little opportunity to relate them to other 

cave systems or surface phenomena. The relationship of the development 

of the English karst to Late Pleistocene climatic events has been 

tentatively outlined in recent literature (Warwick 1956, 1971; 

Waltham 1974) but much debate continues over the exact timing of cave 

initiation and periods of enlargement .and infilling . 

The results presented in this chapter conclusively show that 

cave and karst development in this region probably began prior to the 

last three glaciations. Most of the major cave systems have been 

sampled and the speleogenetic and climatic significance of the radio

metric ages is described in this chapter, together with stable 

isotope data for a few speleothem deposits. These results allow an 

independent assessment of the time scale and intensity of British 

Qua~ernary events. 
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5.1 The Quaternary Chronology of England 

5.1.1 Introduction 

With the advent of glacial theory in the early nineteenth 

century came the realisation that almost all of Britain had been 

covered by ice at least once during recent times . A number of different 

tills, often interbedded with non-glacial deposits, were subsequently 

recognised as evidence for several extensive glaciations interspersed 

with warm periods. Initially, the classical glacial sequence developed 

for the Alps by Penck and BrUckner (1909) - was uncritically 

applied to the whole of Europe and the general concept of four major 

glaciations (Wurm, Riss, Mindel and Gilllz) with associated warm inter

gl acials, became firmly established. Stable isotope profiles of deep 

sea cores have recently shown this concept to be false, and in fact, 

over 17 glaciations may have occurred during Pleistocene time 

(Kukla 1977). 

Direct evidence of more than three glaciations in England 

is so far not available, probably due to obliteration of deposits by 

weathering processes or superposition of more recent deposits. More 

definitive evidence of Early Pleistocene glaciations is found in the 

Netherlands, Denmark and parts of the Alps. Radiocarbon dating has 

shown that the Weichsel of Europe and the Devensian of Britain are 

contemporaneous with the Wurm and that the preceding interglacial is 

probably of equivalent duration and timing for all regions. Beyond 

this however, no dating method has been sufficiently used to show 

synchroneity of earlier events. 
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A number of techniques have been developed which are capable 

of interrelating climatic events of the Pleistocene (Chapter 1), but 

none have the precision that is potentially available from the analysis 

of speleothems from caves in these areas. For this reason, and the fact 

that the speleothem results to be described in this chapter cover much 

of the Upper and Middle Pleistocene period, the status of knowledge of 

British and European Quaternary history will first be swnmarized. 

5.1.2 Quaternary Stratigraphy 

Evidence of climatic regimes and their timing in the British 

and European Quaternary period has come from many sources : 

1) type and age of organic remains (eg. peat, trees, plants) 

2) type and age of fossil bones, skeleta, shells (eg. vertebrate 

fauna, coleoptera, molluscs), 

3) pollen sequences (in peat bogs, lake sediments, lacustrine and 

fluvial deposits), 

4) levels of raised beaches, river terraces and wave-cut platforms, 

5) presence of tills, fluvioglacial deposits, laminites. 

The Alpine, N.European and British Quaternary stratigraphies are 

sununarized in Table 5.1. The general classification proposed by 

Zeuner (1959) is also included. Correlation of events older than the 

Wolstonian (Riss, Saale) stage is extremely tenuous and is only shown 

here for convenience of presentation. Previous estimates of the age 

of stages older than the Devensian (WUrm, Weichselian) have been omitted 

because of the large variability of values quoted by different 

authors and because of the conflict between the deep sea core time scale 



Table 5.1 Comparison of Alpine,N.Eu:ropean and British 

Quaternary stratigraphies. Compiled from Zeuner 

( 19 5 9) , Penny (19 64) , Evans ( 19 71) , van der 

Hanunen et al. (1971), Coope(l977a,b) ,Shotton (1977), 

Funnel and West (1977), Godwin (1977) and Bowen 

(1977' 1978) . 
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and that of terrestrial evidence based on K/Ar dates and stratigraphic 

correlations. However, a time scale based on recent paleomagnetic work 

(Zagwijn 1975, Bowen 1977) of East Anglian deposits is included in 

Table 5.1. The N.European succession is presented in Table 5.1 because 

it contains more detail of climatic events for some stages than the 

British sequence (particularly in the Devensian) and this will prove 

useful in the interpretation of speleothem data later on in this chapter. 

5.1.3 Early and Middle Pleistocene of Britain 

5.1.3.1 'Pre-glacial' Stages 

The Crag deposits of Norfolk, Suffolk and Essex are the oldest 

Pleistocene deposits found in Britain. The Red Crag of Walton-on-the

Na ze is thought to be equivalent to the Calabrian of Italy and together, 

these two formations have been designated as representing the beginning 

of the Pleistocene period (Mitchell et al. 1973). The stratigraphy of 

the Early Pleistocene in England has been determined mainly from 

borehole sections in East Anglia. Examination of pollen and foraminifera 

in these sediments has shown the presence of alternating cold and tempe

rate conditions, extending up into the warm climate deposits of the 

Cromerian stage (Sparks and West 1972, p.130). A detailed description 

of Early Pleistocene deposits and type localities in Britain is given by 

Funnel and West (1977) and West (1977a). Recent paleomagnetic evidence 

has shown that a substantial part of the Early Pleistocene is missing 

from the existing English record (van Montfrans, in Zagwijn 1975; 

Bowen 1977). About one million years may separate the Pastonian from the 
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Baventian and 420,000 years between the Ludhamian and Waltonian deposits. 

This therefore extends the duration of the Quaternary to about 2.5 

million years. 

5. 1 .3.2 The Anglian Glaciation 

The Cromer till at the base of the Anglian stage is the first 

evidence of the physical presence of glaciers in England (Figure 5.2). 

Originally known as the North Sea Drift, the Cromer till contains 

Scandinavian erratics which suggest an extensive ice cover spreading 

from the north-east and penetrating as far south as Essex and the Vale 

of St.Albans (Gibbard 1977). The overlying Corton Sands were deposited 

in a cold sea and therefore only indicate an interstadial climate. 

The extensive chalky Lowestoft till forms the west-to-east ice movement, 

suggestive of a north-westerly origin. It is thought that the Ailsa 

Craig granite erratics found on the west coast of Britain as far south 

as the Scilly Isles, were from an Irish Sea ice sheet either of Anglian 

age (Bowen 1977) or of Wolstonian age (West 197,7a). 

5.1 . 3.3 The Hoxnian Interglacial 

The last stage that is best represented in East Anglia is the 

Hoxnian interglacial, a period characterised by a sequence of lacustrine 

and organic sediments which are frequently found as infillings in deep 

hollows in the underlying Lowestoft till. A complete succession from 

cold-climate silts to temperate organics and back into silts is seen in 

a borehole at Marks Tey, Essex (Shackleton and Turner 1967). Varve 

counting suggests that the succession was deposited over a period of 
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30,000 to 50,000 years, thus destroying the previous common belief 

(deduced from the extent of weathering) of the Hoxnian being a 

'Great Interglacial', of duration equal to or greater than 240,000 

years (Penck and Brtickner 1909) . 

Marine deposits from several Hoxnian sites have been found 

at elevations of between 20 and 30m above present sea. level and this 

has been interpreted as a maximum eustatic sea level for the Hoxnian 

(Sparks and West 1972, p.147; Evans 1971). Using deep sea core isotopic 

data however, Shackleton and Opdyke (1973) find that sea level did 

not even reach modern levels at this time and therefore either i ) 

tec t onic uplift must have influenced the above sites (this is discounted 

by Mitchell (1977) because all the strata described are horizontal) or 

ii) the Hoxnian may not refer to stage 7 of the isotope record but 

possibly an earlier stage (in which case it becomes substantially 

older than 250,000 years B.P. - an age inconsistent with some terrestrial 

evidence). An alternative possibility is that the ma:rine deposits 

may not in fact be Hoxnian in age but refer either to an earlier 

(warmer) interglacial or to the Ipswichian when sea level was somewhat 

higher than today. 

Other evidence also suggests that the Hoxnian was a cooler 

period than the Ipswichian, and that a sea stand of +30m would there

fore be unlikely (Shotton et al. 1977) 

i) pine, alder, spruce and fir were abundant in the Hoxnian with 


little oak, 


ii) Mediterranean-type plants were present only in the Ipswichian, 


iii) warmer beetle species were present in the Ipswichian, 
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iv) hippopotamus was only present in the Ipswichian. 

5.1.3.4 The Wolstonian Glaciation 

This stage was originally defined as the Gipping Glaciation 

after a till near Ipswich, but it was subsequently shownthat the till 

was of Anglian age (Bristow and Cox 1973). Most Wolstonian till deposits 

are found in the Midlands although the exact extent of the ice cover 

remains unclear (see Figure 5.2). European, N.Americ:an and deep sea 

core data all ·suggest that this glaciation was the most intense, and 

in Europe, two glacial stages (Drenthe and Warthe) separated by an 

interstadial (Table 5.1) are thought to be its equivalent. These 

features are not apparent in most British Quaternary evidence although 

there is some suggestion that subdivision into two glacial events, 

enc l osing a -temperate phase (the Ilfordian) may more realistically 

define the Wolstonian (Bowen 1977). 

5.1.4 Late Pleistocene of Britain 

5.1.4.1 The Ipswichian Interglacia l 

Most deposits of the Ipswichian are found in terraces of 

river valleys in S.E.England. The type section is a sequence of 

gyttja (lake deposits) at Bobbitshole, Ipswich. The interglacial is 

characterised by the presence of hippopotamus, hyena, Mediterranean 

flora and shell fauna, and sea levels up to 15m above modern (Sparks 

and West 1972). This evidence suggests that temperatures were 

appreciably higher than today. Beetle evidence also indicates a warmer 
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climate and one which is distinctly warmer than the preceding Hoxnian 

interglacial (Coope 1977a). Recently, pollen evidence from the Grande Pile 

peat bog in France has shown that the equivalent European interglacial 

(the Eemian) is a complex warm event with up to three temperate periods 

interspersed with cold, almost glacial, conditions (Woillard 1978). 

The classical Eemian is ascribed to the first, longest and apparently 

warmest of the three, and is succeeded by the St.Germain I and II 

interglacials, and separated from each other by the short Melisey I and 

II cold periods. These cold periods are correlated by Woillard to the 

two phases of the Alpine Riss glaciation in the manner proposed by 

Frenzel (1973) so that the Riss is younger than the Eemian. Deep sea 

core isotopic data and ages of fossil reef terraces clearly indicate 

the presence of multiple warm events in the last interglacial. In 

order of decreasing warmth, the stages Se, Sc and Sa are dated at 

about 12S, lOS and 80 Ka respectively (Mesolella et al. 1969, Shackleton 

and Opdyke 1973). However deep sea core data does not indicate a severe 

cold event during this period, of sufficient intensity and duration to 

be comparable to the present concep t of the Riss glaciation. The 

problem of correlation rests on the assigning of a time scale to the 

Grande Pile sequence and on the intensity and duration of the cold periods. 

S.1.4.2 The Devensian 

1) Early Devensian 

Early Devensian time in Britain is variously interpreted as 

l asting from llS to SO Ka (Bowen 1977) or from> 70 Ka to SO Ka (West 1977a). 



185 

Evidence of an early Devensian glaciation is rather scarce in Britain 

(and in N.Europe), and there are very few British sites which incorpo

rate both Ipswichian and early Devensian deposits. The type locality 

for the Devensian is the Four Ashes site north of Wolverhampton , in 

which early Devensian sands and gravels overlie a thin hori zon of 

Ipswichian peat (Morgan 1973). Similar sequences are found at 

Wretton, Norfolk and Tattershall, Lines. A cold tundra-like 

environment is indicated for the Early Devensian from these s i tes, by 

the presence of non-arboreal pollen and arctic beetle assemblages, 

although the total absence of till deposits suggests that ice sheets 

did not appreciably extend over lowland Britain. The Early Devensian 

is punctuated by several short climatic ameliorations classified as 

interstadials (Figure 5.3). 

2) The Wretton Interstadial 

Organic silt lenses in the sands and gravels overlying 

Ipswichian deposits at Wretton, Norfolk, have been designated t ype 

section for the Wretton I nterstadial (West et al. 1974). The pr e

dominantly boreal tree pollen assemblage has been ten t atively 

correlated with that of Amersfoort Interstadial in Holland. No 

radiocarbon dates have so far been obtained from the Wretton deposits, 

but those at Amersfoort show a duration from 68 to 65 Ka (Shotton 1977). 

3) The Chelford Interstadia l 

Rich organic lenses with beetle species and macrofloral remains 

characteristic of boreal forest conditions define the interstadial t ype 
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section at Chelford (Simpson and West 1958). An equivalent section 

is seen at Four Ashes, and possibly at Wretton, overlying the Wretton 

Interstadial deposits (although here, the beetle fauna suggest full 

arctic, treeless conditions - Coope 1977b). The Chelford and Br~rup 

Interstadials appear to be equivalent, lasting from 63 to 61 Ka 

(van der Hammen et al. 1971, Shotton et al. 1977). Further evidence 

of climatic amelioration about 60 Ka comes from speleothem ages from 

three caves in Mendip and Yorkshire (Atkinson et al. 1978). Ages of 

61 ± 4, 63 ± 11 and 63 ! 19 Ka were determined for three different 

speleothems, suggesting that permafrost was absent and vegetational 

activity was present in these areas at that time. Of the three inter

stadials of Early Devensian, (Early Weichselian), the Chelford (Br¢rup) 

seems to have been the warmest. 

4) The Odderade Interstadial 

This event has only been recognised and dated (58 Ka) at one 

site: Schleswig-Holstein, Germany, (Shotton 1977), and its existence 

depends to some extent on the true age of the Br¢rup found below it. 

No equivalent has been found in Britain so far. 

5) The Upton Warren Interstadial Complex 

This complex covers a period between 45 and 25 Ka. Average 

July temperatures up to 1s0 c (compared to 15.5°C today) have been 

determined from beetle assemblages in southern England over the period 

44 to 42 Ka (Figure 5.3, Coope 1975). The remaining period was 

considerably cooler, attaining only 10°c at maximum. The Four Ashes 
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site has also yielded a warm faunal population dated at 42.5 to 38.5 

Ka and flora of a silt bed at Earith dates at 42.1 Ka and is known 

to require a summer mean temperature of about 16°C (in Shotton 1977) . 

In spite of the warmth, the vegetation in Britain appears to have been 

treeless, suggesting that climate was changing too rapidly to allow the 

establishment of trees. This rapidity is further demonstrated by the 

cold-then-warm sequence of beetle horizons at Tattershall which lie 

within a few centimetres vertically of each other and have overlapping 

radiocarbon dates in the range 44 - 42 Ka (Girling 1974). Mollusc 

assemblages indicate continuously cold conditions over this period 

(Kerney 1977) and this lack of response to the environment may also 

indicate the short duration of the warming. On the continent, the 

Moershoofd (SO - 43 Ka) and Hengelo (40 - 37.5 Ka) Interstadials are 

wel l -documented events but neither cqrrelate directly with the Upton 

Warren Interstadial. This apparent anomaly can however be explained in 

a number of ways, eg. systematic error in age measurement, unique 

climatic differences between the two areas, bias due to the small number 

of deposits available etc. 

6) Pre-Main Devensian Glaciation 

A number of radiocarbon dates have been determined for organic 

horizons and bones for the period 39 - 26 Ka. All deposits studied 

indicate an arctic tundra-like environment (Shotton 1977). No equiv

alent of the Denekamp (30 Ka) Interstadial is clearly seen in Britain, 

although the present scarcity of dates about that time does not preclude 

its existance. 
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7) The Main Devensian Glaciation 

Till of Main Devensian age is widespread in Britain, covering 

most of Ireland and Scotland and terminating in England north of the 

Midlands (Figure 5.2). The Hunstanton Till in East Anglia, the Marsh Till 

of Lincolnshire and the Purple and Drab Tills of East Yorkshire were 

deposited by ice moving southwards in the North Sea (Shotton et al 1977). 

The Cheshire Plain in the west is covered by the Irish Sea Till, but it 

is not yet certain that the North Sea and Irish Sea ice sheets were 

contemporaneous. Most evidence points to the maximwn glaciation occur

ing about 18 Ka (the Dimlington moss at Holderness was overun by ice 

shortly after 18.5 Ka, - Penny et al. 1969; and a woolly mammoth bone was 

sealed in a Welsh cave by till about 18 Ka - Rowlands 1971). Recent work 

has shown ice thicknesses at maximum glaciation to be 2000m in the 

Scottish Highlands, 1600m on the Isle of Man and 800m over mid-Wales 

(Bowen 1977). 

8) Deglaciation 

Deglaciation of lowland Britainbegan sometime after 18 Ka, continuing 

to about 13.5 Ka. A few radiocarbon dates on beetle populations and wood 

deposits are available from gravels and clays underlying late-glacial 

and Flandrian deposits in Britain (Coope 1977b). Taxonomy and dating of 

these deposits indicate ice-free conditions over the period 14.5 to 13.5 

Ka but a tundra-like environment with a climate of arctic severity. 

European evidence suggests an ice re-advance (the Oldest Dryas) between 

15 and 12.7 Ka (Penny 1964). Of comparable age is the Aberdeen-

Lammermuir re-advance in Scotland (Flint 1971, Jardine and Peacock 1973) 
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with a maximum at about 13.5 Ka. Following the Oldest Dryas in Europe 

there are two interstadials, the B¢lling (-12.7 - 12.0 Ka) and the 

Aller¢d ( 11.8 - 11.0 Ka), separated by a short cold spell, the Older 

Dryas. British evidence suggests only one warm period existed, the Last 

Glacial Interstadial from about 13 to 11 Ka. Maximum temperatures were 

reached at 12.5 - 13 Ka and this period has been recently termed the 

Windermere Interstadial (Figure 5.4, Coope 1977b). Beetle assemblages 

from the Windermere type section indicate July tempeTatures to be warm

er than today. Scottish evidence suggests the presence of an ice re

advance (the 'Perth' event) towards the end of the Windermere Inter

stadial, but its timing and existence are in some doubt (Jardine and 

Peacock 1973, West 1977a). 

A well-defined cooling associated with an ice re-advance occur

red between about 11.7 and 10.5 Ka (Sissons 1967). It is known as the 

Younger Dryas in Europe and the Loch Lomond (or Highland) Re-advance in 

Britain (Figure 5.4). Beetle evidence has again provided the best in

sight to temperature changes over this period, showing that arctic 

tundra conditions were present in Britain at this time (Coope 1977b). 

5.1.4.3. The Flandrian Stage 

By 9.5 Ka temperatures had increased to today's values and the 

Flandrian of Britain and Holocene of Europe were marked by complete de

glaciation and high sea stands, resulting in raised beaches and shore

lines along the coast of Britain. Full isostatic recovery was essent

ially attained by the time of the 'hypsithermal' ,a thermal maximum at 

about 5.5 Ka (Flint 1971). Modern temperatures are thought to be 
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somewhat cooler than at this time. 

5.1.5 Quaternary Evidence from the Craven District 

The oldest glacial sequence recorded in northern England is 

from boreholes in the Isle of Man where three tills a.re seen inter

bedded with sands and gravels (King 1976). The lowest till is thought 

to be Wolstonian in age, and is occasionally seen in the Pennines and 

Lake District as deposits of erratics with fines washed out, covered 

by peat. In the Pennines, this glaciation is known as the Maximum Dales 

glac~ation and the Devensian is known as the Main Dales glaciation, 

(King 1976). 

In the Craven District, pre-Main Devensian deposits are scarce 

and are mainly restricted to cave earths, usually associated with a 

datable fauna. During the Main Devensian, ice covered most of the region 

to altitudes of 670m above sea level (Goodchild 1875). The higher parts 

of the Yorkshire Dales formed an ice spreading centre as shown by a 

restriction of Lake District and Scottish erratics to the northern parts 

only (West 1977a) . Glacial erratics found in this region are there

fore confined to the local limestones, overlying ~mpe:rvious rocks and the 

occasional basement slates. Sweeting (1974) has suggested that valley 

glaciers have caused as much as 60m of overdeepening by direct erosive 

power. Surrounding limestone benches, particularly in the south, have 

been scraped clean of cover and may have further been exposed by removal 

of the overlying Yoredale shales (F i gure 5.1). Southward-moving giaciers 

have left thick deposits of till in the lee of the higher hills (eg. on 

Newby Moss and East Kingsdale) and a large drumlin field is found at 

Ribblehead (Warwick 1956J. 
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5.2 The Geological Setting 

The major cave systems of north~west England lie towards the 

southern limb of the Askrigg Block, a major structural feature of the 

basement rocks. The southern and western boundaries of the Askrigg Bfock 

are clearly defined by the Craven and Dent faults respectively and the whole 

massif dips gently to the north-east (Figure 5.1). Steeply-dipping basement 

rocks of impervious pre-Carboniferous slates and sandstones outcrop in valley 

floors near the Craven fault zone, and although not seen at the surface, the 

Wensleydale granite underlies these formations (Dunham 1974). Most cave 

development is found in the Lower Carboniferous Great Scar limestone, a pale

grey, massively-bedded unit, up to 200m thick (Figure 5.5). The limestone 

lies unconformably on the pre-Carboniferous basement. In the Ingleborough 

area it has been classified into four zones: c2 , s1 , s and D based on2 1 

fossil content (Dunham et al. 1953; Edwards and Trotter 1968). A number of 

marker beds are easily recognised in the limestone sequence and these out

crop as distinct horizons in some of the dales (Figure 5.5). Schwarzacher 

(1958) has classified the upper part of the Great Scar limestone in terms of 

cyclic horizons of micrite and spa.rite separated by bedding planes at lOm 

intervals. Waltham (1971) recognised about 20 shale partings in the Great 

Scar, many of them of large horizontal extent, but both he and Wilson (1974) 

found them not to be correlated to the depositional cycles of Schwarzacher 

and so rejected this method of classification. 

Overlying the Great Scar limestone are the Yoredale Series, a cyclic 

sequence of limestones, shales and sandstones, unconformably capped by the 

Upper Carboniferous Millstone Grit. In certain areas the lowest Yoredale 

l imestone unit directly overlies the Great Scar limestone with 
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only a minimal thickness or complete absence of intervening beds, 

thus giving a greater potential depth for cave development. A thin 

but extensive bed of blue-black limestone, the Girvanella Band 

(Figure 5.5) marks the top of the Great Scar limestones. 

To the south of the Askrigg Bl ock the Craven faults terminate the 

exposure of the Great Scar limestone by progressively downfaulting to 

the south in steps of 300-600m (Waltham 1974). At the Dent fault in 

the west, the limestones are downthrown about 600m such that they now 

outcrop against Silurian grits. Within the Askrigg Block, the Carbon

iferous rocks are relatively undisturbed except for smaller discontinu

ous faults and several shallow folds whose axes generally run sub

parallel to the two major fault boundaries. 

5.3 Speleogenesis of Caves in the Area 

Caves of both phreatic and vadose origin are found in large 

numbers in the Craven area. The occurrence of several fossil phreatic 

cave passages at apparently similar levels was initia1ly interpreted 

by Sweeting (1950) as evidence of a water table origin. Waltham (1974) showed 

that the following geological controls were far more important in this 

region: 

1) Lithology: The Great Scar Limestone contains both micritic 

and sparitic members whose relative solubilities and porosities vary. 

For i nstance, the Porcellanous Band, at the base of the D1 limestone is 

a dense, blue-grey, micritic limestone. Its apparent resistance to 

solution has caused many passages to develop directly above it, a feature 

particularly evident in the Gaping Gi ll system (Glover 1974). 
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2) Shale Bands: About 20 shale horizons (from lcm to 2m thick) 

are found in the o1 unit of the Great Scar Limestone (Waltham 1971). 

These tend to be grouped into three zones (Figure 5.S);near the top of 

the limestone within 25m of the Girvanella Band, about 4Sm above the 

Porcellanous Band, and immediately above and below the Porcellanous Band. 

Although mechanically weak, these shale units are completely insoluble 

and therefore act as a barrier to downward cave development until stream 

turbulence is sufficient to cut through them. Waltham (1971,1974) cites 

many examples of cave passages initiated along the top of these bands. 

3) Structure: Gentle folds, joints and small faults in the 

Great Scar Limestone are important structural controls for the develop

ment of phreatic and vadose caves. Although joint density is somewhat 

affected by lithology, joints are typically spaced between 0.5 and 3m 

apart (Waltham 1970a). Cave passages frequently follow prominent joints 

especially if oriented in a down-dip direction. Flooded or phreatic 

sections of vadose caves are often the result of temporary up-dip 

deve l opment, caused either by following a prominent joint or by the 

change in dip across a shallow syncline (Waltham 1974). Faults are less 

frequent, but usually afford easier downward development than joints, 

such that they characteristically give rise to large high rifts and short, 

deep cave systems. 

In practice Craven caves are probably influenced by all three 

geological controls described above, and additionally their length, depth 

and complexity will be affected by the 'local water table level' (usually 

the valley floor or pre-Carboniferous horizon). 

The morphology and speleogenesis of the caves sampled in this 

study it itself an enormous topic and is considered at length in numerous 
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publications eg. Cullingford(1962); Eyre and Ashmead (1967); Ashmead, 


Brook, Glover, Lyon and Waltham (in Waltham 1974); Waltham (1977). 


A short description of the morphology of each of the caves follows and 


a more detailed consideration of their origin is given later on in this 


chapter, in light of the radiometric age measurements. 


5.4 Cave Descriptions 

The caves sampled were (from west to east): The Lancaster Hole

Ease Gill Cavern system, Gavel Pot, Lost John's system, Kingsdale Master 

Cave, Ibbeth Peril I, White Scar Cave, the Gaping Gill-Ingleborough Cave 

system, Victoria Cave and Sleets Gill Cave. Locations of most of them 

are shown in Figure 5.1. Approximately 130 speleothems were collected 

on two visits to the area in 1976 and 1977. A brief return was made in 

1979 to collect several speleothems stratigraphically related to those 

previously sampled. For reasons of conservation, an effort was made to 

restrict the collection to loose, broken deposits, but about 15% were from 

in situ fossil flowstone deposits. About seven in sitg stalagmites and 

flowstones were collected for paleom~gnetic analysis by A.G. Latham. 

All samples dated are listed, located and described in Appendix 4a 

The samples are not located on most of the cave maps included below because 

of the complexity of most cave systems and large number of samples 

collected. 

5.4.1 The Lancaster Hole - Ease Gill Cavern System 

This complex cave system is over lOOm deep and is now the longest 

in Britain (46km) and tenth longest in the world. The entire system 
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underlies Casterton Fell, the westernmost limestone outcrop of the 

Askrigg Block, and is bounded by the Dent fault in the west and the 

Craven fault in the south (Figure 5.1). Most of the system's length 

consists of distributary inlet passages taking water from the main 

surface stream, Ease Gill (Figure 5.6). The main drainage direction in 

the cave is from Ease Gill in the east towards Lancaster Hole in the 

west, whereupon the stream passage (or 'Master Cave') ends in a sump 

and flow continues under phreatic conditions to the resurgence, Leck Beck 

Head, about 900m to the southwest. For the most part, the high vadose 

stream passage runs below a horizontal fossil phreatic tunnel, up to 

lSm in diameter and about 30m above the stream in the western section 

(Figure 5.7). Collapse into the stream below has enlarged the tunnel 

in a number of places thereby connecting the two passages. Numerous 

other levels of development are found in the west and it is here that 

connections to Bull Pot of the Witches and other caves to the north may 

be found. The multi-level passages of Lancaster Hole demonstrate the 

age and complex development of the system. In addition, a recent connect

ion to the Leck Fell caves via Pippikin Hole on the east side of Ease Gill 

further indicates its antiquity. 

Speleothems were collected from most of the abandoned phreatic 

tunnels and chambers in the system including Easter Grotto, the main 

tunnel from Stop Pot to Fall Pot, Bill Taylor's Passage and Bridge Hall. 

5.4.2 Gavel Pot 

Gavel Pot is one of a number of separate caves on Leck Fe l l that 

are genetically related and which drain to the same resurgence, Leck 
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Beck Head (Figures 5.1, 5.8). It forms the lower part of the Short 

Drop Cave drainage route and contains an active vadose streamway which 

finally drops into a smnp via a series of vertical pitches. Above 

the pitches are two phreatic tube passages : one forms a loop and its 

arms now act as feeders to the vadose drain, and the second, Glasfurd•s 

Passage, is partially blocked by s.ediment and contains a number of 

well-decorated chambers. Broken speleothems were collected from this 

passage. 

5.4 . 3 Lost John's System 

This cave, also on Leck Fell, has a complex series of phreatic 

rift and active vadose canyon passages in its upper levels, which enter 

a high meandering streamway (the Main Drain) about 140m below entrance 

level (Figure 5.8). Now known as the Leck Fell Master Cave, the Main 

Drain originates upstream at Lyle Cavern, a large collapse chamber 

whose fossil roof passages show phreatic development with a later stage 

of vadose modification. They probably represent the original water 

route from Lost Pot (Figure 5.8). At stream level in Lyle Cavern, the 

Main Drain can be followed up a low vadose passage to a series of high 

avens, the present inlets for Lost Pot water. Downstream from Lyle 

Cavern, the Main Drain continues unbroken for 1500m as a high narrow 

meandering canyon, comparable to that of the Lancaster Hole-Ease Gill 

Cavern system, but without the separate high level phreatic tunnel. 

Tributary streams from Rumbling Hole and Death's Head caves join it 

below the Lost John's inlet. The passage eventually sumps at about the 

altitude of the resurgence which lies lkm to the nort h west. 
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The Lost John's system is in general, poorly decorated with 

spe l eothem and the only samples collected were from i n situ, fossil 

stal actite curtains and loose eroded flowstone blocks in the Main Drain, 

and from a boulder choke at the end of the Lyle Cavern high level series. 

5.4 . 4 Kingsdale Master Cave 

Kingsdale is a classic hanging valley, partially blocked by 

moraine at its outlet into Lonsdale. It is unlike most of the other 

Dales that terminate at the Craven Fault because its floor has not been 

incised to the impervious basement, but instead is covered by gravels 

of glacial origin, perhaps 25m thick. The Kingsdale Master Cave 

(Figure 5.9) is the main drainage route for all active cave systems on 

t he West Kingsdale slopes (recently it has also been f ound to take some 

East Kingsdale water). The cave is entered a few meters above valley 

f loor level via a fossil phreatic tube known as the Roof Tunnel. It 

then splits into two routes, the westerly one leading into a series of 

complex fossil phreatic crawlways (Milky Way and Carrot Passage) and the 

northerly route ending abruptly at a Sm drop into the Master Cave. The 

terminal sump lies immediately downstream but upstream a high wide 

vadose canyon with roof tube can be followed to a series of low inlets 

from Simpson's and Swinsto potholes in the west and a low canal section 

draining caves further up valley. The vadose section has been interpre

ted as the most recent feature of the cave. Its roof tube originally 

took water via the Roof Tunnel to resurge at some point higher than 

Keld Head but which now is blocked by debris. A higher level of 

phreatic development is seen in Swinsto Hole below the Turbary Inlet 
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but this is thought to be due to local structural controls as it is 

not seen in neighbouring systems, (Brook 1974). 

Speleothem was collected from sites along the Roof Tunnel . and 

consisted of loose flowstone on the floor and in situ scalloped flow

stone forming part of the roof. 

5.4.5 Ibbeth Peril Caves 

Ibbeth Peril I is the most northerly of the caves investigated 

and is situated in the uppermost beds of the Great Scar Limestone in 

Upper Dentdale, Skm north of Whernside. The cave is formed at or below 

the valley floor and is frequently flooded by the River Dee. Its 

entrance lies behind a Sm waterfall in the river bed and leads downwards 

through a low passage into a large collapse chamber. A phreatic passage, 

now containing an entrenching stream enters this chamber and the water 

sinks in the boulder floor. On the opposite side of the chamber a 

short fossil tube leads off and contains several flowstones deposited 

over stream gravels. These flowstones were sampled. 

5.4.6 White Scar Cave 

This resurgence cave situated part way along .Chapel-le-Dale is 

the major drainage route for the western slopes of Ingleborough 

(Figure 5.1). Exploration in recent years has penetrated almost as far 

as the surface sinks known to feed it. At the outlet, the cave is 

formed along the basal unconfonnity of the Great Scar Limestone. The main 

streamway can be followed for almost 2 kms as a meande:ring vadose passage 

up to 12m high and 3m wide (Figure 5.10). A large collapse of boulders 
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(Big Bertha choke) marks the end of Main Streamway and the beginning of 

Far Streamway. The upstream passages become low and phreatic in form 

and eventually a series of sumps blocks the way on. Higher level fossil 

parts of the cave are entered above Big Bertha choke (the Battlefield 

Series) and towards the end of the Far Streamway (the Sleepwalker 

Series). The former is an ancient partly-collapsed tunnel known as the 

Second Front (in the north) and the Western Front, and runs diagonally 

across the Main Streamway and about 20m above it (Figure 5.10). The 

Sleepwalker Series is a smaller tube containing much collapse; it forms 

a tributary to the main roof tube in the Far Streamway. The latter tube 

emerges from the Great Rift Inlet farther upstream and lies at about the 

same level as the presently-active phreatic tubes at the end of Far 

Streamway. 

Speleothem has been collected from the Western Front, the first 

part of the Sleepwalker Series, the roof tunnel above the Far Streamway 

and from collapse debris in the Main Streamway below t he lakes. 

5.4.7 The Gaping Gill - Ingleborough Cave System 

The Gaping Gill system is one of the best known in the country. 

It lies on the southern slopes of Ingleborough above the village of 

Clapham (Figure 5.1) and consists of a series of tributaries (usually 

active vadose caves) entering a complex, multi-level fossil cave network 

(Figure 5.11). The system is drained by Ingleborough and Beck Head 

Caves but so far only the Ingleborough-Beck Head connection has been 

negotiated by diving. A series of flooded tunnels, wells and fossil 

passages form the proximal ends of both Ingleborough and Gaping Gill. 
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Most of the fossil passages of Gaping Gill represent previous routes 

taken by Fell Beck, the stream which nowadays falls down the llOm entrance 

shaft, and then immediately disappears in the gravels of the Main Chamber. 

Apart from apparently static wells at the bottom of some shafts Fell Beck 

is not seen again until it flows out of Terminal L.ake in Ingleborough 

Cave . The whole of the presently-explored system in Gaping Gill lies 

above this drainage route, (presumably a phreas). Extensions in recent 

years bring its total length to over lOkm. About four fossil levels 

of development can be recognised (Figure 5.12); in order of decreasing 

altitude they are illustrated by: 

i) Disappointment Pot streamway, Bar Pot aven bedding planes 

ii) Old East, Far East and Craven Passages 

iii) Stream Chamber, South-East Passage, Henslers Crawl and the 

Whitsun Series 

iv) Far Country and Far Waters Series 

These levels are controlled by shale horizons (i), fault zones (ii) 

and/or Porcellanous Band (iii), and possibly the proximity of pre

carboniferous basement rocks (iv). Directional control of these passages 

is determined by faults and major joints (faults contro l the alignment 

of Main Chamber to Mud Hall and the Stream Chamber extension to South

west Passage, and joints control much of the linking network of smaller 

passages). Several large caverns are found at the Porcellanous Band 

level and are usually associated with faults. They have been enlarged 

by blockfall and sapping by ephemeral streams. 

Ingleborough Cave, by comparison, is a relatively simple system 

(Figure 5.13), containing two main levels of development only a few 
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meters apart. The show cave and its continuation, Cellar Gallery as 

far as Giant's Hall, are mainly fossil now and only become streamways 

in severe floods. In normal flow, water leaves the system via Lakes 

Avernus and Pluto and the Beck Head Cave passage. Upstream of Giant's 

Hall, only one course exists : through partially flooded, low, wide 

bedding planes to a vadose section known as Inauguration Caverns. A 

complex series of restricted tubes and bedding planes enters here at 

roof level. The main water resurges out of Terminal Lake at the furthest 

point upstream. 

Speleothem has been coliected from many parts of this system 

of caves: in Gaping Gill, from Old East, Far East, Stalactite Chamber, 

Henslers Passage and Far Country~ and in Ingleborough Cave, from 

Giant's Hall and the show cave. R.R.Glover has also provided two 

speleothems from Gaping Gill and one from nearby Newby Moss Cave 

(Figure 5.1). 

5.4.8 Victoria Cave 

This is probably one of the oldest caves in the Craven District, 

as it lies near the upthrust southern limit of the limestone, between 

the North and South Craven Faults (Figure 5.1). 140 years ago the cave 

entrance was a very small opening in Langcliffe Scar, but about 1840A.D. 

excavations of the entrance passage and debris piles outside began, 

revealing evidence of Romano-British and Upper Paleolithic occupation. 

These findings overlay laminated clays and bone beds which showed the 

presence of hyena, deer, bear, rhinoceros and hippopotamus (Warwick 

1956, Sutcliffe et al. 1976). The cave was thought to have been a 
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hyena den and is now listed as a protected archeological site. Early 

excavations removed over Sm depth of deposits, reveal i ng a square 

section tunnel which ends abruptly after about 40m (Figure 5.14). A low

roofed passage continues to the left and loops back round to the entrance. 

Smaller tubes, climbs and crawlways lead off in several places but all 

terminate fairly quickly. The cave appears to be the remnants of an 

extensively truncated and blocked, fossil phreatic system, and little 

evidence remains to determine its origin and function. 

Many speleothem samples were collected from the entrance and 

loop passages with the aid of archeologist , . Alan King, and by permission 

of t he Nature Conservancy. Most of the samples were old flowstones; 

none were directly associated with archeological finds (mainly because 

of complete removal by past excavations). Three samples of flowstone 

containing rhinoceros teeth and part of a jaw bone, and a red deer 

antler were obtained from Thomas Lord, custodian of the excavated finds, 

presently held at the Pigyard Musetnn, Settle. These have also been 

dated. 

5.4.9 Sleets Gill Cave 

This cave lies about 60m above valley floor level on the 

southern slopes of Littondale, about lOkm north-east of Settle. A 

steeply-descending entrance slope leads to a superb phreatic tunnel 

which penetrates over 450m into the hillside and ends in Hydrophobia 

Passage (60m of low airspace .streamway). Beyond this a large passage 

continues to a sump, but to the west at this point rises a steep 

phreatic lift tube, the Ramp, which chokes about 60m above stream 
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level. Most of the cave floods severely at present, probably due to 

the constricted nature of the downstream continuation of Hydrophobia 

Passage. However, the phreatic lift passages must date from a time 

when the entrance discharged at or near valley floor l evel. 

Few speleothems were collected in this cave, and the only 

one reported in Appendix 4a came from an old eroded s t alactite 

curtain hanging near floor level in the main tunnel. 

5.5 Swnmary 

All of the systems investigated contain at least one level of 

fossil passageway which formed under phreatic conditions. The presence 

of these passages, often well above modern resurgence level, has been 

the cause of much debate among Craven speleologists during the last 

thirty years (Sweeting 1950, Waltham 1970a, Brook 1971). These tunnels 

were originally flooded drainage routes before downcutting took place, 

and it is generally accepted that their altitudes were at or below those 

of the resurgence at that time. A process of rejuvenation to lower 

levels, truncation of the tunnel by sub.aerial erosion or glacier action, 

and infilling with till or fluvioglacial deposits has since occurred 

such that only segments of the original passage can now be entered. 

The abandoned high level tunnels of the cave systems of Leck 

Fell are an excellent example of this process. Waltham (1974) has 

interpreted the morphology of these caves in terms of a five-phase 

sequence of active stream erosion followed by elastic infill and speleo

them deposition. He attributes the erosive phases to interglacials 

and the depositional phases to glacial periods. Two glaciations are 
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recognised by Waltham and to each of these are attributed speleothems 

found in certain passages of the Leck Fell caves. This interpretation 

is considered in greater detail later on. 

The development of the adjacent Casterton Fell caves was initially 

relat ed by Eyre and Ashmead (1967) to the European glacial/interglacial 

chronology of Zeuner (Table 5.1) in teTins of infilling and cavern break

down (glacial), and rejuvenation and downcutting (interglacial). 

Ashmead (1974) subsequently related the caves instead to erosion surfaces 

at 320m and 250m a.s.l. and the time scale was shortened to include only 

the last interglacial and glacial events. 

Brook (1974) considers the development of the West Kingsdale 

cave system in teTins of successive glaciations over the last quarter of 

a million years, each lowering the valley floor by 20 ·- SOm. Cave 

systems then developed in accordance with the depth of v·alley excavation. 

Brook also suggests that the foTination of postglacial lakes in Kingsdale 

has strongly influenced the development of the passages associated with 

the Master Cave. 

Glover (1974) has discussed the foTination of the Gaping Gill

Ingleborough Cave system in some datail with respect to the local 

geology and lithology but, perhaps wisely, has avoided relating stages 

in its development to glacial-interglacial events. 

In conclusion, this section has shown that previous workers, 

using stratigraphical, geological and morphological evidence, sometimes 

pure guesswork, and in the absence of radiometric data, have all 

concluded that the major cave systems of Craven have seen at least one 

interglacial-glacial cycle. Most of them also conclude that valley 
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downcutting and removal of the overlying Yoredales by glacial action 

are essential features of Pleistocene glaciations in this area and 

that this has caused caves to develop in a series of stages rather than 

as a continuous process. Whether or not these concepts are correct is 

considered in conjunction with radiometric data in the following 

section. 

5.6 	 Speleothem Age Determinations 

230 234The Th/ U method has been used to obtain 140 ages for 82 

. 230 234speleothem samples. An additional 7 duplicates of Th/ U analyses 

230have been made using the 231Pa/ Th dating technique. Details of the 

methods are given in Chapter 2 and analytical data, ages and sample 

d · t. · · A d. 4 The 231Pa/ 230Th ages are notescrip ions are given in ppen ix a. 

described in this chapter except where they strongly differ· from the 

. 230 234corresponding Th/ U age; they are discussed instead in Chapter 2. 

Figure 5. 15 summarizes all the results for north-west England. 

A number of the analyses show appreciable detri tal thorililil contamination, 

(230Th/ 232Tu acti·vi· ty · 20 ; Chapter 2) d t h are · d. dratio< see an ese in icate 

in Figure 5.15. They have been corrected by assuming an initial 

230Th/ 232rh . . . f 1 5 d . . h 1activity ratio o . ; correcte ages are given in t e ast 

column of Appendix 4a. Most analyses of the Ingleborough Cave samples 

230 232 .show low Th/ Th ratios and very low uranililil concentrations. The 

cal culated ages therefore have large error limits (! 30%) and show 

large shifts when corrected for detrital thorium. They are listed in 

Appendix 4a but have been omitted from Figure 5.15. Uranium concen

trations for the remainder of the Craven speleothem collection are high, 
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between 0.3 and > 20 ppm, such that statistical errors are generally 

low and within 10% for most ages. 

The results will be considered in the following sequence : 

1) description of the dating results and discussion of their signifi

cance for the speleogenesis of each cave system, 

2) their relation to the British Quaternary sequence and implications 

for its time scale 

3) t heir significance for the development of caves and karst in the 

Cr aven area, 

4) stable isotope results and their paleoclimatic implications. 

5 . 7 Speleogenesis and Cave Development 

5 . 7.1 Lancaster Hole - Ease Gill Cavern System 

Of the samples dated from this system, two sites yielded the 

most interesting collection of speleothems: 1) samples which were loose, 

embedded in, or washed out of mud and gravel deposits in Bill Taylor's 

Passage (the connecting route from Lancaster Hole entrance to Fall Pot), 

and 2) in situ flowstones and recent collapsed blocks from the 

Colonnade Passage and Bridge Hall near Lancaster Hole entrance. 

Three age groupings of speleothem were found at the Bill 

Taylor's site: 

1) stalagmites and flowstones showing surface re-solution features, which 

grew over the period 126 - 70 Ka. Stalagmite 76122 contains three 

internal breaks in deposition (seen as detrital horizons) over the 

period 91 - 71 Ka (Figure 5.16). Intervening layers have not been 
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dated yet. 76135 is a lm high flowstone boss in this passage and 

appears to have been once covered by sediments. It grew from > 95 

Ka (centre) to 86" Ka (top). The other samples, 76121 ( - 114 Ka) 

and 77126 (126 - 106 Ka), show continuous growth. 77120 and 77121 

are discussed below. 

2) 	 stalagmites and flowstones showing no evidence of surface re-solution, 

which grew over the short time range 39 - 35 Ka. Stalagmite 76125 

has overlapping base and top dates at 39 - 38 Ka and was partly 

imbedded in sediments when collected. 77123B is from a horizontal, 

in situ veneer of wall flows tone, perhaps. formed as a pool crust, 

dated at 35 Ka. 

3) 	 77124 is a long thick stalagmite, found loose but with fresh surface 

features suggesting recent formation. A base date of 13.3 Ka confirm

ed this (11.9 Ka when corrected for detrital Th). 

With the exception of 77124, all the above samples contained 

> 1 ppm uranium and negligible detrital thorium contamination. The 

flowstones from the Colonnades Passage site, 77120A and B (two blocks 

separated by mud), overlain by 79005, show an interesting sequence 

of deposition occurring over about 100 Ka (Figure 5.17). The base date 

on the basal block (A) of 140 Ka (9% Th yield) is only ?ems away from 

the 109 Ka top date, without any apparent hiatus in growth. A.G,Latham 

(pers . comm.) has obtained a top date of 114 Ka for an equivalent block 

- in good agreement with this result. For these reasons and the fact 

that the base consists of porous, macro-crystalline calcite, the 140 Ka 

age is probably too· old. Between blocks A and B is a hiatus represen

ting only abouts Ka. Correction for detrital thorium i n ages determined 

for the upper part of the centre block (B) shows that the hiatus between 



77120A 

222 


79005 

detrital layer 
+

53.8-2.5 (51.1) 

<E-- hiatus 
(mud layer) 

~ 65.9~~:5 

~ 86.5~4:~ (62. 3)77120B '" . 

~ 67.0 ± 2.4 

~hiatus 

3 •9~ 86.8 ~ 3. 7 

+ 3.5 
~ 103.6 - 3.4 

~--------~hiatus (mud 
layer) 

3 7~ 109.1 + · 
3.6 

+10.6<---- 140.1 
- 9.8 

Figure 5.17 Sections of flowstone sequence 77120A/B - 79005 showin a 
'""4 0

growth hiatuses and 230rh;~~ U ages (ages cotrected for 
detri tal Th are shmvn in bro.ckets). 



223 

white and brown calcite represents a time gap of about 20 Ka. A 10 

Ka time gap is represented by the mud layer between 77120B and 79005. 

The four internal detrital horizons in 79005 probably result from 

flooding events over the period 54 to 43 Ka (51 to 38 Ka if corrected 

for detrital thorilllil). 

The Bridge Hall flowstone (77121) is a complete section from 

a large slab fallen from its growth position about lOm above present 

floor level. Contrary to its appearance (Figure 5.16), inspection of 

the in situ parent flowstone showed the brown calcite to be the younger 

deposit. Ages for the basal white flowstone are inverted with respect 

to the stratigraphy and no reason for this can be found. The hiatus 

separating the white and brown calcite layers represents a time gap of 

between 50 and 70 Ka depending on the basal age used. The brown calcite 

appears to have grown rapidly over the period 58 to 52 Ka and the second 

hiatus seen in Figure 5.16 has apparently little time significance. 

79003 was collected from a collapsing flowstone boss at a 

higher level than the parent flowstone of 77121, but in the same rift 

passage (the Lancaster Hole entrance shaft) . Its basal age of 199 

( ~ 20) Ka is one of the oldest obtained for this cave system. The top 

is as yet undated. The oldest speleothem found is 76127, a small loose 

block fotmd near the top of the Stop Pot ladder. It dates from 238 

(base) to 225 Ka (top); age errors overlap at the la level. An initial 

basal age determination of > 350 Ka is rejected on the grounds of low 

U and Th yields and the results of subsequent analyses by both 

230 234 231 230 .Th/ U and Pa/ Th methods (Appendix 4 a). 

All other speleothems dated from this system are postglacial with 
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base dates ranging from 11.S to 9.0 Ka. These include loose stalag

mites from Easter Grotto, East Montagu Passage and Eureka Junction 

and also one in situ stalagmite grown on block fall from the high 

level passages near Stop Pot. 

Large variations in uranium concentration (0.21 to 17.1 ppm) 

and initial 234u; 238u ratios (0.74 to 1.74) are foun d in speleothems 

from this system. There is some tendency for high U concentration to 

234u; 238correlate with low u ratios but 76121, 76122 and 76129 are 

exceptions to this (see Appendix 4a). However, there does appear to 

234u; 238
be 	 t . 1 re1 · h" · h respect to u rati·os. Alla spa ia ations ip wit 

Easter Grotto, Eureka Junction and Stop Pot speleothems have initial 

ratios less than 0.82, while outside of this area ratios range from 

1.04 	upwards. There is no .unusual hydrological, topographical or 

234
geological feature in this area that can explain this pronounced U 

depletion in speleothem. 

5.7.1.1 	 Discussion 

The following may be inferred: 

1) 	 the general lack of speleothem older than the last interglacial 

(broadly defined here as 140 - 70 Ka) suggests that either little 

had grown prior to this time, or more likely, prolonged and 

extensive erosion has removed or obscured most speleothem of greater 

age, 

2) 	 the major high level trunk routes as typified by that at Stop Pot, 

would appear to be de-watered by at least 240 Ka if sample 76127 

originates from this route, 
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3) 	 the entrance shaft of Lancaster Hole was of vadose character and 

developed to at least 20m deep, 200 Ka ago, 

4) 	 the last interglacial saw the development of many speleothems, 

particularly in the Lancaster Hole part of the system. It is 

likely that the Colonnades (Sm high stalagmite columns connecting 

roof to floor) were initiated during this period. Many of the 

dated samples contain mud layers or internal erosion surfaces due 

to temporary flooding and sediment deposition or prolonged periods 

of non-growth. The results suggest that a short period around 

105 Ka saw no speleothem growth (Figure 5.15) and there may be at 

least one common depositional hiatus during the period 90 - 65 Ka. 

More dating of speleothem adjacent to a hiatus is needed to show 

this. 

5) 	 re-solution features on the surface of interglacial speleothems 

indicates a period of ponding or full phreatic conditions sometime 

between 65 and 38 Ka. This may only be a local effect confined to 

Bill Taylor's Passage because these features are not clearly seen 

on the Bridge Hall and Colonnades Passage speleothems (although the 

latter sites are at a higher elevation, Figure 5.7). The ponding 

is unlikely to relate to the pool crust deposit dated at 35 Ka 

because this represents a depositional, not solutional, phase. 

6) 	 a major erosive period between 38 Ka and the present is. indicated 

by accumulation of loose, broken and buried speleothems older than 

this in the sediments of Bill Taylor's Passage. Other broken 

speleothems, not buried in sediments from this passage, East 

Montagu and Easter Grotto and which are of post-glacial age, are 
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probably the result of recent vandalism rather than natural processes . 

5.7.2 Gavel Pot 

The two stalagmites from Glasfurd's Passage were both dated 

as post-glacial. This was surprising because 76190 was nearly lm long 

and lay partially covered by a cemented boulder collapse and 76191 

showed calcite-pool encrustation features on its outer surface. This 

suggests that the cave passage has been post-glacially more active 

than might have been expected from its location and appearance. The 

rapid growth rate of 76190 (- lOcm/Ka) suggests that the passage has 

taken a strong draught during post-glacial times, causing the speleo

them to grow by evaporation and rapid loss of co2 . A slight air 

current can be detected in the cave at the present time. 

5.7. 3 Lost John's System 

Three deposits have been dated as last interglacial from the 

inner reaches of this cave system. A loose flowstone block (76160) 

containing detrital layers, grew from 128 to 123 Ka (121 to 116 Ka 

if corrected). It was collected from a boulder choke at the end of 

the Lyle Cavern High Level Series (Figure 5.8). Another loose block 

(76164), embedded in mud deposits in a washed-out bedding plane in 

the Main Drain, grew from 106 to 99 Ka. It contains a prominent 

hiatus dated on either side at 106.3 and 104.S Ka. An in situ, hanging 

flowstone, (76165/77162), located near 76164 was sampled about 2.5m 

above stream level. It appears to have grown continuously from 113 to 

92 Ka and no hiatus is seen in the growth layers. Of the two dates 
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231 230determined by the Pa/ Th method one lies well outside this range 

(165 .7 ~ i~: i Ka, Appendix 4 a) . 

This latter deposit is the most significant of those dated from 

this cave, in terms of its implications for speleo genesis . The ages 

show that not only was the Main Drain in a vadose condition at that 

time, but that during the last 115 Ka it has only entrenched a maximum 

of 2.5m, a rate of'°'2.2cm/Ka. 

5.7 . 4 Kingsdale Master Cave 

Four ages have been determined on two loose flowstones and two 

in situ stalactite-flowstones in the Roof Tunnel. The ages lie between 

324 Ka (77240) and 168 Ka (77241). Large error limits (up to~ 100 Ka) 

accompany the older deposits. Sample 77240 is an indurated flowstone 

veneer forming the roof of the passage at one point and is a comparable 

sample to that dated by R.S.Harmon at > 400 Ka (Waltham - pers. comm., 

reported in Atkinson et al. 1978). A.G.Latham (pers. comm.) has dated 

an apparently similar sample at 173 Ka. The low weight of the sample 

used in the present analysis, the fairly low thoriwn yield (14%) and 

the low uraniwn concentration (0.20 ppm) combine to give a large degree 

of uncertainty to this result. The other in situ speleothem (77241 at 

168 Ka) also shows extensive surface re-solution features and collec

tively, this evidence suggests that: 

1) the Roof Tunnel has seen at least one period of ponding or a return 

to phreas flow since 168 Ka, 

2) Vadose conditions in the Tunnel must have existed at least prior to 

168 Ka and possibly before 320 Ka for these speleothems to develop, 
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3) the age quoted by Atkinson et al. is probably too high if the 

sampling site used by all three workers is the same. 

These results show the Master Cave Roof Tunnel to be a surprisingly 

old feature, for it is only 10 - 15rn above the present phreas level. 

This aspect and its implications for the development of Kingsdale 

are considered later on. 

5.7.5 Ibbeth Peril I 

The three samples collected from this cave (76110, 76111 and 

76112) are all found to be post-glacial deposits (10.1, 13. 7 and 7.6 

Ka respectively). An earlier attempt to date a composite sample of 

76111 gave an age of 29.4 Ka, (26.9 Ka if corrected) and subsequently, 

a near replicate gave 13. 7 Ka. No reason can be found for the initial 

result and in view of the replicate age, it should be treated with 

caution. 

In spite of its present proximity to the water table, Ibbeth 

Peri l I appears to have been well-developed sometime before the last 

glaciation because the dated samples overlay sediments which may have 

completely filled the passage at one time. The sediments are probably 

of fluvioglacial origin and those not cemented by calcite have been 

excavated and removed by flooding some time after the formation of the 

youngest sample (7.6 Ka ago). The cave was probably formed during or 

before the last interglacial. 

5.7.6 White Scar Cave 

Four ages, each> 350 Ka,have been determined on three loose 

flowstones from this cave as described below. Base and top ages for 
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a large boulder of flowstone (76100) in the main streamway were both 

beyond the dating limit. The sample was a short distance downstream 

from the Pulpit, a boulder-strewn passage, partly infilled by collapse 

from passages above. The flowstone presumably came from a now-blocked 

branch passage of the Western Front which runs some 20m above and to 

one side of the streamway (Figure 5.10). A smaller loose flowstone 

76102, from near the end of the Western Front also was older than the 

dating limit. A loose flowstone 761068, taken from boulders in the 

Yard, near the beginning of the Sleepwalker Series has a top age of > 

350 Ka. This sample is interesting in that it contains at least four 

internal breaks in growth and each new calcite layer is a different 

colour (Figure 1.3). 

A thin flowstone slab, 76106A, also found lo.ose in the Yard, 

has finite ages of 255 (base ?) and 218 Ka (top ?), with overlapping 

error limits. The only other ages within the dating range are from a 

post-glacial stalagmite, jammed in boulders out of growth position, 

from the Far Streamway roof tube. Its basal age was 11.6 Ka (9.4 Ka 

when corrected) and top age was 6.0 Ka. 

The ages of > 350 Ka demonstrate the antiquity of the high 

level passages in this cave, provided that the dated flowstones 

originate from them. None of the samples appear to have undergone 

appreciable re-solution, suggesting that the Western Front and 

Sleepwalker Series were largely de-watered before 350 Ka. Therefore 

the Main and Far Streamways had developed and were taking the bulk 

of the water flow by this time. These results reinforce the tentative 

proposal by Atkinson et al. (1978) based on one speleothem date of 

225 c: 60) Ka in the Main Streamway, of early vadose development and 
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d_owncutting of the stream passage. The significance of these results 

in tenns of the development of Chapel-le-Dale is discussed later. 

5.7.7 Gaping Gill 

Two samples from Gaping Gill are dated at > 350 Ka. One of 

them, 76202, is from the base of a large flowstone boulder lodged 

part-way up the boulder slope in Mud Hall (Figure 5.11). The top has 

not been dated so far. The second, 77200-2, is from the base (?) of 

a pi ece of indurated flowstone taken from a fallen block in the aven 

of North Craven Passage. The top is dated at 289 (! 22) Ka, and no 

hiatus is seen in between. 76211 and 77209 are pieces of the scalloped 

flowstone veneer found on the wall respectively near to, and beneath, 

a large calcite-cemented cobble shelf in Old East Passage (Figure 5.18). 

Both samples contain some detritus but are little affected by leaching 

of detri tal thorium (Appendix 4 a). They date at 253 (~ 27) Ka and 

319 (! > 45) Ka respectively. 

Collectively, these speleothems demonstrate the age of the 

Gaping Gill system and show that the high-level fossil tunnels of 

Old East and Far East were vadose by at least 300 Ka and probably 

by > 350 Ka, Re-solution features on 77200 may be a recent effect 

because the present block sits in spray from the aven waterfall. 

Scalloping on the Old East flowstones however, appears to be an 

ancient feature because the scallops themselves are pitted and eroded, 

suggesting that the cause of the scalloping (fast flowing water), 

occurred a long time ago. Since deposition of this flowstone, Old 

East Passage appears t _o have been filled by sediments at least to the 
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Figure S.18. 	 Two features of speleogenetic and geomorphic significance in the Gaping Gill system: 
a) a shelf of calcite-cemented cobll.es hanging 2m above modern floor level in Old East Passage, 
b) a 4-Sm thick sequence of varved sediments in Sand Caverns, overlain by stalagmite 76209. 
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level of the calcite-cemented shelf and then re-excavated to its 

present level. It has not been possible to obtain a sample of clean 

calcite from the shelf itself. 

Further evidence of the antiquity of cave development in the 

Gaping Gill area comes from an age of > 350 Ka on a clean flowstone 

block, 76220, collected from the entrance series of Newby Moss Cave 

(Figure 5 .1) . 

Only one speleothem of last interglacial age has so far been 

dated. 76207 is a loose, eroded stalagmite found on mud a short 

distance along Nevada Passage in the Far Country Series. The top 

(135 ~ 15 Ka) and bottom ages (114 : 8 Ka) are inverted with respect 

to the stratigraphy but overlap at the la level. 

Five ages between 50 and 37 Ka, have been determined on three 

speleothems from Gaping Gill passages. 76206 is a thin flowstone 

veneer dated at 43.5 Ka which forms the remnants of an old false 

floor in Henslers Upper Passage. Most of the underlying sediment has 

been excavated sinc·e this time. 76210 is a loose stalagmite found on 

mud in Old East Passage. It shows rapid growth between 38.5 Ka (base) 

and 37.7 Ka (top). A prominent hiatus near the top therefore only 

represents a short time gap. 77205, a loose, eroded stalagmite was 

collected from the end of Far East Passage and grew during the period 

49.7 Ka (top) to 46.4 Ka (base). The ages are stratigraphically 

inverted but they overlap at the 2a level. This speleothem also con

tains a distinct growth hiatus, but it too appears to represent only 

a small time gap. Both 76210 and 77205 show no significant change in 

234U/2380 h. h . . ratio. across e h.eit er uranil.llil concentration or t iatus. 
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These ages indicate a limited period of speleothem growth comparable 

to that seen in the Lancaster Hole data. 

Half of the· dated Gaping Gill collection has proved to be post

glacial (Figure 5.15). Eight speleothems from the high level fossil 

passages of Old East, Far East, Stalactite Chamber, Sand Caverns and 

West Chamber are dated over the range 14.6 Ka to 0.8 Ka (the oldest 

corrected ages all show growth beginning between 10 and 8 Ka) . Some 

speleothems, although lying loose on sediment, were found to be almost 

modern and were therefore probably broken by vandalism rather than by 

natural processes. Unforttmately, a short, in situ stalagmite 76209, 

collected from the top of thick varve deposits in Sand Cavern (Fig

ure 18b) was found to be very young (0.8 Ka basal age), so that no 

useful upper time limit can be placed on the varves. 

5.7.8 Ingleborough Cave 

In contrast to the adjacent Gaping Gill system, and to other 

caves in this study, most of the speleothem dated from Ingleborough 

Cave grew during the last interglacial, from about 140 to 70 Ka. Al

most all of it was collected as loose or in situ flowstones from the 

upper levels of the Giant's Hall aven (Figure 5.13). Unfortunately 

most samples have very low uranium concentrations (0.04 - 0,14 ppm) 

and appreciable levels of detrital thorium (0.01 - 0.08 ppm). As pre

viously shown, (Chapter 2),this situation gives rise to large error 

limits and large age shifts when correction for detrital thorium is 

made. For this reason, almost all the determinations have been omitted 

from Figure 5.15 in order not to suggest equal reliability of these 
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results with others. They are listed instead in Appendix 4a. Two 

post-glacial speleothems from the show cave have higher uranium con

centrations (0.37 to 0.95 ppm) but also contain higher detrital thorium 

levels (0.05 to 0.12 ppm). They too are only presented in Appendix 4a. 

One sample that shows little or no contamination and contains 

enough uranium for reasonably precise dating is 77143. It comprises 

an upper block (A) and lower block (B) dated respectively at about 

98 Ka and 109 to 125 Ka. The upper block consists entirely of macro

crystalline calcite with indistinct growth layers and numerous pores 

bounded by crystal faces, and appears to have grown rap i dly. The lower 

block is less porous and is well laminated (Figure 5.19). The three 

deter minations show no contamination and they agree with the strati

graphy. A distinct muddy hiatus separates the two blocks and occurred 

between about 107 and 99 Ka (determined by extrapolating ages to extreme 

top .and base) . 

These ages for speleothems which range in height from near 

floor level to about lOm above it (about 3 to 13m above the modern 

phreas) generally indicate that vadose conditions at least down to 3m 

above modern water level existed in the cave over 120 Ka ago . It i s 

probable therefore that the high level chambers and rifts such as 

Giant ' s Hall, Second Gothic Arch and Upper Inauguration Series were 

forme d during or previous to the penultimate interglacial (probably the 

Hoxnian). The re-routing of Gaping Gill water from Cellar Gallery 

and the show cave to Beck Head Cave may have begun during or before the 

last interglacial, because the Giant's Hall flowstones show little 

evidence of surface re-solution from flooding that would have occurred 
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prior to the opening of this drainage route. It would seem therefore 

that the present drainage of Gaping Gill to Ingleborough Cave has 

persisted for at least 200 Ka, and therefore fossil, truncated tubes 

such as Foxholes (Figure 5.1), upvalley from Ingleborough Cave and 

possibly connected to the end of the show cave section, would have been 

active only before this period. 

5. 7.9 Victoria Cave 

Speleothems from this cave have surprisingly yielded the most 

extensive span of ages of all the caves examined. The addition of data 

from recently acquired flowstones of archeological interest has fortui

tously filled in a gap in the initial set of age data. The · results are 

considered in four parts based on age groupings. 

5.7.9.1 	 > 350 Ka 

Seven speleothem samples lie beyond the limit of the dating 

method 	although the age of one of these (77236) is in doubt. This 

234rather porous sample has a high 230rh; u ratio (1.156) suggesting 

preferential uranium leaching. In contrast to all previous speleothems 

of this age range, six of the seven samples were in s i tu when collected. 

76151 is from a flowstone block, apparently loose, found in a pile of 

similar blocks, bedrock and mud in the low muddy loop passage near the 

back of the entrance passage (Figure 5.14). 76155 is taken from a 

calcite wall veneer and contains a prominent growth hiatus; only the 

youngest layer has been dated. 77230A is the lowest, and presumably 

the ol dest in a 3m sequence of overhanging flowstones and sediments near 
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the back of the cave. Its age of > 350 Ka may be incorrect because of 

the low thorium yield obtained (5%) - this is perhaps reflected in the 

230 234rather high rh/ u ratio (1.103). The remaining samples of this 

age were collected in situ from various levels within the excavated mud 

layers in the cave entrance (see Figure 5.20a). 

5.7 . 9.2 310 - 180 Ka 

Many loose and in situ flowstones (including one stalagmite) 

have ages within this interval. 76152 and 76154 (219 and 180 Ka respec

tively) are samples of loose flowstone blocks in the loop passage pile 

232(Figure 5.14). 76152 is noteworthy because of its high Th content 

(0.32 ppm), the highest found in this study. Correction for detrital 

thorium only shifts the age to 161 Ka, thus showing the lessening 

effect of detrital 230rh, as speleothem age increases. A flowstone 

layer (F) higher in the sequence of 77230 deposits, dates at 253 Ka; 

the topmost layer has not been dated yet. A short stalagmite (77231) 

and an in situ section of flowstone curtain (77234) both from the loop 

passage, date at 243 and 214 Ka respectively. 

77159 shows an interesting internal stratigraphy . . It contains 

four thin layers of flowstone each separated by a detrital horizon 

representing a break in growth, and each is a different colour. Its 

basal age is 307 Ka and the top layer dates at 104 Ka (92.5 Ka when 

corrected). The sample was found in situ on the back wall of the cave, 

about Sm above the present (excavated) floor and lm below the roof. It 

forms part of a continuous horizon on the cave walls and is probably 

a remnant . of a once-continuous cave floor initially formed prior to 
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307 Ka. The intermediate layers have not yet been dated. 

The most important deposit from Victoria Cave, 77151,is a 

flowstone taken from an extensive, slumped deposit formed in the loop 

passage against the cave back wall (Figure 5.14). The flowstone mass 

was first exposed in a trench excavated in the main chamber for about 

9m into the lo-0p passage, by A.King in 1977. The flowstone overlies 

calcite-cemented angular fragments of clay resting on bedrock. These 

fragments have been examined for size fraction and mineralogy by 

Dr. John Catt. Initial results show that the sand-size fraction is 

almost ' wholly composed of clay aggregates cemented by iron oxides. 

In comparison to other sediments analysed in the cave this indicates a 

fair l y cold environment at the time of deposition (Catt 1979, pers. 

comm . ). 77151 contains a small stalagmite in its basal section 

(Figure 5.21). Breaks in deposition are seen between the lower (A) 

and· middle (B) blocks, and 3cm above the base of the upper block (C). 

The division between B and C blocks appears to be a natural fracture 

along growth layers, rather than a depositiqnal hiatus. In total, 

nine ages have been determined at various levels of this speleothem 

showing growth over the period 290 - 190 Ka. Agreement with the 

strati graphy is seen in all results within error limits, except for 

one determination on the basal stalagmite. In view of the use of a 

low weight of sample in this analysis, and the overlying age sequence, 

this result has been rejected. The speleothem grew almost continuous

ly from about 287 (~ 30) Ka to 250 (~ 25) Ka with a short break in 

growth between blocks A and B at about 280 Ka. Two analyses of the top 

of block C are in excellent agreement and show that growth ceased 



Figure 5.21 Section of flowstone blocks comprising 

77151 from Victoria Cave, showing growth 
230 234hiatuses, Th/ u ages and locations 

of stable isotope samples. 
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about 190 Ka. However, the extent of the time gap represented by 

the hiatus in block C is not made clear by the remaining age deter

minations. Two analyses above the hiatus give 188 and 255 Ka although 

thei r errors overlap at the 2a level. The stratigraphy is further 

discussed in conjunction with a stable isotope profile towards the end 

of this chapter. 

5.7 . 9.3 130 - 90 Ka 

Only one age from the last interglacial period has been ob

tained from speleothem collections made in the cave (77159, previously 

described) . More evidence of speleothem deposition during this inter

val has come from dating flowstones associated with bone collections 

presently held in the Pigyard Museum, Settle. These flowstones formed 

part of the 'lower cave earth' (Figure 5.20b) completely excavated by 

members of the British Association for the Advancement of Science, and 

others, since about 1840 A.D. (Tiddeman 1873, Warwick 1956). Exact 

positions and interrelationships of these samples were not well recor

ded and much of the archeological history of the cave is therefore 

inferred from old reports, personal diaries and the bone collection 

available today. Three samples of flowstone surrounding mammal bones 

have been dated. 79000 encloses a single rhinoceros molar, 79001 part 

of a lower rhinoceros jaw with some teeth present, and 79002 a red deer 

antler. The identifications are provisional ; at present, but 79000 and 

79001 are both thought to be from the narrow-nosed rhinoceros, 

Dicerorrhinus hemitoechus, (King, Lord, pers. comm.; Sutcliffe et al. 

1976). 
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Because the speleothem deposits form a mould around the bone 

remains, they must all post-date the bones, and will become younger 

fur t her away from the bone, given that the flowstone growth layers are 

conf ormable to one another. 79000 was dated at 102 c: 7) . Ka (6 % Th 

yie l d) adjacent to the tooth while 79001 gave ages of 104 (~ 6) Ka (99 

Ka when corrected) nearest to the teeth and 126 (± 9) Ka 2 to 3cm 

away from the teeth. This apparent stratigraphic inv.ersion of ages. 

in 79001 may be due to the statistical nature of the age determinations 

(2a error limits overlap) or due to contamination of calcite adjacent 

to t he bone by uranium-rich bone fragments, al though an ?-ttempt·· was 

made to exclude calcite adjacent to the bone for this reason. Sample 

79002, enclosing the deer antler was dated at 131 (± 9) Ka (123 Ka 

when corrected). 

5.7.9. 4 20 - 0 Ka 

Only one speleothem has been dated within this age range. 

76153 is a thin flowstone/stalactite crust found loose on a pile of 

blocks in the loop passage. It preslUilably had fallen from the roof. 

The youngest layer of the flowstone was dated at 19 Ka (11. 4 Ka when 

corrected). The absence of other post-glacial speleothems in the 

collection is probably due to the accessibility of the cave to visi

tors and tourists over the last century, so that any fresh, attractive 

deposits would have been removed for souvenirs. The more ancient 

deposits have survived because they are difficult to remove and far 

less attractive, 
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5.7.9.5 	 Discussion 

The ages determined here indicate the following 

1) 	 the cave is a particularly old feature of the Craven karst region 

- this has been proposed before from purely geomorphological 

considerations (Sweeting 1974) and is proved here by the presence 

of numerous speleothems older than 350 Ka. 

2) as judged from the presence of many in situ deposits of speleothem, 

glaciations. and fluvial periods since this time have had remarkably 

little effect on the deposits in the cave. This can be seen, for 

example, from ~he age of > 350 Ka for the laminated clay sequence 

(determined from interbedded in situ flowstones) which lies in the ent

.rance passage. The clays may have been formed during times of 

ponding of water (glacial meltwater ?) caused by blockage of the ent

rance by moraine and talus (Figure 5.20a, b). 

3) 	 the abundance and range of ages of flowstones between 310 and 180 Ka 

generally indicates a temperate climate without any prolonged gla

ciation. However, the hiatus in 77151C and the lack of determined 

ages between 240 - 220 Ka may indicate non-deposition associated with 

a cold period. 

4) 	 the presence of rhinoceros and red deer in the Craven area during the 

last interglacial is cle~rly shown by these results. If Ipswichian 

dates can also be placed on flowstones associated with hippopota

mus remains in the Pigyard Museum, then these results are best expressed 

by Dr. Tony Sutcliffe 's comment (in Sutcliffe et al. 1976): "It seems 

incredible, at the present day, to think of hippos walking across 

this wild part of the Yorkshire moors"! 
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5.7.10 	 Sleets Gill Cave 

Only one sample has been analysed from this cave. 77172 is a 

sect ion of a hanging stalactite curtain in the main tube passage. 

Because of its porosity, only a thin coarsely-crystalline calcite layer 

was removed to attempt dating. The result showed a very low uranium 

concentration (0.02 ppm) and a 230Th/ 234u ratio of 1.715. Both . factors 

are good evidence for extensive uranium migration from this sample and 

the calculated age of > 350 Ka is not reliable. 

5.8 Quaternary Chronology and Classification 

5.8.1 	 Age Frequency Distribution 

The f requency istri ution or raven spe eod . ·b · of 230Th/ 234u ages f C 1 

thems (with the exception of those with high detrital thorium from 

Ingleborough Cave, as previously described) over the period 0 to > 350 

Ka is given in Figure 5.22 at 1 Ka intervals, corrected and uncorrected 

for detrital thorium . .. A second histogram (Figure 5.23) shows · the 

frequency distribution at 5 Ka intervals and by including inferred growth 

periods (ie. those between a base and top date) better illustrates 

periods of continuous speleothem growth. Unfortunately, in the s'election 

of samples for dating the tendency has been to detenni ne a basal age 

first and only later perhaps a top age, with the result that the distri

bution is biased towards the earlier parts of a growth period. The correct

ion for detrital thoriwnis seen to 'clean-up' both histograms, and a nwnber 

of distinct age clusters become apparent. Five periods of abundant 

speleothem growth can be recognised in Figure 5.22. These periods are 
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correlated in Table 5.2 with the British Quaternary record previously 

described. A detailed analysis follows. 

5.8 . 2 Speleothem Growth 

After correction for detrital thorium, no reliable ages are 

found to lie in the interval 34 - 15 Ka, a period roughly encompassing 

that of the late Devensian glaciation in England. This strongly supports 

the contention that speleothem only grows in non-glacierised regions. 

The periods of speleothem growth seen in Figure 5.22 must therefore be 

determined by conditions such as lack of perma-frost, open drainage routes 

etc. as discussed in Chapter 1. 

The abundance of ages in any one cluster is unfortunately not 

simply a direct function of the warmth of a period. Factors such 

as bias in sampling and selection for analysis, differential preserva

tion of speleothems and changes in local hydrological routing also 

influence their abundance at any given site. These factors are pre

sumably responsible for one aspect of Craven age data seen in Figure 

5. 15: Victoria Cave is the only system which contains abundant, 

well-preserved, in situ speleothem older than 180 Ka, and yet contains 

almost no Ipswichian speleothem. Lancaster Hole - Ease Gill caverns 

show the reverse characteristic and Gaping Gill is intermediate 

between the two. 

One main purpose of this study was to obtai n speleothems as 

old as possible in order to date morphological events in these caves. 

Therefore modem-looking speleothems were not sampled and not dated 

if later suspected to be modern. Many of the post-glacial ages given 
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Generalized Equivalent Detailed Equivalent 
speleothem age British speleothem age British 
groupings (Ka) stage groopings(Ka) sub-stage 

0 14- FI.ANDRIAN 
post-glacial - -

D LATE none Late Devensian 
glaciation 

E 
M 

v I 35 45-
Upton Warren 
Interstadial 

35 - 70 
E 

D 
N D 

50 - 60 none 

s 	 none ChelfordL 
I 

~ 65 - 70 Wretton ? 
A 

EARLY - none Early Devensian
N 

I 
p 

s 85 - - 105 ? none 

w 
85 - 130 I 

c 
H -105 - -130 Ilfordian ? 
I 
A 
N 

none WOLSTONIAN none none 

180 - -220 HOXN'IAN none none 

A none ? Lowestoft Stadial
N 
G 

-250 - - 300 	 L none ? Corton Interstadia l 
I - - - - - - - - - - - - - - - - - 
A 

? Cromer Stadia! 
~ 

> 350 ? CROMERIAN ? 

Table 5.2 Correlation of speleothem growth periods for N.W. England 

with the British Quaternary record. 
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here were obtained accidentally while dating what was thought to be 

older speleothem. Consequently, the distribution frequency of 

speleothem ages is not necessarily representative (i.e. lower than) 

its true frequency in the caves studied. 

In conclusion, it can be seen that many factors must be con

sidered when making paleoclimatic deductions based only on an age 

frequency distribution. 

5.8.3 Holocene and Post-glacial Speleothem 

Speleothem ages younger than 20 Ka are replotted in Figure 5.24 . 

Many are affected by detrital contamination (usually because the base of 

the speleothem is contaminated by underlying mud and gravel which are 

incorporated into its lower layers during growth). Most samples began 

growt h during the period 14.5 to 11 Ka (13.5 to 9.0 Ka if corrected). 

Because the correction method uses a somewhat arbitrary value of initial 

230Th/ 232Th ratio (= 1.5) and ignores other influences (Chapter 2), it 

is best to consider only the uncontaminated results if the time of 

speleothem initiation is to be determined at all precisely. 

Figure 5.25 shows these few results along with present esti mates 

for the timing of British and N.European post-glacial climatic events. 

The triple cold periods of N.Europe (Dryas events) and the climatic 

oscillations of England and Scotland (principally the Windermere 

Interstadial and Loch Lomond Re-advance) do not clearly show their 

influence on speleothem growth in Figure 5.25. However, allowing for 

la err or limits it is possible that three speleothems (76111, 76128 and 

76191) began growing during the Windermere Interstadial. There also 
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(1978) for six determinations for Yorkshire and Mendip 

speleothem at the top of the diagram. 
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seems to be a sudden surge in growth frequency between 10 and 9 Ka 

(many of the ages corrected for detrital thorium also fall in this 

interval). The general lack of ages younger than 5 Ka (regarded as 

a period of ful l interglacial wannth) is an artefact of sampling and 

analysis. 

These results neither support nor oppose the possibility of 

a wann late-glacial interstadial (Windermere) centred on 12.5 Ka as 

proposed by Coope (1977b). It is possible that insufficient vegetal 

cover had developed during this short warm spell, to generate enough 

co2 in the sub-surface to cause much speleothem to fonn in the caves 

be l ow. In this case it could be argued that speleothem growth lags 

penna-frost free conditions by as much as 1 Ka, and relies heavily on 

the rapidity of development of a surface vegetation cover. Only a more 

detailed study of basal ages of post-glacial speleothem will detennine 

the importance of this. 

For comparison, Figure 5.25 also shows six ages determi ned by 

Atkinson et al. (1978) on speleothem from Gavel Pot and White Scar 

Cave, and from G.B. Cave (Mendip). For consistency, only those ages 

. h 230 h/232Th . h b d Thwi t T ratios > 20 ave een plotte . e large errors 

quoted by these authors are due in part to an error in the computer 

program used by these authors - see Chapter 2. Their data generally 

agree with the results presented here, except that one age of 16.5 

(! 4) Ka indicates speleothem initiation in the Craven Area much 

earlier than found in this work. 
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5.8.4 Devensian Events 

S.8.4.1 Late Devensian 

No reliable speleothem ages are found in the period 34 - lS 

Ka, This correlates well with other data regarding the duration of 

the Late Devensian glaciation. The scarcity of radiocarbon ages 

during the early part of this period and the general indication of 

arcti c, tundra-like conditions from faunal evidence (Shotton 1977), 

suggests that periglacial or glacial conditions prevailed in northern 

England during this time. The absence of speleothem ages for this 

interval also indicates perma-frost or full glacial conditions. 

5.8. 4 .2 Mid - Devensian 

This period (SO - 26 Ka) shows intermittent speleothem growth 

from SO - 3S Ka, with the greatest abundance at about 39 - 38 Ka. 

These results generally agree with those of Morgan (19 73) and . ·· 

Coope (1977b) who place the Upton Warren Interstadial maximum at about 

43 Ka based on ages of warm-species beetle assemblages from the 

Midlands. However the rapid development of warm conditions out of 

an arctic, tundra-like climate before 4S Ka is not clearly seen from 

the present results because a few speleothems show intermittent growth 

well back into Early Devensian times. The detrital horizons in 7900S 

(Figur e 5.17) may indicate sudden warming trends (flood events ?) 

during S4 - 40 Ka, and sample 77121 indicates a period of rapid growth 

(Figure S.16) from 58 ~ 52 Ka. 
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S.8 . 4.3 Early Devensian 

Speleothem data provide no clear evidence for either of the 

two interstadials proposed for Early Devensian time: the Chelford 

(63 - 61 Ka) and the Wretton (68 - 65 Ka). Only two corrected ages 

lie in the interval 65 - 60 Ka (Figure 5. 22). Instead, in.termi ttent 

growth of low abundance is found over the entire period 70 - 50 Ka. 

In complete contrast to this, Atkinson et al. (1978) found three 

speleothems from Mendip and Yorkshire that grew during the Chelford 

interval, although the ages have large error limits (± 4 to ± 19 Ka) 

and apply to low uranium speleothem (0.05 to 0.19 ppm). 

The lack of speleothem evidence in this study for these inter

stadial events may be due to sampling bias or the statistical nature 

of the ages and associated error limits. It is unlikely however 

that sampling bias is the cause because two speleothems near to 

this time period (77121 and 79005/77120) show continuous growth before 

66 Ka and after 58 Ka, whereas in each case the period 63 - 61 Ka 

is one of non-deposition. Only correction of dates of two heavily

contaminated samples of 77120B provide ages within this bracket. 

These results suggest that the existence of the Chelford and Wretton 

interstadials as distinct periods of climatic amelioration is in some 

doubt, and that instead a period of cool but non-arctic conditions 

may have existed in N.England over the period 70 - 50 Ka. 

However, the observed rapidity of these ameliorations and deteriora

tions of climate may preclude adequate development of a soil and 

vegetation cover, which in turn will give rise to abundant speleothem 

18growth in the caves below. Only o o variations in these speleothems 
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have the necessary resolving power to identify these interstadials. 

Intermittent periods of speleothem growth from 90 to 70 Ka 

are seen in two samples (76122, 77120B) but do not appear in Figure 

5.22. This is because intermediate ages between base and top dates, 

particularly in 76122 (Figure 5.16) have not yet been determined; 

until this is done, little can be said about the climate over this 

period. It is possible though, that an arctic environment may have 

persisted sometime between 85 and 70 Ka such that perma-frost would 

have prevented all speleothem growth. 

5.8.5 Ipswichian 

The lower end of Ipswichian time is variously cited as - 80 

to - 50 Ka, the difference being most apparent between deep sea core 

workers and those concerned with the continental record (and therefore 

restricted by the limit of radiocarbon dating). A period of fairly 

continuous growth from - 130 to - 85 Ka is seen in the speleothem 

record (Figure 5.15). A number of samples end or begin growth, or 

contain a hiatus during the interval dated at about 105 - 100 Ka. 

They are summarized in Table 5.3. One notable exception to this is 

77162 which shows continuous growth from 113 to 92 Ka. If this depo

sitional break is due to a sudden cooling, then it is quite unsub

stantiated by any other paleoclimatic data. In fact, 104 Ka is the 

age attributed to a high sea stand (and therefore warm period) seen 

in Barbados and New Guinea reef terrace data (Mesolella et al. 1969; 

Bloom et al. 1974). An intense cold period has been proposed for a 

short interval lying between 125 and 105 Ka (Steinen et al. 1973). 
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Speleothem Cave Hiatus in growth 

Number indicated: (Ka). 


77120 Lancaster Hole between 103.6 and 109 .1 

77126 II II < .106. 0 

77121 II II < 109. 4 ? 

76135 II II > 94. 7 

77143 Ingleborough Cave between 109.5 and 98.2 

77159 Victoria Cave -100 

79000 II II > 102 .1 

79001 II II - 100 

76164 Lost John's Cave .between 106.3 and 104.5 

Table 5.3 Summary of speleothems which begin or end growth, or 

contain a growth hiatus about 105 Ka. 
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Alternatively it may be possible that the break in growth 

is not caused by a cooling but rather by the onset of warm arid 

conditions where speleothem deposition might cease over a large area 

due to reduction of water supply. This explanation would at least 

permit isolated growth as seen in 77162. 

One prominent feature of all Ipswichian results (Figures 5.15 and 

5.22 ) is the relatively small number of deposits dated at - 125 Ka, 

the supposed interglacial maximum. The period of most intense growth 

appears to be from 115 to 100 Ka (excepting - 105 Ka as described 

above). This observation has also been made by Harmon (1975) in 

previous speleothem work. Whether this has any significance is con

sidered further in the last chapter. 

5.8.6 Wolstonian 

Evidence for the timing, duration and extent of the Wolstonian 

glaciation is generally scarce in Britain. The speleothem data descri

bed here show a complete absence of dates between 167 and 141 Ka 

(161 - 141 Ka for corrected data). This is a situation comparable to 

that found for the Late Devensian glaciation, and therefore suggests 

that periglacial or full-glacial conditions persisted in N.England for 

at least 20 Ka, between ~165 - 140 Ka. 

5. 8. 7 Hoxnian and Anglian 

Hoxnian interglacial surface deposits are fairly abtmdant in 

southern and eastern England. Spe l eothems dating from pre-Wolstonian 

times are also quite abundant in Craven caves (Figures 5.15, 5.22), 
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and from these data the Hoxnian interglacial can be seen to end about 

180 Ka. The problem is however, at what point in the speleothem 

record does the Anglian end and the Hoxnian begin, and therefore (pre

suming no speleothem growth during Anglian stades) which are pre

Anglian deposits ? 

Sample 77151 from Victoria Cave shows continuous growth from 

about 290 Ka to about 250 Ka, followed by a hiatus representing anywhere 

between 0 and SO Ka depending on the ages used (Figure 5.21) . Growth 

ended about 190 Ka. The hiatus between 250 and 200 Ka also generally 

correlates to depositional breaks seen in other speleothems but over 

this age range, error limits are large . The speleothem thicknesses 

are also small, so that only short isolated records have been obtained 

and no clear regional depositional break is indicated. A potentially 

useful deposit, which so far has only two ages determined for it, is 

77230, a complex, 3m deep sequence of flowstones and sediment set high 

on t he southern wall in Victoria Cave. Results so far indicate 

periods of growth between > 350 and < 250 Ka. 

If Shackleton and Turner (1967) are correct in estimating the 

maximum duration of the Hoxnian to be about 30 - 50 Ka, then the gene

ral depositional hiatus at 220 (: 20 ) Ka in the speleothem data would 

permit a 40 Ka duration for the Hoxnian (from 220 - 180 Ka) and would 

place the late Anglian glaciation (the Lowestoft stadial) in the period 

250 - 220 Ka. This is somewhat earlier than the time scale proposed 

by Shackleton and Opdyke (1973) from deep sea core data, where the 

7-8 boundary (ie. the warming transition from Anglian to Hoxnian) was 

put at 251 Ka (Table 5.2). These authors in fact, propose that the 

classical Hoxnian in England does not correlate to this time peri od, 
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but to the more-intensely warm event (stage 9), about 100 Ka earlier. 

However, this proposal is in contrast with results of faunal studies 

which show that the Hoxnian was not a particularly warm period in 

England (discussed earlier in this chapter). 

The remaining speleothem ages over 250 Ka preswnably corre

spond to middle Anglian times and may extend further into the complex 

Cromerian period. The relevance of the speleothem results to pre

Wolstonian climatic events is considered in more detail towards the 

end of this chapter in light of the stable isotope results obtained 

from 77151 from Victoria Cave. 

5.9 Implications for Cave and Karst Development 

Three cave systems (White Scar, Gaping Gill with Newby Moss, 

and Victoria Cave) have been found to contain speleothem older than 

350 Ka. Two others, Lancaster Hole - Ease Gill and Kingsdale Master 

Cave contain speleothem older than 200 Ka. These results and those 

from Lost John's Cave have the following implications for understan

ding cave and karst development in the Craven Area. 

5.9.1 Erosion Rates of Cave Passages 

Two dated sites provide local maximum rates of entrenchment 

of cave stream channels. The first, in Lost John's, has been shown 

to give a maximwn rate of 2.2cm/Ka for the last 115 Ka. The second, 

in Kingsdale Master Cave Roof Tunnel shows a maximwn average down

cutting rate of 5cm/Ka over the last 300 Ka. Both these calculations 

asswne that there is no alternative route that the water may have at 

one time followed so as to bypass (abandon) the site completely for 
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an unknown interval. This could have happened in the Master Cave, 

where blocking off the Roof Tunnel above the present sump or water 

diversion via some parallel phreas may have occurred. The Main Drain 

in Lost John's is the only known streamway. Very low streamflows and 

armouring the floor with sediments (as is presently the case) will 

reduce the downcutting rate to zero. 

Other less definite rates of entrenchment come from 1) Stop 

Pot in Ease Gill Caverns where a downcutting of up to 20m has occurred 

in at least 240 Ka ( < 8cm/Ka), 2) ~~ite Scar Cave, where a 20m 

lowering of the stream level has occurred in> 350 Ka (< 6cm/Ka), 3) 

Ingleborough Cave, where a lowering of about 3m has occurred in > 120 

Ka ( - 2.5 cm/Ka). It should be remembered in the cases of Ease Gill 

and White Scar that the speleothem dated was not in situ-; and if it 

originated at a higher level, then these rates are only minimum values. 

5.9.2 Valley Entrenchment 

From this work, the major valleys, Kingsdale and Chapel-le

Dale , were essentially formed to their present dimensions by at least 

300,000 years ago. Specifically, the Kingsdale valley floor was no 

higher than lOm above its present level at about 300 Ka (although it 

must be remembered that it is presently floored by gravels to perhaps 

25m in depth. Chapel-le-Dale could have been up to 70m higher than 

present > 350 Ka ago, (from bench-top to valley floor, Chapel-le-Dale 

is about 200m deep). This entrenchment represents an extreme maximum 

rate of 20cm/Ka. Previous estimates of valley lowering by Sweeting 

(1974) (up to 60 m caused by glacial scouring) and Brook (1974) (20
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SOm per glaciation) can be seen to be high relative to these data. 

The speleothem results are consistent 'vi th the occurrence of 

two, and probably three, glaciations in the Craven area in the last 

350 Ka. Valley deepening accompa·nying these, ranges between < 1Om to 

25m per event. It is perhaps simplistic to think of valley glaciers 

alone effecting the deepening, given the very long time spans between 

successive glaciations. If it can be assumed that: 

1) the deep sea core record shows up to 20 glacial events in the 

northern hemisphere during the last 2.5 myrs, 

2) valley glaciers occupied the Dales during most of these events, 

3) erosive effects of interglacials and interstadials between these 

events were comparable to those of the last 350 Ka, 

then the downcutting of Chapel-le-Dale and Kingsdale into the lime

stone may have begun between 2 and 0.8 million years ago. 

5.9.3 Cave Development 

Previous theories of cave development in the Craven area 

have invoked cave initiation at a stable water table (Sweeting 1950) 

or up to SSm below it (Waltham 1970a). Ancient, drained phreatic 

tunnels have been ascribed to a 'pre-glacial' origin ( =pre

"Mindel-Riss glaciation") and vadose passages were considered to 

be post-glacial (Waltham 1970a). This concept was criticized by 

Brook (1971) who emphasized the presence of several glaciations in 

the Craven area and the importance of the intervening non-glacial 

periods in cave development. More recently (Waltham 1974) recognised 

two glacial events as significant in the development of the Leck Fell 
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caves, but although he retains their importance for valley down

cutting they are only marked by speleothem deposition and sediment 

infill in the caves. The results presented here and in Atkinson et 

al. (1978) show that Waltham's concept of glacial speleothem growth 

is wrong. 

Eyre and Ashmead (1967) and Ashmead (1974) have variously 

interpreted the development of the Lancaster Hole - Ease Gill system 

in terms of glacial/interglacial erosional cycles, or development of 

erosion surfaces in the area. The earlier work (1967) gave the most 

ambitious interpretation, and from the age data presented here can be 

seen to be the more correct in terms of the number of glacial/inter

glacial cycles the cave has seen, but incorrect in assigning most of 

the high level tube development to stage 'III', the 'Great' inter

glacial (= Hoxnian). It is more probable that these tunnels developed 

in pre-Anglian times. 

On the basis of speleothem ages of 225 Ka from the streamway 

of White Scar Cave and > 400 Ka from Kingsdale Master Cave, Waltham 

and Harmon (1977) and Atkinson et al. (1978) have proposed a pre

Anglian (probably Cromerian o.r Pastonian) age for the Dales. 

However Atkinson et al.(1978) resort to the 'water table concept' to 

explain the apparently comparable levels of the major fossil phreatic 

tunnels in the Craven area. They regard the 'ancient water table' to 

lie between 265m a.s.l. in the west near the Dent fault and at over 

300m a.s.l. in the Ingleborough area (Figure 5.26). The lack of 

vadose entrenchment in most of these tunnels is cited as evidence for 

rapid rejuvenation from above this level to modern base levels, and . 
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Figure 5.26 	 Diagrammatic section from Atkinson et al. (1978) proposing 

a 'pre-glaciation' topography and 'water table' for the 

area shown. 

Cave 

Approximate 
Mean Passage 

Passage Alti tude (m a. s .1.) 

Approximate 
Altitude of 
Present resurgence 

(m a.s.1.) 
Reference 

L:inc:i s tcr llole -

Ease Gill Caverns 

Montague F.;ist 277 

to Stop Pot 

215 Ashmead (1974) 

Gavel Pot Glasfurd's 290 
Passage 

215 Waltham 
(Leck Fell Survey) 

Los t John's Cave Lyle Cavern 260 
High Level Series 

215 II 

Ireby Fell Cavern Duke Street 250 

" 280 

21 5 Atk i nson et a l. (1978) 

Waltham (1970) 

Kingsdale Master 
Cave 

Roof Tunnel 260 253 Brook (East Kingsdale 
survey, 196 7) 

White Scar Cave Western Front 230 
Sleepwalker Series 

24 7 \fol tham (survey 1977) 

Gaping Gill Stream Chamber to S . E. 305 
Passage &Whitsun Series 

251 Glover (1974) 

Victoria Cave Main Passage 440 Brook et al. (1976) 

Sleets Gill Main Gallery 265 not known Brook et al. ( 1972) 

Table 5 .4 Approximate mean altitudes of fossil phreatic tunnels in 

Craven caves and altitude of the present resurgences. 
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from this they conclude that: 

1) the ancient water table caves were 'pre-glacial' 

2) the major rejuvenation was due to one glaciation which caused up to 

75m of deepening 

3) a second rejuvenation, seen in some caves, of 7 - 20m occurred some 

time later. 

The concept of cave formation at or under a water table implies 

that all the fossil tunnels correlated to it must be approximately 

contemporaneous and that an upper constraint on the altitude of the 

water table can be determined from the altitude of the highest tunnel. 

Altitudes of a number of fossil phreatic tunnels, most of them 

sampled for speleothem in this study, are listed in Table 5.4. 

Although most of the caves have been mapped, their relative altitudes 

with respect to sea level are not always known precisely, hence the 

approximate nature of some values. All caves as far east as Gaping 

Gill are in the same drainage basin and might therefore be interpreted 

in a regional water table. It is seen that most ancient tunnels west 

of Ingleborough, lie within the range 280 - 290m a.s.l .. Duke Street 

and the Roof Tunnel lie at lower levels and the main passages of 

Gaping Gill at a higher level. Waltham (1974) has previously proposed 

that all cave systems on Leck and Ireby Fells have at one time drained 

to a resurgence between 300 and 310m a.s.l. on Leck Fell "obscured by 

drift at the present". Phreatic features in Ireby Fell Cavern are 

first seen about SSm above Duke Street ( - 305m a.s.l.) but Brook 

(1971) has suggested that these may be due to a local, perched phreas 

and therefore may not indicate that Duke Street was formed at great 
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depth below the water table. 

At the moment, it is impossible to conclusively determine 

whether an ancient resurgence does exist on Leck Fell and whether 

it took drainage from caves as far away as Kingsdale. It is not 

relevant here to discuss the many lines of evidence that appear to 

negate the regional water table concept but it is proper to conunent 

upon the rejuvenation model that Atkinson et al. develop from it. 

They propose that a downcutting of up to 75m took place in one gla

cial event prior to 400 Ka. From the present results, maximum 

val l ey entrenchment of 25m per glacial/interglacial cycle has been 

determined for the last 300 Ka . This period included at least two 

full glaciations, one of which, the Wolstonian, is thought to be the 

most extensive (and therefore possibly most intensive in an area 

of generation such as the Dales) known in Britain. It is therefore 

difficult to envisage how such a large entrenchment could take place 

in one earlier glaciation, (the 'first' Pleistocene glaciation 

according to Atkinson et al.). Rather, it is considered that the 

evidence for rapid de-watering of the system (lack of vadose 

entrenchment in fossil tubes) and the de-watering process itself, 

shoul d be re-evaluated. Several of the large tunnels described 

above contain a vadose entrenchment stage eg. Gavel Pot main stream

way, the high level series of Lancaster Hole - Ease Gill Caverns, 

Lyle Cavern High Level Series and Sand Caverns in Gaping Gill. In 

many of the other tunnels (White Scar, Duke Street and Glasfurd's 

Passage) evidence of a vadose phase may be obscured by blockfall and 

sediments. Dating evidence above, has shown that such trenches can 
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be very slow to form and deepen. 

Furthermore, a gradual process of valley downcutting during 

successive climatic cycles need not give rise to vadose entrenchment 

of all phreatic tubes. Internal processes of stream diversion by 

rapid joint opening, blockage by collapse or sediment infill, and 

flow in the direction of a rising phreatic tube wil l all prevent the 

development of vadose features. 

It is therefore more probable that valley entrenchment in the 

Craven area has been a gradual process, occurring in steps of less 

than 25m per glaciation. This value also includes erosion which occurs 

duri ng interglacials (there may be appreciable erosion in some circum

stances eg. steeper gradient valleys, as seen presently in the River 

Dee in Dentdale). A logical extension of this gradual process is 

to anticipate the presence of even higher-level tubes dating from a 

time when the limestone was only partially exposed and valleys entren

ched only into the uppermost beds. Victoria Cave and others in the 

area may be evidence of this situat~on, but few are found today 

probably because of truncation and extensive collapse. 

In conclusion, it seems that a series of rejuvenations, or 

perhaps even one continuous rejuvenation process, can best explain 

the caves and karst of Craven. The proposal of 'a major rejuvenation' 
I 

is alien to the continuous glacial/interglacial cycle seen in the 

Yorkshire Dales during the Late Pleistocene. It is therefore 

difficult to imagine conditions being stable long enough to permit 

the development of large phreatic tunnels under a conunon water 

table. 
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5.10 Stable Isotope Results 

Several of the dated Yorkshire speleothems have been analysed 

18 13for o o and o c along growth layers to determine if they grew in c c 

isotopic equilibrium with their waters of deposition. Some samples 

were flowstones and these have been . analysed in two dimensions as 

described in Chapter 3. Results are shown in Figures 5.27, 5.28 and 

listed in Appendix 4 b. Three samples from the Lancaster Hole - Ease 

Gill system, two from Gaping Gill and one from Gavel Pot show kinetic 

18 . f . . .r is. correlated u_..l 3 d usua11y b hisotope ractionation: u 0 	 to C , an ot c c 

increase in the direction of water flow. This fractionation is 

probably due to evaporation of water and rapid outgassing of co 2, 

caused by unsaturated air currents in the cave passages. 

Four speleothems were found to be deposited in isotopic 

equilibrium (Figure 5.28). Two come from the Giant's Hall aven in 

Ingleborough Cave (76142, 77143), one from Stop Pot in Ease Gill 

Caverns (76127) and one from Victoria Cave (77151). Isotope profiles 

have been determined for three of these and are discussed individually 

below and results are given in Appendix 4 b. Sample 76142 was found to 

be in equilibrium but was difficult to date precisely due to low 

uranium and high detri tal thorium content (Appendix 4 a) . It appears 

to be an Ipswichian deposit and is discussed along with the results 

for 77143. 

5.10. 1 Modern Speleothem 

Ten modern 	straw stalactite tips, flowstones and tops of 

18stalagmites have been analysed to determine the range of a o in this c 
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area for growth today. These results are listed in Table S.S. With 

18
one exception (IA S) all o o results lie in the range -5.3 to -4.8°foo 

c 
18 13IA 5 has o o and o c values 1°feo heavier than the others and mayc c 

either represent kinetic isotope fractionation or deposition from an 

'evolved' water (see 76127 below). The variations seen here are 

comparable in magnitude to those of modern speleothem from Vancouver 

Island, and may be explained in the same manner as in Chapter 4. 

5.10.2 76127 

This speleothem is a small dense-white flowstone block from 

Stop Pot in Ease Gill Caverns. It was dated between 238 Ka (near 

base) and 225 Ka (top). Two growth layer determinations show remar

18 13kably consistent values for both o 0 and o C . The isotope 

I t is interesting to note t at C values are consi era ly 

c c 

profile is shown in Figure 5.29 . on a time scale based on the growth 

rate between the two dated portions. Modern speleothem is also 

shown. 

. . . h 1'13 "d b u 
c 

heavier than seen in modern speleothem, and would either indicate 

that carbon in solution was predominantly derived from limestone 

(o 13c = 0 oj,o) or that, more likely, considerable outgassing presu

mably accompanied by calcite deposition, has already occurred and 

76127 is 'residual' calcite. This outgassing (or 'evolution' of the 

water) may have been an equilibrium or kinetically controlled process, 

but has ultimately become an equilibrium process in the deposition of 

76127. One consequence of this evolution is that kinetic isotope 

18fractionation at an early stage could affect o o of the water by 
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180 13cSample Cave 	 Location in cave Type c cNumber 
( o/oo ) 	 ( o/oc ) 

IC 2 Ingleborough 	 near Curtain Range stalac. - 4 .81 -9.70 

II 	 IIIC 3 	 behind Mushroom -4.84* - 9.96 
Beds 

IC 4 II 	 in Abyss -5.01 -9.94" 
IA 5 II 	 Giant's Hall flowst. -3.91 - 7.02 

WSA 1 White Scar 	 200m upstream of stalac./ -4.96* -10.37 
show cave flowst. 

II IIwsc 2 	 lOOm upstream of stalac. -5.20 -9. 77 
show cave 

II IIWSA S adjacent to wsc 2 	 stalac./ -5.21* -8.67 
flowst. 

II II 	 IIWSWB 1 	 upstream of show -5.31 * -11.69 
cave 

CPC 1 	 County Pot, Oxford Circus stalag. -5.31* -6.76 
Ease Gill Caverns 

IPC 1 Ibbeth Peril I 	 roof tube stalac. -4.92 -10.26 

* mean 	 of two analyses mean (excluding IA 5) = ~5. 06±0. 25 o/~o 
of same gas 

Table 5.5 	 Results of isotopic analyses of modern speleothem from 
Craven caves, England. 
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exist, because the cave is near to the surface (within 30m) and 

the speleothem is only about 40m from the entrance. In drilling the 

speleothem for an axis profile, care was taken to avoid the white 

lines and sample only the clear calcite. 

The isotope profile is illustrated in two ways : in Figure 

5.31 on an abscissa scale of distance below top with dated segments 

blocked in and the analytical numbering scheme shown (for ease of 

comparison to Figure 5.21), and in Figure 5.32 on a time scale 

determined from dated segments for lower blocks A and B, and a 

'floating' 	time scale whose top is fixed at 190 Ka for block C. 

18The range of values of modern 	 o 0 is shown in both diagrams.
c 

Figure 5.31 shows the analytical detail that is lost by scale com

pression in Figure 5.32 and the floating time scale is necessary 

because of the difficulty in precisely dating hiatus Y in block C, 

as discussed previously. The time scale suggested here is determined 

using the average growth rate of the two lower blocks (0.5 cm/Ka), 

(there is no textural evidence to indicate that the growth is 

faster or slower although the general absence of detritus in hiatus 

Y (Figure 5.21) suggests that the depositional break was not as long 

18
as the 40 Ka implied here) . The range of o o for all growth

c 

layers is also shown in Figures 5.31. 

The analytical precision obtained for this speleothem is 

found to be excellent and well within the limit ± O.OB1oo (determined 

in Chapter 3) for the following reasons : a) 19 analyses of calcites 

in between already-analysed sites were made some months later to fill 

in 'gaps' in the record. They are indicated in Figure 5.31. In all 
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evaporation, and this would consequently give a speleothem with 

18 
8 0 greater than speleothem deposited from a 'non-evolved' water 

c 

at the same temperature, in the same area. Therefore, because the 

18
amount of evolution may vary over time, fluctuations in the o o 

c 

profile can not simply be related to climatic change. 

Good analytical precision is seen in the results of 

Fi gure 5.29 by the exact fit in the curve of growth layer analyses 

at two levels in the flowstone, made some weeks before the isotope 

18profile. A remarkably constant o o is seen over the main portion
c 

18of growth, bounded by 0 - enriched calcite at both ends of the 

speleothem. This record may be interpreted as follows: 

1) the entire period of deposition (240 - 225 Ka) was somewhat 

18
cooler. than today, giving values of o oc > l ·ioo heavier than 

modern. This is the · 'classical' interpretation of previous speleo

18them work, where changes in temperature and o o override temsw 
18perature dependent changes in o o, (Harmon et al. 1978a).

p 

76127 therefore begins growth at the end of a cold period and 

stops growing at the start of another. 

2) the water from which 76127 was deposited had previously evolved in 

18the cave with some enrichment of 0 by evaporation. It is there

fore impossible to place any interpr~tation on the results because 

18the 0 - enrichment at both ends may be due to increased 

evolution rather than climate change. 

It is probable that the second interpretation is more correct because 

13the values of o c indicate appreciable loss of the lighter isotope
c 

by outgassing, although it is not easy to envisage a situation in 
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which evaporation is occurring upstream but not at the site of 

deposition. 

5 . 10.3 77143 

This flowstone came from a high level bedding-plane passage, 

not found to be draughting, in Giant's Hall, Ingleborough Cave. 

Of all the English speleothems collected this situation was most 

likely to give equilibrium deposition conditions. Two growth layers 

have been analysed for the lower block of this flowstone (77143B). 

. h 13Un f ortunately, by an oversig t, o C was not determined for one 
c 

18
layer, but the o o analyses generally showed no change with dis

c 

tance along the growth layer. Complete analyses of a second growth 

layer in the centre of the block are shown in Figure 5.28. Two 

growth horizons were analysed in the upper b l ock (A) but because of 

the general absence of growth layers, its rapid growth (from top and 

bo t tom ages), and the porous nature of the calcite, a growth axis 

profile was not determined. The profile for 77143B and modern 

18
speleothem o 0 are shown in Figure 5.30, on a time scale deter

c 

mined by three dates given in Appendix 4a. The change in texture 

from brown, laminated calcite to clear-white calcite (Figure 5.19) 

is marked by a step of about 0. 2 o/oc in the o180 profile. The 
c 

18 13
changes in o oc are roughly paralled by o cc 76142 also grew 

over this general period and growth layer analyses (Figure 5.28) 

18
show values of o Oc comparable to those in the centre of 77143B. 

Interpretation of the profile of 77143B is made difficult 

by its relation to modern speleothem calcite. If this speleothem 
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grew from Ipswichian maximum warmth (stage Se, - 125 Ka) towards 

the warm peak of stage Sc ( - 104 Ka), as the three ages suggest, 

then the general cooling trend over this period is seen as an 

18
increase in o o of about 0.5 °/o<J. This interpetation is comparable

c 

to the classical one seen in N.American speleothem (Harmon et al. 

1978a). However at stage Se the calcite is O.S ~ovheavier than 

modern calcite, a situation incompatible with the concept of the 

18
Ipswichian being a warmer period than today, (ie. o o values for 

c 

77143B should in part, be less than or equal to modern. 

An alternative argument might be that, as found in 

18 18
Vancouver Island, o op dominates the change in speleothem o oc' 

18therefore explaining why o o at about 125 Ka is heavier than c 

modern. However, the record would then appear to indicate that 

conditions became warmer towards 107 Ka, rather than cooler, as 

found in most paleoclimate records. Another explanation is that 

this flowstone is being deposited from an evolved water, one which 

has seen some evaporation before forming this speleothem. However 

13the values of o c are all low and comparable to values expected
c 

for equilibrium deposition from a non-evolved water. 

These interpretation_s rely on the assumption that for 

18
supposedly comparable temperatures, 8 0 at 125 Ka is the same as 

p 
18

8 0 today. If it is different, and heavier, then the isotope
p 

profile of 77143B indicates a general cooling from 125 Ka to 107 Ka, 

with peaks and troughs which may correlate to isotope stages Se and 

5d seen in the deep sea core record (Shackleton and Opdyke 1973). 
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A tentative correlation of the speleothem record with isotope 

stages is shown in Figure 5.30. If the break in deposition at about 

107 Ka is caused by a cold period, as the above interpretation 

suggests, then it is even more difficult to reconcile the speleothem 

record (Table 5.3) to that of deep sea cores, which place a maximum 

warmth (stage Sc) at 104 Ka, as previously described. The depositional 

hiatus can be interpreted in terms of aridity but only if the speleo

18
them has been deposited from an evolved groundwater (so that o 0 c 

. h ) f 18 h 180 .is heavier t an modern , or i o 0 dominates t e o signal,p c 

arguments which have just been rejected. 

5. 10.4 77151 

This flowstone sequence from Victoria Cave has given the 

longest and most interesting record of all English samples analysed. 

I t s main feature is that it provides a tentative paleoclimate record 

for the period 290 - 190 Ka, an interval not yet studied in previous 

speleothem work. 

Five growth layers have been analysed in two dimensions for 


18 13
a oc and a cc as shown in Figure 5.28. Two of them, B and C, show 

18 13correlation between o o and o c indicating kinetic isotope
c c 

"d . 180fractionation during deposition, although C shows no tren in o c 

with distance along the growth layer. This indication of non-

equilibrium deposition is possibly due to the analysis of calcite 

which included 'white lines' (desiccation horizons?) separating 

clear calcite growth layers. The possibility of varying depositional 

conditions of isotopic equilibrium and kinetic fractionation may 
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281 

cases the later analyses fit well with their nearest neighbours. 

b) 5 sets of growth layer analyses made some time before and duri ng 

the isotope profile analyses show excellent agreement with the 

pr ofile. 

The following interpretations can be made from the isotope 

pr ofile of 77151 : 

1) The white speleothem surrounding growth layer C may be affected 

18by kinetic isotope fractionation such that values of o 0 are 
c 

more positive than for equilibrium deposition. This peak is 

therefore likely to be more subdued than shown in Figure 5.31, 

18
5.32. This reduces the total variation in o o for 77151 to 

c 


about 2o/oo . 

18


2) No significant change in o o is seen over the sharp colour 
c 

transition from brown to white calcite in block B between ana

lyses 29 and 30 (Figure 5. 21, 5.31). 

3) Closely-spaced sampling has shown that most peaks and troughs 

in the isotope record are real rather than spikes due to 

analytical error. The spike produced by analysis 59 (Figure 5.31) 

may not be real as it is not seen in its nearest neighbours. 

18
These data indicate the rapidity of change of o o and therefore 

c 


of climate. 


18

4) Most analyses show o 0 of 77151 to be greater than or equal to 

c 
18 18modern o o values, thus suggesting that o o is controlled 

c c 

largely by the effect of changes in temperature on a and byc-w 
18

changes in o o 
SW 

5) Hiatus X between blocks A and B is marked by a 0. 75 ~cshift in 
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18o o whereas that in block C ('Y') has similar values on either 
c 

side. Both hiatuses occur just prior to intense warm periods. 

6) Warm events occurred for short durations of about 5 Ka centred on 

the ages 278 and - 210 (~f8) Ka, temperate conditions existed at 

about 290, 265 - 250, 200 and 190 Ka, and cold periods (with 

growth) occurred at about 282, 270 and 195 Ka. Growth was suspen

<led from 250 to about 210 Ka, and for a short period around 280 Ka. 

13 187) o c is inversely related to o o for the period 295 - 285 Ka 
c c 

but directly related to it during 275 - 265 Ka. At other times 

there is no obvious correlation. The direct relationship could be 

due to the observed non-equilibrium deposition seen in growth layer 

C at this time. Whereas abrupt shifts are seen in the 818
0 curve 

c 
13no corresponding .breaks are seen in o c . 

c 

5.10.4.1 Discussion 

185.10.4.1.1 Factors Affecting Variation of o o 

Evans et al. (1978) have shown that the temperature dependence 

18of o o 
p 

for maritime Europe is as low as 0.22 - 0.23°/ov ; 0 c (see Table 

3.2). If applicable to this part of England, this dependence almost 

exactly offsets the temperature effect on a (0.22 - 0.24~ /°C).c-w 

Therefore the observed change in o 18o (2~) should be due only to 
c 

18 18
changes in o o caused by the continental ice volume effect on o o p SW 

18However the maximum variation of o o from glacial to interglacial
SW 

stages is only about 1.8~()(), of which only part would be seen by 

77151 because growth of speleothem was probably interrupted during the 

coldest parts of glacial periods. The following explanations could 
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account for this discrepancy : 

18 01) the temperature dependence of 8 0 was less than 0.22 %d/ C 
p 

most of the time, varying somewhat with change in climate. 

2) a change in storm track from interglacial to glacial conditions 

(eg. from westerly winds as at present to winds of polar or 

continental origin during glacials) would cause a decrease in da 18o 

/dT over and above that due to temperature dependence. (It 

should be noted that the value of Evans et al. is determined 

only from seasonal changes for present climatic conditions). 

18
3) all peaks of a o may be enhanced by evaporation during deposi

c 

tion (ie. kinetic isotope fractionation) or evolution of the water 

during colder periods, as previously described. 

It is probable that the first two explanations are more 

realistic than that of evaporation of the groundwater because of the 

continuous nature of the isotope record (evaporation would tend to be 

a sporadic process giving more discontinuity to the isotope record 

than is in fact observed). 

5.10.4.1.2 Significance for Quaternary Chronology 

The oxygen isotope profile of 77151 is compared to a composite 

deep sea core for the same time period in Figure 5.33. The core 

record has been synthesized from three overlapping cores from the 

eastern Pacific Ocean : V19-28, V19-29 and V19-30 as shown in Figure 

5.33 using data from Ninkovitch and Shackleton (1975), Shackleton (1977) 

and Shackleton (pers. comm. 1979). Cores V19-29, -30 have almost 

identical average sedimentation rates ( - 5.6cm/Ka, Ninkovitch and 



18Figure 5.33 Correlation of speleothem (77151) o o curve 
c 

(upper) with composite deep sea core record (lower) 

for isotope stages 7 to 10 inclusive. The core record 

is a composite of Vl9-29 stages 7-9b, (Ninkovitch 

and Shackleton 1975) and Vl9-30 stages 9c-10 

(unpublished data, Shackleton pers.comm.1979); they 

are linked as shown. Th~ continuat i on into stage 10 

is interpolated from core Vl9-28 (Ninkovitch and Shack

leton 1975) . The speleothem time scale is as shown in 

Figure 5.32. The core record is fitted to the speleothem 

time scale assuming constant sedimentation rate and 

co-incidence of 9e isotope peaks. Stippled areas indicate 

warm substages and cross areas indicate cold substages. 
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Shackleton 1975), and V19-28 a lower rate (3.8cm/Ka). The base of 

V19-29 and a portion of V19-30 are linked as shown in Figure 5.33 by 

18a horizon of similar a of and approximately comparable age. Vl9-28 

is- used to supplement the record beyond the available analyses of 

V19-30. Although these cores lie a considerable distance from the 

region studied here they have previously been shown to best represent 

changes in oxygen isotope content of the oceans during the Pleistocene 

(Ninkovitch and Shackleton 1975, Shackleton 1977) and are least affected 

by bioturbation, calcite re-solution etc. Furthermore they all 

I

contain a common dated ash layer 'L' and horizons showing the 

coccolith minimum 5 and extinction of radiolarian Stylatractus 

universus, both of which have been dated by other methods. However, 

comparison of these age determinations and that obtained by assumption 

of constant sedimentation rate using isotope sub-stage Se (125 Ka) as 

a dated horizon, show that there has been some variation in sedimentation 

rate over the last 250 Ka. Shackleton (pers. comm.,1979) has con

firmed this. 

A time scale has therefore been fitted to the composite curve 

by relating the prominent warm peak at about 280 Ka in the speleothem 

record to isotope sub-stage 9e in the core record and assuming constant 

sedimentation rate in the core from there to the end of stage 7. The 
' 

resulting curve is shown in the lower part of Figure 5.33 together with 

isotope stages and sub-stages (after Emiliani 1955, and Shackleton and 

Opdyke 1973). The speleothem record is reproduced from Figure 5.32. 

An attempt to correlate warm (stippled) and cold (crosses) 

events in the two records (Figure 5.33) suggests the following 

1) immediately below sub-stage 9e there is a growth hiatus (X) which 
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may correspond to glacial stage 10. The flowstone below shows 

progressive cooling from the base towards this hiatus which may 

represent the deterioration of climate from stages 11 to 10. The 

speleothem presumably began to grow sometime after the climatic 

maximum of stage 11. 

2) 	 sub-stage 9e is short ( - 5 Ka) and represents climatic conditions 

comparable to the present. The core record indicates a slightly 

longer duration of warm climate for 9e. 

3) 	 sub-stages 9d and 9c can be seen in the speleothem record although 9d 

(cool) is probably over-represented due to kinetic isotope effects as 

described above. 9c is seen as a period of slow growth probably 

terminating at the start of the colder sub-stage 9b. 

4) 	 the hiatus in the upper part of the flowstone (Y) probably corresponds 

to sub-stages 9b and 9a, and all of stage 8. Isotopic data from 

several cores (V19-28,-29, Ninkovitch and Shackleton 1975; P6408-9, 

Emiliani 1978) suggest that stage 8 is of intensity similar to 

the Early Devensian (stage 4). It has already been concluded from 

other speleothem evidence that the Early Devensian in Britain was one 

of cold, tundra-like conditions but with no extensive ice development. 

If these conditions are also characteristic of stage 8 then this 

would account for the absence of erosio.nal features or thick detri tal 

layers in this hiatus, (Figure 5.21). 

5) 	 speleothem growth resumed at the beginning of stage 7 and climate 

rapidly ameliorated (within 1 Ka) to a short period of warm condi

tions comparable to today (sub-stage 7c). In the core record, 7c is 

apparently of much longer duration(> 10 Ka)and may be broken by a 
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cold spell, although both the early warming and cold spell are 


'one-point' peaks and may be in error. 


6) 	 the prominent cooling which is characteristic of stage 7 (sub-

stage 7b, Shackleton 1977) is clearly seen in the speleothem record, 

but at a younger age. This time shift ( - 10 Ka) may be due to 

more rapid speleothem growth during 7c or variations in core 

sedimentation rate. A warming event corresponding to stage 7a is 

seen in the speleothem record just before growth is terminated. 

The whole of the above correlation rests on the assumption 

that the pronounced warm event in the speleothem record is the thermal 

maximum of sub-stage 9e. Shackleton and Opdyke (1973) have argued 

that stage 9, and not stage 7, is correlated to the Hoxnian interglacial 

18
in 	Britain because it more closely approaches the minimum 8 of values 

seen in sub-stage Se (the Ipswichian)~ · rn this present · study 7c is seen 

to be slightly warmer than 9e but of very short duration ( - 2 Ka). 

This peak would not be seen in the deep sea core record because of the 

effect of bioturbation etc. (Shackleton 1977). 

Shotton et al. (1977) have shown from vegetation and faunal 

distributions that the Hoxnian was somewhat cooler than the Ipswichian 

in Britain. Speleothem age distributions and the isotopic evidence 

from 77151 indicate a period of speleothem growth in conditions slightly 

cooler than present. These results suggest that it may be incorrect to 

assign the Hoxnian to stage 9, and that stage 7 best represents the 

Hoxnian as it is described by floral and faunal evidence. This corre

lation however, suggests that stage 8 corresponds to the Lowestoft 

Stadial of the Anglian glaciation - a period when ice covered Britain 
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farther south than the limits reached in Late Devensian times. The 

absence of erosional features or detritus in hiatus Y of 77151, and 

the deep sea core isotopic data, suggest that stage 8 cannot repre

sent full glacial conditions in N.England and can therefore not be 

correlated with either stadial of the Anglian. Alternatively glacia

tion in Britain may have been more intense than in other regions . of 

the northern hemisphere and so contribute little to the intensity of 

stage 8 in the core record. The lack of a pronounced speleothem 

hiatus may simply indicate that the cave was well-sealed from the 

effect of glaciation. This is indicated by the excellent preservation 

of the dated mud deposits in the entrance passage. A tentative corre

lation between speleothem and deep sea core data, and the British 

Quaternary record is given in Table 5.6, assuming that hiatus Y is 

correlated to stage 8, and in turn to the Late Anglian period. 

Comparison of this record to that of 76127 (which indicates a mild 

period from 240 - 225 Ka, Figure 5.29) shows that the stratigraphic 

significance of stage 8 is still in some doubt. If the lower 

boundary of stage 8 is moved forward to 225 Ka, then the whole of 

the 76127 record correlates to sub-stage 9a (missing from the 77151 

record) . and stage 8 occurred during 225 - 210 Ka. 

It may be possible to resolve the above problems by more 

detailed analysis of the other deposits in Victoria Cave which have 

grown over this period. 
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230Th1234u Isotopic Bri tish Quaternary Climate * 
stage and substage stage and substageage (Ka) 

140 

170 6 	 WOLSTONIAN glacial 

190-195 a mild-warm 

195-200 7 b HOXNIAN cool 

- 210 c watm 

210-220 
A 

8 Lowestoft arctic-glacial 
N Stadial 

230-240 

L9 a 	 Corton 
Interstadial cold -	 240 

A 
Cromer 

9 b 
N 

Stadial cold-arct i c 

-- 250 
c 

9 c R mild 

-- 270 0 

9 d 
M 

cool 
E 

-- 275 ------------------------------------ R 

9 e warm 

- 281l------------------ ---------- A 

N 
10 	 arctic-glacial ? 

-> 28:::>------------------------------------------~ 

11 mild 

* 	the terms used to define climate are based on stable isotope signal of both deep sea cores and 

speleothem and on presence or absence of speleothem growth as described below: 


arctic - generally non-glacial but with presence of perma-frost and tundra 

cold - mean annual temperatures about zero because speleothem growth did not occur 

cool - mean annual temperatures were> 0 because speleothem growth did not cease 

mild - climate somewhat cooler than present 

warm - climate comparable to today 


Table 5.6 Proposed correlation of British Quaternary events to the 

stable isotope record of speleothem 77151 and the deep sea 

core ice volume curve. Radiometric ages are determined 

from speleothem only. 
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s .11 Cone1usions - 

Stable isotope analysis of speleothem 77151 has shown remarkable 

agreement with the deep sea record. Two warm periods (comparable to 

present conditions) have been recognised and can be correlated to 

isotope stages 7c and 9e. A correlation between the speleothem record 

and early British Quaternary stages has been proposed but because of the 

weaknesses of the stratigraphic record from the Midlands and East Anglia 

(ie. absence of radiometric ages, limited stratigraphic sections etc.) 
I 

thi s correlation is clearly most tentative. 

The speleothem record clearly demonstrates the short duration 

of warm periods in the past : a total of 6 Ka, over a 100 Ka period, 

was as warm as today. The distribution of speleothem ages has clearly 

shown the timing and duration of the last two glaciations, the Late 

Devensian and the Wolstonian. Chronological details of the latter 

event have been poorly known in England until now. Other than the 

stable isotope profile for 77143, evidence for the pronounced warmth 

of the Ipswichian is not seen in speleothem abundance data, and there 

is some indication that there may be a sudden cooling event at about 

105 Ka, not previously indicated by other paleoclimate indices. 

More stable isotope profiles, coupled with fluid inclusion 

analyses, of speleothem (from Victoria Cave in particular) should 

allow a better correlation to the deep sea core record and permit 

determination of short-period changes in climate which cannot. be seen in 

the core record. · In this way, the study of speleothem deposits should 

provide a much-needed, independent calibration of events in the Middle 

to Early Pleistocene of the British Quaternary. 



CHAPTER 6 

DATING OF SPELEOTHEM FROM THE BAHAMA BLUE HOLES 

Introduction 

The Bahama blue h.oles have been known since media; val times 

when the first explorers visited the area. Many of the blue holes 

lie in shallow water off the eastern edge of Andros Island (the largest 

of the Bahama group) and adjacent to the deep 'Tongue of the Ocean' 

(Figure 6.1). Regarded with superstitious fear by the island natives, 

they remained unexplored until about twenty years ago. Their simila

rity to cave an~ pothole systems found in continental regions today 

has led scientists to postulate a freshwater origin, with solutional 

enlargement during times of lower sea level. Ice accumulation on the 

cont inents during glacial periods could cause such a lowering and 

this in turn would leave much of the Bahama limestone platform exposed 

to subaerial erosion, so permitting development of an integrated 

underground drainage system. Proof of this origin has only become 

available during the last decade, with the finding of freshwater speleo

thems at depth, in passageways leading off from the bottom of one 

b1ue hole. 

In this chapter, results are presented of an attempt to verify 

the relation between blue hole formation and glacial events, by radio

metric dating of the speleothem calcite which is preserved in the core 
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of the recovered specimens. A brief review of Pleistocene sea level 

evidence is given first, followed by description of the area, its 

geological history and previous speleothem work. 

6.1 Pleistocene Sea Level Changes 

The Pleistocene epoch is characterised by world~wide changes 

in sea level due to variations in the size of continental ice sheets. 

Fossil reef terraces found on tropical coastlines today are evidence 

of high sea stands which occurred at warm intervals in the past. 

For these deposits to lie above sea level today requires either plat

form emergence due to tectonic activity or higher eustatic sea level 

due to warmer conditions than at present. 

In tectonically-active areas such as the island of Barbados 

(Mesolella et al. 1969) and the Huon Peninsula of New Guinea (Bloom 

et al. 1974), an excellent record of glacio-eustatic fluctuations is 

preserved in the form of tiered reef terraces, the oldest generally 

being at the highest elevations. Islands known to be tectonically 

stable or slowly subsiding, such as Oahu, Hawaii (Ku et al. 1974), 

the Bahamas and the Florida Keys (Broecker and Thurber ~965) only show 

deposits S to lOm above present sea level. Ages of these fossil 

230terraces have generally been determined by Th/234u dating of corals 

and the results of dating a number of static and uplifted sites are 

summarized in Figure 6.2. 

The extent and timing of low sea levels cannot be as readily 

determined because any coral growths associated with a low sea starid 

are at present submerged. However, by assuming constant uplift rates 
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for tectonically-active islands, the amount of sea level change 

between dated high stands can be determined. Estimates of sea level 

minima of between -130 and -160m have come from continental shelf 

terraces of eastern N.America (Heezen et al. 1959), the presence of 

littoral shells in cores taken off New Jersey and Argentina (Donn et 

al. 1962), sediment thickness in the Mississippi delta (Fisk and 

McFarlan 1955) and a submarine delta surface off the Huon Peninsula, 

New Guinea (Chappell 1974). Variations in the oxygen isotopi c 

composition of deep sea cores is now considered to be primarily a 

record of changes in oceanic isotopic composition, and this in turn, 

may be transformed into a record of eustatic sea level for the Late 

Pleistocene (Shackleton and Opdyke 1973). From these data, a maximum 

lowering of sea level of between 120 and 150m is indicated for the 

last 200,000 years. 

6.2 	 Area Description and Geological History 

The Bahama platform is one of the largest regions of modern, 

shallow-water 	carbonate deposition in the world. It has an area of 

6 2about 0.3 x 10 km and lies up to 12m below the sea surface except 

for a number of islands which extend to 30m a.s.1. · Four deep troughs . 

enter the platform from the ocean side (Figure 6.1) Grand Bahama 

Island in the north is separated from the Great Bahama Bank by the 

Providence Channels, and the Tongue of the Ocean and Exuma Sound 

penetrate deep into the Great Bahama Bank. These troughs are charac

terised by near-vertical walls for the first lOOOm of depth, followed 

by shallower gradients to a flat-bottomed floor at 1000 - 3600m depth, 
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depending on location (Newell 1955, Lynts et al. 1973). 

Bahamian islands occupy about 7% of the total area of the 

platform and are generally aligned in a NNW-SSE direction suggesting 

either tectonic control in their formation or orientation due to 

prevailing wind and wave action. Near sea level they are underlain 

by pure oolitic limestones of Pleistocene age but at higher elevations 

they are covered by well-cemented aeolianites. The shallow-water 

carbonates of the platform margins comprise an outer barrier rim of 

oolite on which is built a series of barrier reefs. The central plat

form contains oolite sand and fc:ecal pellets in agitated regions, 

and carbonate ooze in quieter, lagoonal areas. 

Two deep drillings on the platform have so far been made. The 

first, in 1947 at Stafford Creek on Andros Island, penetrated 4446m 

of wholly carbonate sediments, ending in · Lower Cretaceous dolomites 

and limestones (Goodell and Garman 1969). The second, on the Cay Sal 

Bank in 1958, encountered carbonates and minor anhydrite to -5600m 

(Dietz et al.1970). The lack of any large gravity anomalies in the 

region suggests that this thickness is uniform over all of the plat

form (Talwani et al. 1960). 

The enormous thickness of continuous carbonate sediments shows 

that the Bahamian platform has been in essentially the same environ

ment over the last 130 million years or more, where slow subsidence 

keeps pace with carbonate accumulation. Because of the unique morpho

logical and geological character of the platform, much attention has 

been focussed on its origin and development. Current theory suggests 

that the platform originated as a small enclosed ocean basin during 
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rifting in the Triassic (Dietz et al.1970). With further continental 

drift, the basin infilled with sediments and began to develop out

wards and upwards by carbonate accretion directly on top of oceanic 

crust. It was subsequently carried along as a marginal plateau 

at t ached to the North American plate. 

The origin of the deep troughs penetrating the platform is 

more difficult to determine and numerous suggestions have been put 

forward. These include deepening of the troughs by erosion from 

current action, steepening of the trough walls by vertical reef 

growth, and tectonic activity during the Cretaceous, imprinting an 

early relief which subsequently developed by channel erosion and pl at

form construction (Lynts et al. 1973). 

6.3 Platform Submergence Rate 

In order to distinguish eustatic sea level changes from changes 

in elevation of the Bahama Bank, the relative movement of the region 

due to subsidence, uplift etc., must first be determined. This can be 

done in two ways; either from the logged depth of stratigraphic units 

in wells drilled into the bank or by estimation of modern r a tes of 

subsidence and sediment accumulation. 

Data from the deep well on Andros Island permit correlation of 

depth with geological age as determined from examination and classifi

cation of microfossils in the recovered core (Spencer 1967). Depth 

versus age are plotted in Figure 6.3. The dashed line is drawn by eye 

through points that are more clearly defined by Spencer in terms of 

age, although it is possible that a period of more rapid accumulation 
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could have occurred during the Paleocene. Two subsidence rates can be 

calculated 

1) for the Lower Cretaceous to Oligocene periods, an accumulation of 

3840m gives a subsidence rate of 0.375m per 10,000 years. 

2) for the Oligocene to present periods, an accumulation of 671m gives 

a rate of 0.18m per 10,000 years. 

The difference in rates may be due to periods of subaerial exposure and 

weathering during the Pleistocene and earlier. This is supported by the 

fact that much of the limestone and dolomite in the upper section of the 

well was found to be cavernous, probably due to invasion by circulating 

freshwater. 

The rates determined above are low in comparison to the average 

rate of sediment accumulation over the Bahama Banks during recent time. 

Broecker and Takahashi (1966) calculated an average of l.Sm of carbonate 

mud deposited in 5,000 yrs (3.0m/10,000 yrs) and even low accumulation 

areas such as the central part of the Tongue of the Ocean (1.0 - 1.2m/ 

10,000 yrs, Lynts et al. 1973) show higher values than those above. 

Unless depositional rates have changed drastically in recent time, it 

must be assumed that the difference is due to compaction, de-watering, 

dolomitization and dissolution processes after burial. 

6.4 The Blue Holes 

Blue holes are thought to be evidence of sea level lowering 

during Pleistocene glaciations because of their similarity to conti

nental cave and pothole systems found in limestone areas today. 

Recently a blue hole 40km off the Florida coast was found to be over 
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145m deep (Kohout et al. 1975) but whether this represents a completely 

freshwater-foTined system or one that penetrated beneath the water table 

and entered a zone of sea water intrusion has not been deteTinined (ie. 

the amount of sea level lowering may be substantiallly less than the 

depth of the hole). Figure 6.4 illustrates the effect of Pleistocene 

sea level changes on the development of blue holes. 

Exploration of the blue holes has only taken place in the last 

twenty years with the advent of scuba diving. Dr. George Benjamin of 

Toronto is the best known of blue hole exp l orers (Benjamin 1970) and 

has explored and mapped over 60 Bahamian blue holes, and aerially 

located over one hundred more (Figure 6.1). In addition, his obser

vations of tidal currents through them has given some insight into 

their structure and length. He has observed that more water discharged 

from some blue holes than was sucked back into them during the tidal 

cycl e. He suggests that the presence of open tunnels in the face of 

the vertical wall overlooking the Tongue of the Ocean may allow cold 

sea water to enter, warm up and emerge through the blue hole, in 

addition to the tidal flux of water (Figure 6.4). 

Conclusive proof of the subaerial origin of Bahamian blue holes 

was obtained in 1970 when Dr. Benjamin and his son discovered an tmder

water cavern containing stalagmite columns, some up to 6m long 

(Figure 6.5) at a depth of about 45m, in blue hole ' #4' off Andros 

Island (Figure 6.1, McKenney 1972). In this system over 2km of passage

way was discovered, containing three pits leading down to over lOOm 

depth. 
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6.5 	 Previous Speleothem Work 

Spalding and Matthews (1972) were first to date a submerged 

speleothem 	by analysing a stalagmite collected at -12m from a submerged 

14 230 cave on Grand Bahama Island. Ages of 21.9 Ka ( C) and 22.0 Ka ( Th/ 

234
u) for the same portion were in good agreement although the authors 

did not indicate whether correction for 'dead' carbon was made for the 

14C age. These ages correlated well with estimates of the age of the 

Late Wisconsin glacial maximum. Harmon et al. (1978b) _ have dated six 

in situ speleothems recovered from depths of -11 to -5.7m in Crystal 

Cave, Bermuda. The results suggest periods of emergence of 195 - 150 Ka, 

120 - 100 Ka and 40 - < 10 Ka. 

Previous work on submerged speleothem deposits is limited to 

samples recovered from a maximum of -12m below modern sea level. This 

depth represents less than 10% of maximum estimated sea level lowering 

during the Late Pleistocene and therefore may not correspond to maximum 

glaci al periods or even interstadials. 

On a recent dive Dr. Benjamin recovered 5 pieces of previously 

broken stalagmite from blue hole #4 and these have formed the basis of 

the work described in this chapter. One other sample collected at 

approximately lOm depth (BH #2, Figure 6.1) has also been analysed. 

6.6 Description of Samples 

The samples from blue hole #4 (BH, 76015, 76016, 78032, 78033) 

all form portions of 3 stalagmite columns typified by those shown in 

Figure 6.5. Their exact stratigraphic relationship (ie. top vs. base 

and relation to one another) is not known because all were broken off 
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before finding. All however, possess the same general characteristics 

and can be treated as one for this description . 

. The stalagmite sections measure between 15 - 25cm long and 

12 - 15cm in diameter. Each contains a central core of original 

calcite whose thickness varies from lOcm to Ocm in intensely eroded 

portions. The earliest samples received (BH, 76015, 76016) contain no 

obvious growth layers in the calcite core (Figure 6.6) but dist i nct 

layering was subsequently found in the two larger samples (78032, 

78033). The calcite core of all the samples appears to be homo-axial 

(single crystal). The growth layering still preserved in 78032 and 

78033 suggests that the speleothems were not recrystallized to this 

habit but were originally fonned as such. 

The outer parts of the stalagmites have been intensely bio

eroded into a thick crust of calcite and aragonite (in approximately 

1:1 proportions from X-ray diffraction analysis). The crust is mainly 

micritic (Figure 6.6), but several boring and encrusting organisms can 

be recognised, including boring clams, serpulids and other polychaetes, 

bryo zoa and fungal filaments (Dr.D.Kobluk, pers.conun.). In the smaller 

sampl es, the calcite core is penetrated by many polychaete borings, 

and the holes contain small but significant quantities of aragonitic 

micrite. 

Sample 76017, from BH #2 is 20cm long and 6cm in diameter at 

the base. This sample shows very little bio-erosion and the inner 

calcite is largely free from borings. It also appears to be composed of 

a single crystal of calcite . 
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6.7 Results 

6.7.1 Initial Work 

Samples of the calcite core were chipped out by pneumatic drill 

and analysed according to the procedure in Appendix la. Nine samples 

of the three speleothems BH, 76015, 76016, showed ages ranging between 

162 Ka and 96 Ka (Table 6.1). The lack of stratigraphic ordering of 

ages for the samples was subsequently thought to be due ·to incorporation 

of minor amounts of aragoniticdeposits present in the worm tubes that 

pass through the calcite. In support of this, pieces of the outer 

crust (76015-7, Table 6.1) were dated and found to be much younger than 

the core. They were also significantly higher in uranium concentration 

(234U/238U) . bland had a ratio compara e to seawater. Figure 6. 7 indicates 
0 

a correlation between age, U concentration and isotopic ratio, as might 

be expected for admixtures of the two end members : pure speleothem 

calcite and marine deposits. 

6.7. 2 Leaching Experiments 

In an attempt to remove interference due to biogenic infillings, 

a three-phase leaching experiment was devised using a portion of 

crushed calcite core (76016-5) in the hope that the softer aragonitic 

deposits would preferentially dissolve in the initial acid-leach fractions, 

leaving essentially pure calcite in the last fraction. Each fraction was 

spiked and dated as usual. The results in Table 6.2a show a progression 

towards greater ages (maximum 157 Ka), although U concentrations and 

234u; 238u1c ratios do not reflect the same trend. U concentrations in;o 



234u 230ThAnalysis Location u Yields ( %) 230Th AGE (Ka)
No. (ppm) 238 232Th 2"1-ru Th 0 [~~o 

±lau 

BH-M centre 
portion 

0.26 57 13 0.943 0.910 49 0.765 161.6 
+ 23.2 
- 19.0 

BH-L lower 
portion 

0.35 78 35 0.987 0.981 54 0.691 127.8 
+ 
-

9.2 
8,5 

76015-3 top of 
upper (?) 

0.32 45 28 1. 019 1. 026 26 0.618 104.1 
+ 10.6 
- 9.7 

block 

76015-la replicates 
of base of 

0.29 33 20 0.993 0.990 155 0.678 123.1 
+ 
-

9.5 
8.7 

-lb upper 
block 

(?) 0.28 26 14 1. 016 1. 023 61 0.666 118. 5 ~ 9.7 
8.9 

76016-3 top of 
lower (?) 

0.28 34 15 1. 019 1. 025 >1000 0.608 101.1 ~ 7. 7 
7.2 

block 

76016-4 middle of 
lower (?) 

0.31 8 27 1. 031 1. 040 81 0.591 96.5 
+ 
-

7.0 
6.6 

block 

76016-la replicates 
of base of 

0.26 33 8 1. 028 1. 040 70 0.698 128.8 
+ 12.2 
- 10.9 

-lb lower 
block 

(?) - - - 1. 031 ·.1.044 96 - 122.3 ~ ;~:~ 
76015-7 outer 

aragonitic 
1. 30 18 5 1.143 1.148 >1000 0.098 11.1 

+ 
- 1.1 

deposits 

- - - - - - - - - - - - - - . - - - - - - -.-: - -  --  - -  - - - - - - - - - - -
76017-la basal 4 cm 0.11 44 19 1. 000 1. 000 11. l 0.350 46.7 ~ ~:~ 

-lb . :::-cplicate 1) . 11 30 27 1. 022 1. 025 l~ C 0.379 51.6~tr 
oi -i.a 

-2 top 3crn 0.17 43 34 0.999 0.999 ) l GOO 0.386 53.0 ~ ::~ 

230 234 w
Tabl e 6.1 Results of initial attempts at rh/ u dating of the inner calcite core of blue 

mhole speleothems. Data for one determination of the outer marine crust (76015-7) 
is also shown. 76016-lb is a 23lpa;230rh date. 

0 
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this experiment have large error limits (± 50%) because the sample was 

not re-weighed in between dissolutions; the amount of calcite dissolved 

was estimated from volumes of acid consumed. 

A second leaching experiment (Table 6.2a) showed a similar 

progression towards older ages but the final age attained was much 

younger than in the first experiment. A reason for this is found in the 

magnesium and strontium concentrations of each leach solution. It can 

be s een that some aragonitic infillings still remained in the final 

fraction because Mg concentrations were - 25% above those determined for 

the pure calcite core (Table 6.2b). Therefore the final age is still 

biased towards younger values by incorporation of small quantities of 

aragonitic deposits. The lines l inked by solid and open circles in 

Figure 6.7 representing change of U concentration and isotopic ratio also 

indicate that a pure end-member (pure calcite) has not been reached in 

the l eaching sequence. Extrapolation to Mg and Sr values for pure 

calcite speleothem (Table 6.2b) suggest an age for 76016-90 of about 

130 Ka. 

6.7.3 Analysis of Pure Calcite 

Sufficient pure calcite crystals from two speleothems (76016 

and 78032) were hand picked from crushed samples of the speleothem 

cores to permit analysis. Each sample was rinsed in dilute acid before 

complete dissolution, to remove adhering powder. Analysis of Sr and 

Mg for 76016-9 (Table 6.2b) indicated that marine contamination was 

essentially absent. 78032-5 was not analysed for Mg and Sr after dis

solution. Results ' of the two age . determinations . are . shown in Table· 6.2b. 



a) LEACHING EXPEIUMEN'rS 

2340 2 34 230ThU (ppm) Yields (%) 	 1 230Th AGE (Ka) Mg* Sr**1 

U Th 	
238

0 [ 238~Jo 232Th ~ ± la (ppm) 

1) 76016-SA 0.17 55 46 0.978 0.977 6 0.129 15.0 ± 2.0 


-58 0.20 54 54 0.961 0.958 13 0.254 31.9 ± 2.6 


156.5 + 11.5-SC 0.36 	 56 43 1. 023 1. 035 49 0.767 10.4 

2) 76016-9A 	 28 9 + 11.30.59 62 6 1. 067 1. 073 12 	 9465 1815 

-98 0.38 49 10 1. 030 1. 037 28 0.527 80. 8 : 2:1 4205 1190 

-9C 0.31 63 32 1.013 1. 018 38 0.655 115.1 ++11.5 
10.4 3505 1100 

0.235 . - 10 2 

-9D 0.27 	 63 23 1. 013 1. 018 >1000 0.658 115.9 6.5 1955 1050- 6.1 

b) 	 ANALYSIS OF SELECTED CRYSTALS 

+ 13. 376016-9 0.23 63 83 l. 000 1. 001 24 0.768 158.3 - 11.9 1377 1080 

+ 	 8.378032-5 0.26 58 43 0.994 0.992 85 0. 722 139. 2 7.7 

Pure calcite : 76016 1280 990 

780 32 1200 950 

8H 2110 1130 

Marine d e posit: 
76016 41700 2800 

78032 40860 20 30 

BH 36350 3095 

* error ±10% ** error ±20 % 

Table 6.2 a) 	 Dating results for two leaching experiments on 76016 and analyses of Mg,Sr content of each 
portion dissolved (for the second experiment only). 

~ 

b) 	 Dating results for analyses of pure speleothem calcite samples. Sr, Mg contents of the 00 
0 

dissolved samples and analyses of pure calcite and marine deposit are shown for comparison. 
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6.8 Stable Isotope Analysis 

18 13Analyses of 0 0 and o c were made along a distinct growth
c c 

layer in 78033 to determine whether the speleothems were deposited in 

18i sot opic equilibrium with their drip waters. Unfortunately, o 0 was 
c 

13found to increase in one direction and was correlated to o c thus 
c 

indicating the deposition was kinetically controlled and therefore useless 

for paleotemperature analysis . . Figure 6.8 shows the analytical results. 

6.9 Discussion 

These results and the older dates from the initial work on 

speleothems from BH #4 (presumably corresponding to the least cont ami

nated samples) indicate an age range of 160 - 139 Ka. Although this age 

range lies within error limits of the individual determinations it may 

in fact be real because each sample dated has a separate stratigraphic 

location and stalagmites of these dimensions probably require a period 

of at least this duration to develop. 

The analyses of 76017 show that growth occurred during a period 

of sea level lowering of over lOm about 50 Ka. Although sea level is 

known to be lower than present at that time (Bloom et al. 1974), this 

result gives little indication of the amount of lowering. The deeper 

speleothems from BH #4 are of much greater significance. 

The maximum subsidence rate of the Bahama platform for the 

period since the Oligocene has been shown to be 0.18m/10,000 years. 

It may therefore be concluded that speleothems were deposited 150 Ka 

ago, about 42m below present sea level. It is l i kely that sea level 

was even lower than -42m because there was sufficient time for cave 
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passages to develop and integrate and large speleothems to form. 

The growth period of these speleothems corresponds to the 

Illinoian glacial event occurring from approximately 180 - 130 Ka 

ago. It is tempting to suggest that rising sea level at the end of 

the Illinoian may have terminated growth of these stalagmites, but 

unfortunately the younger (outer) layers of the deposits, which might 

demonstrate this effect have been totally replaced by marine deposits. 

Correcting for tectonic submergence of the Bahamas platform, sea level 

must have risen at the end of the Illinoian at no less than 3.2m/Ka. 

Figure 6.9 shows the excellent relationship of these results to 

estimates of sea level lowering obtained from deep sea cores by 

Shackleton and Opdyke (1973) . 

6.10 Conclusions 

Analysis of speleothems from the deeper chambers of a blue hole 

near Andros Island have shown that sea level was depressed to at least 

one-third of its maximum lowering from about 160 - 140 Ka ago, during the 

Illinoian glaciation. Contamination of speleothem calcite by small 

amounts of marine carbonates has been found to severely bias ages to 

younger values due to the higher uranium concentration and younger age 

of these deposits. Preferential leaching of the marine carbonates 

during dissolution and analysis of clean, hand-picked calcite crystals 

has given ages approaching those of the original speleothems. 



CHAPTER 7 


APPLICATION OF DATING AND STABLE ISOTOPE TECHNIQUES TO SPELEOTHEM 

FROM OTHER AREAS 

Introduction 

During the course of this study, the opportunity arose to 

sample and date speleothem from several areas in North America and the 

Caribbean, principally in association with speleological expeditions 

to Jamaica, Gasp~ Peninsula (Quebec), the Canadian Rockies and North

west Territories. Jamaica was particularly interesting from a paleo

climatological viewpoint because a tropical rain-forest karst region 

had not been previously investigated for speleothem age distributions 

and gave the possibility of determining a paleoclimate curve unbroken 

by local freezing during glaciations. In contrast, the Gaspe 

Peninsula was ice-covered during most, if not all, North American 

glaciations and so speleothem age distribution would probably be re

stricted to non-glacial periods. 

Several speleothems from the Canadian Rockies and the Nahanni 

region, N.W.T., have been dated in the hope of providing new information 

on cave development and valley incision rates in these areas. Single 

speleothem samples from other areas have also been dated and the results 

are briefly described here. The areas include New York State, West 

Virginia, Florida, Norway and N.Dakota. 

313 
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7 .1 Jamaica 

7 .'1.1 Description of the Area 

Jamaica consists of a basement of Cretaceous igneous and 

meta-sedimentary rocks, overlain by Tertiary limestones (Figure 7.1). 

The limestones cover almost two-thirds of the island's area and are 

subdivided into two main groups. The lower group, the Yellow Limestone, 

is an impure sandy limestone, and outcrops in a narrow band around 

inliers of the Cretaceous basement rocks. The upper White Limestone 

group is a sequence of more pure carbonates whose surface exposures 

are often heavily karstified. The Cockpit Country is a classical 

example of cone karst (Kegel Karst) - an area of conical limestone 

hi l ls evenly separated by flat~floored glades, in the west of the 

is l and, (Sweeting 1958) . The uplifted inliers are impervious to 

drainage and form the catchment areas for many of the island's large 

river caves situated at the contact between the basement and the lime

stones. Most of these caves end abruptly in impenetrable syphons or 

collapse debris and many have been traced to resurgences, often 

several kilometers away. 

7.1.2 Sampling Areas 

Several of the larger river caves and older fossil systems 

were visited for two weeks in 1975 with members of a Bristol University 

expedition led by Dr.D.Ingle Smith, and with the help of the Jamaica 

Cavi ng Club. Speleothems were collected from most of the caves 

vis i ted and a study of trace element content · of freshly-deposited 
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calcite and associated drip water was undertaken in some of the more 

accessible caves. The results of the trace element · study are 

described in Chapter 9. 

Most of the caves sampled were active vadose river systems 

formed near to the central inlier of the island (Figure 7. 1). Some 

caves however, (Oxford Cave, Jacksons Bay Cave) are fossil high level 

systems showing phreatic development, followed by peri ods of elastic 

i nfill, speleothem deposition and re-excavation of sedi ments. A 

f ull description of the caves has recently been given by Fincham ( 19 77) . 

7.1.3 Dating Results 

Analytical results are l i sted in Appendix Sa and shown as a 

bar graph in Figure 7.2. 

7. 1.3.1 Detrital Contamination 

On sectioning, most of the speleothems collected were found to 

contain appreciable quantities of detritus, either as hori zons between 

clear calcite layers (presumably representing flood events i n the cave ) 

or distributed evenly throughout the speleothem. This has resulted in 

230 232low Th/ Th ratios ( < 20) for 19 out of the 31 .ages determi ned 

for 11 speleothems. These results have been corrected for detrital 

thorilllll as described in Chapter 2 and are indicated in Figure 7 . 2 . 

The validity of the correction in light of these and other results is 

discussed in Chapter 10. 
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7.1.3.2 U C~ncentrations and c 234u; 238u) Ratios 

Only two of the dated speleothems contained more than lppm U. 

The remainder contained less than 0.4ppm. These low concentrations, 

coupled with the presence of detrital Th in many samples has greatly 

reduced the precision and reliability of calculated ages. These 

concentrations presumably reflect the low U content of the Tertiary 

limestones and absence of U-rich overburden and shal e partings in the 

limestone. 

c234u; 238u) ratios are all close to 1.0 (range 0. 75 to 1.3)
0 

234
indicating little preferential enrichment of u by groundwater 

leaching and in some cases, U dissolution from bedrock that is already 

234depleted of U (see Chapter 8) . 

7.1.4 Speleogenetic Significance of D.ating Results 

A wide range of ages (from 0 to 200 Ka) has been found for 

Jamaican speleothems (Figure 7.2). Their significance is considered 

in terms of each cave and the adjoining area. 

7.1.4.1 Jacksons Bay Cave 

This cave is a complex series of drained and partly-drained 

phreatic passages whose lowest passages are presently within lm of 

sea level (Wadge et al. 1979). In the -east the cave shows 

vertical development up to 70m a.s.l. It has many entrances, some of 

which contain Arawak petroglyphs carved onto stalagmites. The cave 

forms the lower level of development in the Portland Ridge (Figure 7.1), 
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a sparsely vegetated limestone hill rising to 180m a.s.l. 

Speleothem 75300 was an in situ flowstone projecting from the 

passage wall in a crawlway connecting two parts of the system. Age 

determinations show no clear relation to speleothem stratigraphy but 

growth appears to have been continuous and la error- .1 imits for all 

analyses overlap. This speleothem indicates that the passage was 

de-watered by at least 200 Ka and therefore that much of the cave 

system was formed prior to this. Wadge et al. have proposed a 

complex sequence of development of the caves of Portland Ridge. 

They consider that karstification of the area began in the Late 

Pliocene after uplift · and folding, and that during subsequent 

int erglacial periods the ridge has often been below sea level. 

Groundwater ponded above the seawater caused many of these passages to 

develop under phreatic conditions during these and intervening times. 

The 20 Ka growth period of 75301, ending about 2 Ka ago, and the 

abundance of presently-inactive, young-looking speleothems in 

Jacksons Bay Cave suggest that the Holocene and post-glacial periods 

were relatively pluvial, the area becoming more arid about 2 Ka ago 

(it should be remembered however, that this age is based on a 6% Th 

yield). 

Climatic implications of the speleothem data are further 

discussed in the next section. 

7.1.4.2 	 Oxford Cave 

This cave lies about 40m above the Golding River and 20m 

above the entrances to Golding and Coffee River Caves further upvalley 
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(Fincham 1977). It is a fossil phreatic tunnel up to 6m in diameter 

containing much mud, bat guano and stalagmite deposits. The cave may 

be an abandoned resurgence of the Coffee River, and can be seen to 

have had a complex genesis, because in places, phreatic flowmarkings 

are deeply carved into flowstone beds which once occupied much of the 

cave passage. This feature can only be explained by a second phase 

of phreatic development followed by rapid de-watering. Younger 

stalagmite columns then developed and the surface re-solution 

features of these indicate that a third ponding phase may have 

occurred. 

The only speleothem dated from this cave is a piece of the · 

deeply-scalloped (but non-porous) wall flowstone, 75335. Stratigraphi

cally consLstent ages from 190 to 156 Ka indicate that the cave evolved 

as a phreatic conduit and was dewatered prior to 190 Ka. Two phases 

of phreatic modification have occurred since 156 Ka, separated by an 

extensive speleothem depositional phase. 

If the initial phreatic development occurred at valley floor 

level, then the average rate of downcutting of the Golding River valley 

must be less than 20cm/Ka. 

7.1.4.3 Coffee River and Golding's Cave 

These caves drain into the same river valley but are hydrolo

gically separate. One stalagmite (75320) was collected from the entrance 

passage of Golding's Cave . and shows extensive surface re-solution 

features and many internal detrital horizons. Low U and high detrital 

Th concentrations have made it impossible to date precisely 
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(Appendix 5 a) . Three speleothems from Coffee River Cave have been 

dated with more success. 75351 was a large stalagmite cemented on 

a fallen block, but out of growth position (ie. it predates the block 

fall). It was dated as growing continuously from 84 to 55 Ka but 

age inversion near the top may be due to detrital Th contamination. 

Correction for detrital Th removes the age inversion and indicates 

growth from 70 to 48 Ka. A second stalagmite (75350), collected 

in situ from near roof level in the streamway, show~ discontinuous 

growth from 56 to 25 Ka (39 to 9 Ka when corrected). A short segment 

(75353) of a long stalagmite in the streamway was dated at 19 to 15 

Ka although its ages are inverted with respect to the stratigraphy. 

These ages show that the stream in the cave has entrenched 

at a rate not exceeding about 15cm/Ka assuming 7535 1 grew near roof 

level, about lOm above the present streamway. The many detrital 

horizons in the lower layers of this speleothem suggest that flooding 

to roof level was more common about 70 Ka than 50 Ka, a proposal 

concordant with the concept of an entrenching vadose cave passage. 

7.1.4.4 Cave River Cave 

This cave consists of a series of passages formed by the 

sinking and resurging of the Cave River and its tributaries. The 

part studied here was the section upstream from the Noisy Water 

entrance containing a well-decorated side passage known as Gour 

Passage. Two loose stalagmites (75341, 75342) were collected here, 

each showing surface re-solution features. On sectioning, 75342 was 

.found to contain an inner stalagmite. Attempts to date this inner 
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portion failed due to poor Th yields but the outer deposit was found 

to be about 15 to 10 Ka in age. 75341 is also a recent deposit 

showing good age agreement with stratigraphy (19 to 5 Ka, or 11 to 4 

Ka if corrected) . 

7.1.4.5 Hutchinson's Hole 

This 90m deep shaft was descended by the author in search of 

human remains among the debris at the bottom. None were found, but 

instead a short, in situ stalagmite (75390) wa? collected from the entrance 

of a low passageway at the bottom of the hole. Its outer surface 

showed evidence of re-solution and on sectioning it was found to con

tai n an indistinct hiatus near the top. The determined ages indicate 

a l arge span of time between base and top (about 150 Ka) which is 

inconsistent with the size of the speleothem, the apparent insignifi

cance of the hiatus and the lack of pronounced surface erosion 

features. Only replicate analysis will clarify these results. 

7.1.5 Stable Isotope Results 

Two speleothems (75341, 75351) show good radiometric age 

control, internal crystallinity and agreement with stratigraphy, and 

they were examined for isotopic equilibrium growth. Both samples 

18 18 13showed increase of o o and correlation between o o and o c along
c c c 

the growth layers (Figure 7.3), indicating kinetic isotope fractionation 

during growth. A third speleothem, 75300, (Figure 7.3) was analysed in 

two dimensions as descibed for flowstones in Chapter 3 and found to 

18 18have constant 0 0 but with correlation between 0 0 
c c 
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a l ong one growth layer, also indicating kinetic isotope fractionation. 

Al l three speleothems were collected in passages containing appreciable 

air currents, which, if present during growth, would account for the 

observed results. Isotopic analyses are listed in Appendix Sb. 

No inferences concerning Jamaican paleoclimate can therefore 

be made from stable isotope studies on the speleothems dated here. 

7.1.6 Age Distributions and Paleoclimatic Significance 

It has already been suggested that the ab~ndance of presently

inactive, young speleothem in Jacksons Bay Cave and the dated growth 

period of one speleothem from 25 to 2 Ka indicates a more pluvial 

cl i mate in this area during the last glaciation. The remaining speleo

them data presented here (Figure 7.2) although infrequent, further 

indicate depositional periods which coincide with estimated durations 

of cold or glacial periods in the northern hemisphere, ie. 190 - 160 

Ka, 80 - 50 Ka, and 30 - 5 Ka. These results are in contrast to those 

of Bonatti and Gartner (1973) who propose that glacial periods are 

marked by increased aridity in the Caribbean, b.ased on changes in 

the kaolinite (humid) to quartz (dry) ratio of the Caribbean cores. 

However to justify further comparison and resolve this apparent dis

agreement, a far greater population of speleothem age determinations 

is first needed. Stable isotope profiles and comparison of growth rates 

duri ng dated periods would give additional evidence. 

7.1 . 7 Conclusions 

This investigation of speleothem from Jamaican caves has been 
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limited by low uranium and high detrital contents of many of the 

samples collected. Detrital layers seen in many speleothems probably 

indicate frequent and intense flooding events in these caves. Valley 

entrenchment rates, where calculable appear to be high, and these 

further illustrate the energy of the dynamic processes influencing cave 

development in a tropical, rain-forest environment. Many of the caves 

investigated carry air currents which are presumably responsible for 

kinetic isotope fractionation seen in three of the dated speleothems. 

Average growth rates of three dated speleothems (75301, 75341, and 

75351) vary between 1.5 and 4cm/Ka. These are rather low for non-equi

librium deposits formed in a tropical environment (compare for instance 

the rates calculated for English speleothem formed during the Holocene, 

Figure 5.24). 

7.2 Gasp~ Peninsula 

7. 2.1 Location 

Limestones of Silurian to Devonian age outcrop in narrow, 

steeply-dipping belts in southern Gasp~sie, the eastern peninsula of 

Queb~c (Bourque 1975). The area is covered by Quaternary glacial 

deposits of Late Wisconsin age and was probably ice-covered during 

previous glaciations (Flint 1971) . Several small caves are known in 

the region (Beaupr~ 1975) but one of the most interesting has recently 

been found in the Silurian Baie-des-Chaleurs limestone group, north 

of the village of Saint-Elzear de Bonaventure (see inset, Figure 7.4). 
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Discovered by local people early in 1977, La Grotte de Saint-Elzear 

attracted much attention because of the enormous quantities of 

fossilized bear bones found in two chambers at the base of a lOm 

entrance shaft. The chambers, Salle des Ours and Grande Salle, are 

separated by a low roof and a debris pile. From each, short fissure 

passages and fossil phreatic passages lead off (Figure 7.4). 

In April 1977, the author was invited to join an expedition by 

members of the Societe Quebecoise de Speleologie in Montreal, to the 

cave, to collect dripwater for chemical analysis and speleothems for 

dating. The cave is not well decorated with speleothem but several 

small stalagmites were found loose or cemented to displaced boulders 

in breakdown debris in Salle des Ours. Two stalagmites, also cemented 

to blocks and out of growth position, were collected from La Grande 

Salle. The cave has been described in detail with initial dating 

results by Roberge and Gascoyne (1978). 

7.2.2 Results 

230Eight Th/ 234u ages have been determined on seven stalagmites 

from La Grotte de Saint-E lzear. The results are listed in Appendix 5 c 

and shown as a bar graph in Figure 7.5. Three speleothems show slight 

contamination with detrital Th and their ages have been corrected as 

described in Chapter 2. Some of the ages indicated in Figure 7.5 are 

less reliable than others because of their low U concentrations 

( < O.lppm). As described in Chapter 2, ages determined for these 

spe l eothems may be influenced by random contamination effects not 

expressed in the standard deviation error of the age. 
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7.2.2.1 U concentration and Isotopic Ratio 

Speleothem U concentration varies by almost an order of magnitude 

between stalagmites in the same chamber, La Salle des Ours, (range 0.06 

to 0.41ppm). c234u; 238u) ratios are all high, between 2.20 and 3.15. 
0 

As previously found by Harmon (1975), no distinct relationship can be seen 

. 234 238between U concentration, ( U/ U) ratio and age (Figure 7.6),
0 

although it is possible that higher U samples are formed during inter

glacial periods, ie. about 200 Ka and 140 - 120 Ka. 

7. 2 .2.2 Speleogenetic and Paleoclimatic Significance 

These results indicate that the cave was de-watered prior to 

about 200 Ka and has remained so since, because no samples show evidence 

of re-solution. Cave development by solutional enlargement must there

fore have occurred more than 200 Ka ago. The ages of all higher U 

speleothems ( > O.lppm) lie within proposed interglacial periods for 

North America, ie. the Yarmouth ( - 230 - l80 Ka) and the Sangamon 

( - 140 - 90 Ka), (Harmon et al. 1977). Ages of two low U speleothems 

(77024, 77030) place them in the Illinoian glacial event 170 - 140 Ka) 

which, if real, may indicate the presence of an interstadial separating 

two glacial advances as recognised in deep sea cores taken from sea-

mounts off the Grand Banks, Newfoundland (Alam and Piper 1977),and in 

Europe (Table 5.1). Alternatively it may be due to a bias caused by 

minor contamination during analysis (eg. reagent blank fluctuation, 

memory effect) such that the samples actually belong to one or other 

of the interglacials described above. 

The fact that the Yarmouthian speleothems were found intermingled 

with Sangamonian speleothems in the debris of La Salle des Ours indicates 
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that the intervening Illinoian glaciation contributed little to either 

the erosional enlargement or elastic infilling of the cave. 

7.2.3 Conclusions 

. 234 238
This cave is noteworthy for the high ( U/ U) ratios,

0 

variable U concentrations and relatively high ages of its speleothem 

deposits. Limited speleothem growth during the last two interglacials 

is indicated by these results and the absence of Mid-Wisconsin inter

stadia! deposits suggests that cold conditions prevailed throughout 

this period in this area. 

7.3 Canadian Rockies 

Two speleothems whose ages have considerable geomorphic signifi

cance have been dated from caves in the Canadian Rockies. Sample 77032 

from Castleguard Cave, Banff National Park, Alberta-B.C., was collected 

in 1977 from the bottom of the '80 ft. pitch' in the cave. It was found 

lying loose on a sediment bank and may have been transported there. by 

persons Wlknown, as part of a previous collecting trip. Ages for the top and 

bottom of the stalagmite are 278 and> 350 Ka respectively (Appendix 5d). 

This speleothem is the oldest so far obtained from Castleguard Cave 

(the oldest previously determined was 147 Ka; Harmon et al. 1977) and 

therefore indicates de-watering of the farther reaches of the cave by at 

least 350 Ka. This result permits revision of valley entrenchment rates 

for this region, giving lower, more acceptable values. 

The second speleothem, 72025, from Gargantua Cave, Crows Nest 

Pass area, was initially collected and analysed by Harmon (1975) giving 
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an age of about 219 ± 16 Ka and a U concentration of 18.lppm (quoted in 

Harmon et al. 1977). However, this date is known to be based on yields 

of 2% (U) and 9% (Th). Replicate analysis of an exactly similar piece 

of the speleothem in the present study has given an age of > 350 Ka 

and U concentration of 2.91ppm, (Appendix S.d). 

7.4 Nahanni Region, N.W.T. 

Several analyses have been made of speleothems collected in 

1975 from Grotte Valerie in the Nahanni Plateau region and these are 

reported and used for interpretation in Harmon et al. (1977). However 

three of these (75029, 75030-1, -2) are based on low yields ( < 5%) 

1and were not intended for publication. -The influence of the low yields 

. 230 234 can be seen 1n the fact that the Th/ U ratios are all 	greater than 

230 2341.10, giving apparent ages of > 350 Ka. The only reliable Th/ u 

age is for flowstone 75037 ( > 350 Ka), given in Appendix 5 d. 

7.5 West Virginia 

Two stalagmites (NBL, NBS) were collected in 1975 from the 

strearnway below the Half Way Room in N·orman Cave in an effort to add to 

the age and stable isotope data determined by Thompson (1973a)for West 

Virginian Caves. On sectioning, both were found to contain re-so l ution 

holes and detrital layers. NBL contained a prominent hiatus half way 

along its length. Analytical data for analyses of the top and bottom 

of each speleothem are given in Appendix 5 d. NB L was found to have 

grown from 121 to 93 Ka, during the Sangamon interglacial. NBS appears 

to be considerably older (top date is 221 Ka) but this may be an artefact 



333 

230of partial leaching of uranium as seen in the basal age, c Th/ 234u 

ratio= 1.140). No stable isotope analyses have so far been made for 

these speleothems. 

A small in situ stalagmite (78042) was collected from a fossil 

phreatic roof tube in part of the Canadian Hole system, W.Va., in 1978. 

An age on its flowstone edges was 155 Ka. The speleothem showed 

considerable surface re-solution features indicating that a return to 

phreatic or vadose conditions 1 with flooding,has occurred sometime since 

this date. The stalagmite may have grown just prior to the maximum 

glacial conditions of the Illinoian event (probably associated with 

periglacial conditions in this area) and then suffered re-solution by 

ponding of meltwaters during de-glaciation. Alternatively it may indi

cate the presence of an interstadial period in the Illinoian, as suggested 

above. 

7.6 New York State 

McFails Cave, near Albany, New York, unlike the West Virginian 

caves, was glaciated during Wisconsin and probably during Illinoian 

times. Speleothem ages are therefore likely to be confined to inter

glacial or interstadial times. Two speleothems from McFails, 75032 and 

MCFA 4, have been dated and are found to have grown during the period 

44 - 36 Ka, (Appendix 5d), corresponding approximately to the Port 

Talbot II interstadial of the Eastern Great Lakes record (Dreimanis and 

Goldthwait 1973). Another speleothem, 75034, probably grew during the 

Late Wisconsin de~glaciation, and ended about 8 Ka ago. The base of the 

sample has not been dated. 
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7. 7 Warm Mineral Springs, Florida 

This hot spring, near Venice, Florida, has an average temperature 

of 30.s 0 c and its surface lies about 1.Sm above sea level. It has 

recently been the site of several important archeological finds which 

have been preserved .at depth by the anoxic waters (Royal 1978). Royal 

has located several stalagmites and flowstones at depths up to SSm in the 

Springs. A sample of a flowstone at -lSm (78010) has been dated by both 

230 234 231 230Th/ u and Pa/ Th methods. The latter results are described at 

the end of Chapter 2. Ionium ages of 12.6 Ka and 14.4 Ka (10.9 when 

corrected) have been determined on two different pieces of the flowstone 

(Appendix Sd) . Good agreement is seen between the two ages suggesting 

that the porosity of the sample either has not permitted differential 

migration of radioelements, or that the whole speleothem has been equally 

affected. These alternatives are discussed more fully in Chapter 2. 

If no migration has occurred, then the ionium ages indicate that the 

spring level was at least lSm below its present level about 12 Ka ago. 

This result is in general agreement with estimates of eustatic 

sea level by Curr~y (1965) and Milliman and Emery (1968) which indicate 

a depression of between 40 and 80m below modern at that time. 

7.8 Norway 

Two speleothem samples from caves in Norway have been dated in this 

study. Both were collected by S.E.Lauritzen. The first (78006) was a thin 

flowstone veneer over clay breccia, thought to be glacial outwash deposits. 

Two analyses (Appendix Sd) showed high detrital Th contamination but indi

cated that the flowstone was middle Holocene, in agreement with its 
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location. 78007 was a flowstone block found buried in debris in a cave 

stream passage. It was low in U and dated at 162 Ka (148 Ka when 

corrected). This age may indicate that the speleothem grew during the 

Treene interstadial separating the main phases of the Saale glaciation. 

Alternatively its age may be biased slightly by contaminants, such that 

it belongs to the Eemian or Holstein interglacials. 

7.9 	 Wind Cave, S.Dakota 

A lcm thick calcite encrustation on a cobble, collected by 

T.Miller 	from Wind Cave, has been dated at > 350 Ka. The date is 

230 234
suspect because of the rather high Th/ u ratio (1.099) and the low 

234u; 238Th yield (5%) in the analysis (Appendix Sd). The high u ratio 

however indicates that the sample is not of 'infinite' . age and this may 

h . h 230Th/2340 . C . haccount f or t he apparent1y ig ratio see isoc ron p1ot, 

Chapter 2). If correct, this date indicates the antiquity of the 

Wind Cave system. 



CHAPTER 8 

URANIUM ISOTOPIC DISEQUILIBRIUM IN SPELEOTHEM AND KARST GROUNDWATERS 

Introduction 

234 238Disequilibrium of the isotopes of uranium, · u and u, in 

the natural environment was first observed in the USSR by Cherdyntsev 

(1955). Since then, isotopic disequilibrium has been shown to be the 

234rule rather than the exception, and values of the activity ratio, u; 

238 u, ranging from 0.5 to > 12 have been observed in groundwater 

systems. Studies of disequilibrium have included applications to water 

tracing and hydrological mass balance, earthquake prediction, uranium 

234 238prospecting and age dating. The u; u dating method is potentially 

useful for dating Pleistocene deposits that lie beyond the range of the 

230 234
Th/ u method (> 350 Ka). Its main .drawback is the difficulty in 

· · d. . h . . . 1 234 I 2 3 su .determining or pre icting t e 1n1tia U ratio. 

This chapter discusses the theory of U isotope fractionation 

and briefly reviews relevant literature. Cave drip waters and associa

ted calcite deposits have been analysed to determine the variability, 

. . d f 234u;238u . . . A f h. d1n time an space, o activity ratios. s part o t 1s stu y, 

a novel technique for U extraction from groundwater has been developed, 

which is more compact and portable than that used by previous workers. 

Analyses have been made of calcites and drip waters collected from 

caves in West Virginia, Kentucky, the Canadian Rockies and N.W.England. 
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8.1 Geochemistry of Uranium 

Uranium has a number of oxidation states but only U(IV) and 

U(VI) are important in the natural environment. In its primary source, 

felsic igneous rocks, it is present almost entirely as U(IV). On 

weathering in an oxidising environment it becomes the more soluble U(VI). 

In solution, it forms a number of anionic complexes in preference to 

4+ 2+ 	 2- 4the 'free' cations U and uo , eg., U0 (C0 ) , U0 (C0 ) ,
2 2 3 2 2 3 3 

Langmuir and Applin (1977) have shown the dominance of 

these species in groundwaters between pH 4 and 10. In karst ground

waters, the stability of the carbonate species is dependent on the par

tial pressure of co2; degassing of saturated waters will cause U to co

precipitate with carbonate minerals (eg. calcite). U in limestone 

groundwaters may be derived from allogenic surface streams but more 

usually it originates in the limestone and interbedded shale partings. 

Overlying glacial drift and local mineralizations may be additional 

sources. 

8.2 	 Uranium Disequilibrium 

234Until the discovery of unsupported U in groundwaters, it was 

always supposed that isotopes of heavy elements could not be measurably 

fractionated by chemical means, and only slightly by physical means. 

It was thought that the half-lives of the intermediate nuclides were 

2 34U/ 2 3 8 . . . b . ( . short enough to a 11ow t h e U activity ratio to e unity ie. at 

secular equilibrium) for any geological deposit or deep groundwater 

. F.system, ( t he decay sequence of 
238U is. s hown in 1gure 8 . 1) . 

f . "b 	 . 1Some ear1y d . o 234U d'isequili rium. attempted to simu atestu ies 
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its fractionation 	by leaching experiments on whole rocks and sediments. 

234It was found that u preferentially migrated to the aqueous phase 

leaving the solid phase deficient (Baranov et al. 1958, Starik et al. 

1958, Chalov 1959). Many subsequent studies have measured 234u; 238u 

ratios in rivers, lakes, groundwater, sediments, bedrock, peat bogs and 

hot springs. A recent comprehensive review of literature on uranium 

disequilibrium has been given by Osmond and Cowart (1976). Figure 8.2 

. 11 . 	 1 f 1 f 234 /238 . d .i ustrates typ1ca ranges o va ues o U U ratios an uranium 

concentrations in the weathering cycle. It is significant that only 

the ocean is known to have a constant isotopic ratio (Ku 1976). 

8.3 Mechanisms of Isotopic 	Fractionation 

8.3.1 Leaching Processes 

' d . ' 2348 3 1 1 	 U. . . Damage -site 

Early workers explained natural U isotopic fractionation in 

tenns of lattice dislocation due to emission of high energy particles 

238 234 234during the three-stage decay of u to u. The resulting u was 

therefore more accessible to leaching by groundwater. 

8.3.1.2 	 Change of Oxidation State 

234During the decay to u, the oxidation state of the U atom can 

be increased from IV to VI due to stripping of electrons from atomic 

orbitals by the ejected alpha particle. U(VI) is more soluble than 

U(IV) and therefore is more easily leached from the solid phase. 
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These mechanisms have been experimentally shown to account 

for disequilibrium ratios of up to 1.3, but very high ratios have been 

reported by Kronfeld (1974) and these probably involve other mechanisms. 

8.3.2 	 The Alpha-Recoil Mechanism 

234Kigoshi (1971) suggested a mechanism of u enrichment in 

groundwaters which could explain high values of disequilibrium ratios. 

Decay by a -emission into the body of the solid phase, from a nuclide 

at the surface of the grain may cause the daughter to recoil into the 

adjacent liquid phase. Kigoshi demonstrated this process using a 

234suspension of zircon powder in wat~r. Th concentration in the water 

increased in accordance with calculations based ona -recoil range of 

234Th in zircon, surface area and density of the powder and decay con

234
stan t and concentration of the 238u. Although the ejected Th is 

234relatively insoluble, decay to the more soluble U takes place soon 

after formation. 

8.4 Additional Effects 

234	 2388.4.1 	 u Replacement of u 

Work done on groundwater of the Trinity aquifer of central 

Texas 	 (Kronfeld 1974) substantiates Kigoshi's mechanism and illustrates 

. 234u . da means 	 o f enhancing excess in groun water. In this aquifer, 

uranium concentration was found to decrease dramatically along the direc

234u; 238
tion of flow (from> 1 ppb to as little as 0.01 ppb) whilst u 

ratios increased. The decrease in U concentration was thought to be 
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due 	 to changes in water chemistry, pH and Eh conditions. A uraniwn

rich precipitate was assumed to coat the 	aquifer walls and although 

234this was no longer a source of leachable u, owing to the chemical 

234conditions, it would continue to supply U to the groundwater by 

a-recoil. Equilibration with the dissolved U would preferentially dis

238place U from solution (the more abundant isotope), thereby appre

ciably increasing the disequilibrium ratio. 

2348.4.2 Deficient u 

In 	water of the Floridan aquifer, Kaufman et al. (1969) also ob

234 238served that u; u ratios were inversely related to U concentration, 

but deep groundwaters were enriched in U (up to 25 ppb) with isotopic 

ratios as low as 0.5. In this case Kaufman et al. proposed that leaching 

234. f f h f 	 . . . f. band a-recoil o U rom t e aqui er walls was ins1gn1 icant ecause 

234extensive U removal had already occurred during times 	of low sea 

234level in the Pleistocene, leaving a bedrock deficient in u. A com

bination of high permeability, oxidising conditions and an efficient 

groundwater circulation were now leaching U from bedrock or re-mobilizing 

. . d . . 234 d f" .precipitate U, in its U e icient state. 

234 . h 	 f d d 

In summary, the mechanisms of damaged-site leaching and a-recoil 

f or U enric ment are applicable to all sur ace waters an groun 

. . h f 234 238u , dwaters, but t he methods o f se1ective enr1c ment o U or aepen 

on chemical conditions and previous hydrological history of the area. 
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8.5 	 Applications of Uranium Disequilibrium 

8.5.1 	 Hydrological Systems 

234u; 238Characteristic associations of u activity ratio and 

uranium concentration have been used to classify aquifer types as 

follows (after Osmond and Cowart 1976) : 

234	 238i) 	3 > u; u > 1 with low U concentration - typically found in 

oxidised aquifers, open to o and co exchange with the atmosphere.
2 2 

This is the most common type and is comparable to that of surface 

waters. 

234u; 238 
l·i·) h. h · h 1 · 	 f d dvery ig U wit ow U concentration - one type o re uce 

aquifer which is closed to atmospheric exchange, usually on the 

confined portion that lies down-dip from the recharge zone. 

Water from the higher-level oxidising zone penetrates a 'reducing 

barrier' causing uranium to precipitate. 234U excess is then in

creased by a-recoil. 

iii) 	low 234u; 238u ( < 1.0) with high U concentration ·- another type of 

closed system aquifer where uranium precipitated during conditions 

described in ii) is remobilised by lowering of the weathering 

horizon. Nonnal denudation processes, or enhancement by change of 

water levels will cause this . 

. ) 1 234 ;238 . h 1ow 	 . rare type f on1yiv ow U U wit U concentration - a o water 

seen so far in geothermal systems where reducing conditions, 

equilibration with minerals and rapid circulation combine to lower 

234uranium concentration and suppress enrichment of u by leaching 

and 	a-recoil mechanisms. 
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The unique characteristics of the groundwaters in this classification 

allows them to be used as components of mixing model equations to 

determine discharge contributions to river systems and major karst 

springs (Osmond et al. 1974). 

8.5.2 Age Measurement 

234The decay of excess u in a closed system is described by 

234u 234
0(-) 1 = (-) 1 ] • e -A234 t ( 8. 1) 

238 t 238 ° [u u 

. h d f d b . dwhere is t e ecay constant o U an su scripts t an o repreA234 
234 

sent the measured and initial activity ratios for a sample of age t. 

Corals were first to be dated by this method (Thurber 1962) 

234 . . . 1 . . b ( 1 0 ) • •but t h e 1ow U initia excess in marine car onates 47a gives rise to 

ages with large error limits (± 35% of the calcululated age, Veeh 1966). 

234
Attempts have also been made to use the decay of excess U to date 

freshwater and Pleistocene lake sediments (Chalov et al. 1966, 1970; 

Kaufman and Broecker 1965) and groundwater (Kronfeld and Adams 1974) . 

Results of dating travertine and speleothem by this method are described 

in a later section. 

8.5.3 Other Applications 

Isotopic ratios and concentration of U in seawater have been 

used for calculating U residence time in the oceans. Values of 280 Ka 

and 500 Ka respectively, have been deteTinined in this way (Osmond and 
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. 	 234 238Cowart 1976). The discrepancy suggests that mean U/ U ratio and 

U concentration 	in runoff are poorly estimated, but Ku (1965) has 

234suggested that u mobilization (by a-recoil) after sedimentation in 

the oceans, may provide an additional source of uranium which is not 

accounted for in the calculations. 

Uranitun disequilibrium has been considered for use in prospec

. d .. f . ore deposits by stu ying. 234U excess in waters andting or uranium 

so i ls. Rosholt et al. (1965) have shown that ore bodies that have been 

234altered by weathering and oxidation, have excess u, whereas unaltered 

ores generally show 234u deficiency. Accumulation zones might also be 

234u; 238determined by sudden changes in u ratio of groundwater as it 

moves through an aquifer. 

Geothermal waters from active volcanic regions and now-dormant 

(neovolcanic) regions can be recognised by their different 234u; 238u 

rat i os and U concentrations. In the former, ratios and concentrations 

are lower than in the latter due presumably to high temperature iso

topic equilibration with minerals and U precipitation in a reducing 

environment. High ratios and a higher U concentration reflect 

equilibration at depth and enrichment by 234u from a-recoil during the 

longer residence time of neovolcanic waters. 

There is some suggestion that U isotopic ratios may change 

prior to earth movements, in the same way that Rn and He content of 

groundwater has been found to vary. Increasing rock strain has the 

effect of releasing loosely-attached gas bubbles and particles, and 

234dissolution of these particles (prestunably enriched in u by a-recoil) 

may be reflected in groundwater. One interesting speculation is that 
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travertines from hot springs located in active zones may record earth-

kqua e h .istory b . . .y variations in 234 /238 .U U ratio co dsmon dan Cowart, 

19 76) . 

8.6 Uranium in Speleothem 

8.6.1 Sources 

U is present in limestones at concentrations generally < lppm 

and so 	dissolution of bedrock limestone by water rich in co2 from the 

· soil zone will cause a corresponding uptake of U. Interbedded shales 

contain more U, especially if organic compounds are present ('black' 

shales). U may also be present in overlying fluvial deposits and till, 

and in localised concentrations associated with vein filling. Allogenic 

surface waters collected on non-carbonate rocks may initially leach 

considerable amounts of U, although the decrease in co content when2 

exposed to the atmosphere will reduce the solubility of the carbonate 

species 	and so decrease U concentration. 

8.6.2 	 Uranium Species 

As already described, U forms stable soluble anionic complexes 

with bicarbonate and phosphate ions and these complexes are 

the dominant species in natural waters. Acidic percolation waters 

2+ 	 +entering limestone may have pH values as low as 3, at which uo 2 , uo 2F , 


U02 F~ and U02SO~ become important species (Langmuir and Applin 1977). 


In addition, U fo1iils insoluble complexes with fulvic acids (ph 6 - 8) 


and humic acids (pH 4 - 6) but the complexes are soluble at other pH 
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values (Manskaya and Dr.ozdova 1968). Becau_se limestone waters lie in the pH 

range 6 - 8, uranyl fulvates therefore are unlikely to occur in 

solution. However uranyl humates are soluble in this range and are most 

likely to be present when limestone dissolution takes place by the open 

system process, ie. when limestone is dissolved in the presence of a 

so i l-C0 atmosphere. In this situation, the pH of the percolation2 

water will rapidly attain the range 6 - 8 in which both humic acids 

and uranyl humates become soluble. In the closed system process however, 

(limestone dissolution without replenishment of co2 from the soil) the 

low pH range before contact with the limestone (pH 3 - 6) prohibits 

solution of either humic acids or uranyl humates with the result that 

negligible concentrations of organic-U complexes will be found in solution. 

It is not clear how uranium becomes incorporated in speleothem. 

6 2Direct substitution of u + (ionic radius= 0.80 A) for Ca + (i.r. = 
0 

0.99 A) could be possible from size considerations but charge imbalance 

2+ . woul d prohibit this. Alternatively, the more corrrrnon uo ion is the2 

same charge but its large size would reduce its solubility in calcite. 

Aragonite can accommodate large ions such as uo 2+ 
2 

, with greater ease 

(c.f. incorporation of strontium, Chapter 9) and this is reflected in 

the higher U concentrations found in aragonitic deposits. An alter

native to ion-for-ion substitution is the possibility of adsorption 

onto, or occlusion within the growing calcite lattice. 

Several mechanisms exist that induce coprecipitation of 

U with Caco in the cave environment. Loss of co causes uranyl
3 2 

carbonate complexes to dissociate. Fluoride and sulphate complexes 

become less stable with increasing pH (pH increases as Caco 3 precipi
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tates from solution) and may hydrolyse and precipitate as oxides and 

hydroxides. Evaporation of water would enh~nce the incorporation of 

U that is present in the form of sparingly-soluble organic complexes 

or in a colloidal state. These conditions can be seen in well-venti

lated caves with slow drip-rates in the Canadian Rockies and North-

West Territorie~ where speleothems are often coloured brown due to 

organic content trapped in the calcite by evaporation. 

8.6.3 Previous Speleothem Work 

Uranium-series 	dating of speleothem was first attempted by 

. 230 234 231 235Rosholt and Antal (1962) using the Th/ U and Pa/ U methods 

234u; 238u(Chapter 2) . Cherdyntsev et al. (1965) recognised that the 

method could not readily be applied to speleothem because the isotopic 

ratio at the time of formation,( 234u; 238u) , was unlikely to be constant 
0 

over the period of growth and could not be simply determined by ana

lysing waters at the same site. 

Nguyen and Lalou (1969) found 234u; 238u ratios to be reasonably 

constant with time for speleothem from caves in southern France and 

234u; 238suggested that, in principle, the u method could be used to 

230 234date speleothem older than the limit of the Th/ u method. Most 

subsequent studies (Duplessy et al.1970b, Cherdyntsev 1971, P.Thompson 

et al. 1975) have shown variable initial uranium isotopic ratios in 

230speleothem dated by the Th/ 234u method. P.Thompson et al. (1975) 

analysed modern drip waters and associated calcite deposits from caves 

234u; 238in West Virginia and found not only differences in u ratios 

between nearby collection sites but also variation with season. 
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In spite of these observations, G.Thompson et al. (1975) found 

234U/238U f . . h b d . hages or a Missouri speleot em to e more concor ant wit 

. 230 234stratigraphy than Th/ U ages and they used this to reject the 

0 

230 234
Th/ u method. Two principal assumptions made in their work were 

1.) a mean va1ue of 1 234 238· · · ; u1nitia U d · d from erive ana1yses of 5 waters 

in the cave could be used as c 234u; 238u) in the age equation (8.1) 

ii ) this value was constant over the period of growth of the speleo

them (estimated at up to 800 Ka) . 

The authors admit these assumptions to be rather tenuous but still 

234u;238persist in establishing a case for u speleothem dating by this 

method. Harmon et al. (1978c) have strongly criticized this paper and 

suggest an alternative explanation of the data which shows that the 
238230 234 234Th/ u ages may be more valid than those of the u; u method. 

The work described here was done to investigate spatial and tem

. . f 234u;238u . . d 1 h d . dpora1 variations o ratios in mo em spe eot em an associate 

calcite, to attempt to resolve more clearly the validity of G.Thompson's 

work. Practical limitations in obtaining sufficient data were overcome 

by development of a simple, compact method of extracting uranium from 

groundwater. 

8.7 Extraction and Analytical Techniques 

8.7. 1 Previous Work 

In most previous studies, trace amounts of U have been extracted 

from water by coprecipitation with an insoluble hydroxide (eg. Fe(OH) 
3

, 
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Al (OH) ). After filtration, the carrier hydroxide is removed by solvent3

extraction in strong acid and the U purified by ion exchange separation. 

A radioactive tracer is added at the beginning to monitor yield and 

determine U concentration. The coprecipitation method is laborious 

when applied to cave studies because of the bulky equipment required and 

the restricted nature of many cave passageways. Large polythene 

'garbage can' collectors (Thompson et al. 1975) are awkward and liable 

to split during transport. When finally in place they are open to dust 

and other drip waters. Other alternatives include absorption of U 

directly from the water onto a Fe(OH) impregnated sponge (Lal et al.3 

1964) and adsorption of U from water at pH 5 by wood charcoal (Nguyen 

and Lalou, 1969). Thompson (1973a) applied these methods in West Virgi

nia caves but found low extraction efficiency and trace metal contami

nation in the Fe(OH) 3 sponge method, and negligible U adsorption by 

charcoal. 

Veselsky (1974) has reviewed methods of U extraction from natural 

waters and found that the copreci pitation method often gave poor yields 

(0 - 50~). He also found that U adsorption on charcoal involved pro

longed heating to remove all carbon before analysis, as well as being 

non-specific in trace element uptake. He suggested that the low yields 

of the coprecipitation method may be due to incomplete removal of co 2 

during boiling. Optimum extraction efficiency was gi ven by a method 

involving pre-conditioning a water sample to pH 1 for spike equilibration, 

adjusting to pH 4 and then adsorbing U on cation exchange resin. 

Uranium was then eluted by concentrated HCl directly onto anion resin 

and finally purified by electrolytic deposition. 
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Industrial methods proposed for recovering U from ore-wash 

water have included the use of anion exchange resins in the carbonate 

form to adsorb U from water pretreated with sodiwn carbonate solution 

(Shankar et al. 1956). An inverse relationship was found for extraction 

efficiency versus molarity of Na
2

co
3 

(Figure 8.3). U was eluted with 

5% NaCl. 

Most of the above methods involve pretreatment of the water 

sample and so are not easily applicable to cave studies. A simple, 

portable method was needed for concentrating U directly from groundwater, 

wh i ch preferably avoided ' the transportation and use of hazardous chemi

cals in caves. 

8.7.2 	 Ion Exchange Extraction 

Because karst groundwaters represent an extension of the rising 

limb of 	the plot in Figure 8.3 (equivalent to < 0.2g/l Na2co ), it3

seemed logical that U could be adsorbed onto exchange resin without 

pretreatment of the water. A laboratory experiment was designed to test 

this, using carbonated water (C0 bubbled continuously through deionised
2 

water) and Analar Caco containing a few milligrams of uraniwn hydroxide.
3 

The hydroxide appeared to dissolve fully with prolonged stirring and 

passage of co2 but after passing the solution through preconditioned 

anion exchange resin and eluting, no uraniwn was detected in the 

eluate. Field tests, however, fully substantiated initial expectations. 

The laboratory experiment probably failed due to the large concentration 

of Hco; produced by high PC0
2 

. The field technique eventually used, 

allowed all equipment and reagents for a nwnber of sites to be carried in 
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Figure 8.3 Effect of Na co concentration of feed-water on uranium
2 3 

saturation capacity of anion exchange resin (Arnberlite 

IRA-400), from Shankar et al. (1956). 

Bio-Rad AG 1 - X8 100-200 mesh in Cl form 

la. IN HCl, 

washed 

15% Na2co3 

conditioned 

1H20 
washed 

Figure 8.4 Preconditioning procedure for anion exchange resin. 
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a waterproof metal box, 30cm x 20cm x 10 cm. 

8.7.2.1 Procedure and Analytical Details 

Anion exchange resins used in this study were preconditioned 

using the procedure shown in Figure 8.4 . During f i eld work, two tech

niques were used for U extraction from groundwater : 

. 234U/238U . 	 . 1A) 	 to determine ratio, U concentration. and resin co umn eff.i

ciency: a column was attached to a slowly-dripping s-talactite using 

a clamp and wire hanger (Figures 8.5, 8.6). A rubber tube on the 

outlet channeled the eluate into a large heavy-gauge polythene bag 

The volume of water collected was measured and · treated as shown in 

Figure 8. 7. 

. 	 234 I 238 . d . . h · B) 	 to determine U U ratio an approximate U concentration: t e ion 

exchange column alone was suspended under a slowly-dripping 

stalactite. No attempt was made to collect the water. Drip -rates 

and drip volumes were measured on installation and removal of the 

column in order to calculate the approximate volume of drip water 

passed. 

When not in use, all columns were stoppered at the top and 

pinched at the outlet in the presence of some water to prevent the resin 

from drying out. A 5 - 30g sample of the stalactite or stalagmite was 

removed for U analysis. Columns were left in place for periods of days 

to months depending on drip rate and accessibility. The procedure 

shown in Figure 8.7 was followed for U extraction from the column, 

effluent water and speleothem. Initially 5% NaCl solution was used for 

eluting the column but it was found diff'icul t to completely dissolve the 
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Figure 8.5 Sketch diagram of typical U-sampling apparatus Figure 8.6 Resin column and po l ythene bag water
for a stalactite in a cave. collector assembly i n Castleguard Cave. 
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ANION RESIN COLUMN 

back-flush resin int 

beaker with 9N HCl 

(allow co to escape)2

1 
repack co 1urnn with 

resin, recycle all 

9N HCl through it 

(discard afterwards) 

1 

9N HCl wash (discard)

1 

elute U with 0. lN HCl 

l 
ether extract 	iron 

COLLECTED DRIPWATER 

l 
acidify, degas, add 

spike + Fec1 and NH3 3 

in cave 

l 

collect 

F\:::e;l::: 

ether extract 	iron 

l 
anion exchange resin 

9N HCJ/ 
was~ lO.lN HCl 

discard 

eluate 

evap. to 
dryness 

CALCITE SPELEOTHEM 

. J, . 2Dissolve in N HNo 3 , 

add spike + . FeC1 3 , ·' 

filter, boil and add 

NH3· l 
(Fe (OH) 3ppte. 

organic solvent extraction 

a) pH 1 discard 

b) pH 3. 5levaporate 
U on steel disc 

ALPHA COUNT 

Figure 8.7 	 Analytical procedure for anion resin, effluent 

dripwater (collected in bag) and speleothem calcite. 

Details are given in text and Appendix la. 
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NaCl residue in dilute acid for TTA extraction. Elution with O.lN HCl 

avoids this _problem hecause this reagent is completely volatile 

CFigure 8. 7) • 

However, on. occasions a white crystalliJ?.e residue. often remained 

after e\~aporating the 0. IN HGl to dryness. X-ray diffraction analysis 

showed this to be anhydrite. This is difficult to account for because 

. d h . halthough So2- . ht a sorb on t e resin, Ca2+ will. pass t roughions mig 	 .4 

One explanation is that the complex CaSO~ is retained by the resin 

owing to its size and dipolar nature. Large quantities of this residue 

coul d be removed by further passage through anion exchange resin in 

9N HCl. 

8.7.2.2 	 Data Anal ysis 

234 238i) u; u ratios are simply detennined from the alpha 

spectra (Chapter 2, Appendix lb) 

ii) U concentration in collected effluent water is 

v 
u = -- x B x s (8.2) 

e v 

w 


where U is the concentration in µg/l of U remaining in the effluent 
e 

238 d 232u b d . . . . h 238u .
water, U an are o serve activities, 8 is t e equiva1ent 

spike activity constant (Chapter 2), V is volume of spike added to 
s 

effluent (mls) and V is volume of collected effluent (litres).
w 

The concentration of U in solution that is extracted by the . column 

(asslllJling 100% efficient elution and extraction into TTA before 
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c-ounting) is: 

1u = -- x x (µg/l of water collected) ( 8. 3) 
c V E 0.73965 w 

where Eis a-counting efficiency of the detector (Chapter 2) and 0.73965 

238dpm is the activity of 1 µg u. 


Total uranium concentration in the drip water is therefore 


u = u + u µg/l ( 8 .4)w c e 

Resin column efficiency R is estimated as the relative amounts of U 

adsorbed on the column and scavenged by coprecipitation : 

u 
c

R = x 100% (8.5) 

x 100)u + cu c e y 
u 

232where Y is the yield of U determined from measured u spike activity
u 

and Vs (Chapter 2). R depends on the presence of other adsorbing ions 

2- 3(Cl- , so , P0 - etc.) and whether resin saturation has been reached.
4 4 

8. 7 .3 Results 

8.7.3.1 Resin Column Extraction Efficiency 

Results from seven sites equipped according to procedure 'A' 

(ie. with collection vessel) are shown in Table 8.1. In most cases 



Volume 
of water 

Site No. Column No. Location Duration passed (1) 

4 CGAl Helictite Passage 16/4  1 
Castleguard Cave 19/4/77 
Alta.-B.C. 

5 CGA2 The Grottos, 16/4  2 
Castleguard Cave 19/4/77 
Alta.-B.C. 

1 ACl Andy Collins 1/3  30 
Crystal Onyx 26/4/76 
Cave, Kentucky. 

2 GWCl Gray's Water 1/3  30 
Cave, Kentucky 26/4/76 

3 GWC2 Gray's Water 1/3  10 
Cave, Kentucky 26/4/76 

7 N2 Entrance slope 5/9  25 
Norman Cave W.Va. 13/11/76 

10 NS Mud-floored room 5/9  "' 85* 
Norman Cave W.Va. 13/11/76 

Uraniwn Concentrations 
column 
(µg/l) 

1.39 

0.74 

0.43 

0 . 84 

0.86 

0.25 

"' 4.0 

effluent ppte 
(µ-/1) 

'\, 0 

(yield 

16% 

0.2 38% 

0 . 08 25% 

0.34 

0. 32 

0.03 

0.01 

4% 

19% 

12% 

21% 

calcite 
(ppm) 

2.3 

0.71 

0.98 

1. 07 

1.12 

0.48 

3.19 

234u;238u 

column 

1.395±0.074 

** 
1. 502±0. 101 

1. 213±0. 027 

1.696±0.028 

1.778±0.038 

1.525±0.041 

1.515±0.015 

ratios (±10) Column 
effluent ppte! 	 calcite Efficiency 

-

..... 
2.04±0.42 


** 

2.07±0.31 


** 
1.744±0.246 

1. 232±0 .119 

** 1.164±0. 066 ' 

I. 459±0. 082 

(%) 

1.485±0.046 100 

1. 401±0. 035 81 

1. 094±0. 059 84 

l. 732±0. 032 71 

I. 728±0. 044 73 

1.387±0.044 89 

1. 488±0. 018 '\.100 

* 	 collector overflowed, estimated from dr ip rate 

238
** < 0.05 µg U recovered 

234u; 238Table 8.1 	 Comparison of U concentrations and u ratios for U extracted by anion exchange column, 
Fe(OH) 3 precipitate of effluent water from column and calcite speleothem formed from the 
drip water. Efficiency of U extraction by resin method is given in last data column. 

~ 
c.r1 
00 

http:2.07�0.31
http:2.04�0.42
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little U is scavenged from the column effluent and the activities 

measured may be partly due to reagent U. It is difficult to use the 

reagent blank values determined for age measurements (Table 2.1) to 

correct for this because the analytical procedures and quantities used 

are different. In one case however, where > 0.5 vg* U was scavenged, 

234u; 238u ratios . h in t h· are comparab le with t ose f ound . e spe 1eothem ca1

cite and the resin column eluate. 

It can be seen that resin extraction efficiency is high. The 

quoted figures in Table 8.1 are minimum values for each column because 

100% efficiency of all purification processes is assumed in the treatment 

of the resin column. No measurements of selectivity and breakthrough 

capacity of the resin for U adsorption have been made but some indication 

of its efficiency is given in samp l e NS which had adsorbed about 250 dpm 

238
(= 340µg) u for an approximate resin volume of 20mls. Resin capacity 

4
is 1. 4 meq/ml and if the most abundant U species is [uo (C0 ) ] -, the

2 3 3

resin was approximately 20% saturated with respect to U. A column from 

the same site (results not reported here) which had been passing drip 

water for some months was almost 40% saturated with U. 

8.7.3.2 U Concentration and Isotopic Ratios 

Twenty-eight calcite-water pairs have been collected and analysed 

from caves in Kentucky, West Virginia, the Canadian Rockies and the Craven 

area of Northern England. Of these, seven were fitted with collecting 

bags as described above and the remainder were free-draining columns of 

* 0 5 238 . h . . . µg U is t e minimum quantity that can be counted with reasonable 
precision ( - 0 .1 cpm) . 
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type B. A sample of the recently deposited carbonate was taken with 

each column (either stalactite tip or stalagmite top, depending on 

availability and size). U concentrations and isotopic ratios are listed 

in Table 8.2 and ratios are represented graphically i n Figure 8 . . 8. It 

was not always possible to determine the volume of water passed because 

drip rates often varied, drip volume was not always measured (0.lml/ 

drop was assumed in this case) and with time, swelling of the resin or 

calcification of the glass wool plug decreased permeability and so 

caused the column to overtop and lose drip water. 

U isotopic ratios were found to range between 0. 77 and 1.8 in the 

caves studied, and in one cave, for samples taken along lkm of passageway, 

rat i os varied between 0.77 and 1.6. 

234u; 2388. 7. 3.3 Temporal Variation of u Ratio 

Two sites in White Scar Cave (England) had fairly constant drip 

rates and adequate U concentration in the drip water. Ten columns were 

placed here over the period August 1976 to September 1977 (with the 

assistance of Dr.R.Halliwell, University of Hull). They were subsequent l y 

eluted and analysed in the McMaster laboratory. The results shown in 

Figure 8 .. 9 suggest that there may be an asymmetrical annual variation 

. 234 /238 . . h . d h" hin U U ratio wit a late spring low an late summer ig . The 

total observed range in isotopic ratio at both sites is about 0.13. 

This range may be partly explained by statistical counting error, although 

the same trend and magnitude of variation is seen at both sites. 



Table 8.2 	 Results of analysis of eluates of anion resin colwnns 

c= drip waters) and associated speleothern from caves 

in N.America and England. 
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Site 
No. 

Column 
No. 

Location Duration 
Vol . of 

Measured water 
dri p rates passed 

(secs ) ( l. ) 

Cone~ 
of U in 

water 
(µ g/l)* 

234u;238u 

of drip \'later 
Type Chemical 

Yield 
(90) 

u 
n cone. 

(ppm) 
of ca lcite 

6 CGA3 

8 N3 

9 

11 

12 CPAl 

13 CPA2 

14 CPA3 

15 IA! 

16 IABl 

17 IA2 

17 IA4 

19 IA3 

18 IA5 

20 IA6 

21 IA7 

23 WSA2B 

22 .. WSA3A 

22 WSA3B 

22 WSA3C 

22 WSA3D 

24 WSA4A 

24 WSA4B 

26 WSA6 

25 WSA5A 

25 WSA5B 

25 WSASC 

25 WSA5D 

25 WSA5E 

25 WSAXB 

27 IPA! 

28 IPA2 

Grottos,Castle- 16/4 - N.D. N.D . 
guard Cave. 19 / 4/77 (low ) 

Butterscotch 5/ 9 - 1-/0 . 7Ss > 100 
Rm. Norman Cave 13 / 11/76 

l.Sm from N3 5/ 9 - 1/7 .Ss 35 0. 72 

13/ ll/ 76 


Mud-floored ch . 5/9 - l/90s 6.6 1. 46 
Norman Cave 13/11/76 

2nd pitch,County 22/7 - 1/13,18, 14 1. 90 . 
Pot, England 17/8 / 76 . 15s 

Trident Pass. 22/7 - variable 
County Pot,Eng. 17/8/76 (<l/60s 

to dry) 

P.J.,County Pot 26/7 - 1/8.S, 26 o.os 
England 17/8/76 4s 

Oxbow,Ingleboro' 24/7 - l/3Ss 7.2 1.67 
Cave, Eng. 

2m from !Al 

2nd Gothic Arch 
Ingleboro' Cave 
replicate 
of IA2 

'V5m from IA2 

Giants Hal 1, 
Ingleboro'Cave 

"-'3m from IA3 
-Y8m from IAZ 

the Abyss, 
Ingleboro'Cave 

'V50m upst.of 
. show cave j'fhite· 
Scar Cave,Eng. 
"'lOOm ups tr. of 
WSA2B 
replicate of 

WSA3A 
replicate of 

WSA3A 

replicate of 
WSA3A 

2nd Lake,White 
Scar Cave, Eng. 

replicate of 
WSA4A 

"-'l50m upstr . 
of WSA2B 

"-'lOOrn ups tr, 
of WSA2B 

replicate of 
WSA5A 

replicate of 
WSASA 

replicate of 
WSA5A 

replicate of 
WSASA 

replicate of 
WSASA 

Roof tube, 
Ibbeth Peril 
Cave, Eng. 

20m upstr. 
IP Al 

22/8/76 

3/ 9 - l/12s 10 0.38 
18/9/77 

24/7 - l/2_. 5s 20.7 0.12 
30/7/76 
30/7 - 1/3. 5s 66 0.07 
22/8/76 

24/7 - 1/2.S, 83.5 0.08 
22/8/76 3s 

30/7 - 1/12, 14.7 0.04 
22/8/7$ 15s 

30/7 - 1/10, 18.1 0.20 
22/8/76 lls 

9/8 - 1/10, 12.3 0 . 08 
22/8/76 12s 

27/8 - 1/5.Ss :iOO 
31/10/76 & flooded 

25/7 - l/4s 64.2 0.25 
27/8/76 
27/8 - 1/4' 
31 /10/ 76 22s 
31/10- 1/22, 
22/1/77 465 

22/1/77 - l/46s 
not known 

19/7 - N.D. 
31/10/76 
(or22/ 1/76) 

not known - N.D. 
4/9/77 

9/8 - 1/5.5,6, 26 0.19 
27/8/76 8s 

9/8 - 1/4 ,5' 27.4 1. 07 
27.8/76 7.5s 

27/8 - 1/7 .5, 85 0.30 
31/10/76 5.Ss 
31/10/76- 1/5.S, > 100 < 0 .25 
22/1/77 2.Ss 
22/l - 1/2.Ss 
not known 

not known 
- 4/9/77 l/8s 
4/9 - 1/8, 13.S 0.87 

18/9/77 10s 

21/7 - variable 
22/8/76 

9/8 - l/5s 22 .s 0.14 
22/8/76 

l.426±0.057 

1.559±0.022 

1.453±0 .027 

1.463±0 . 036 

1. 33U:O. 025 

1. 253±0. 040 

1.467±0.054 

0. 770±0 . 025 

0.855±0.046 

1.367±0.034 

1.335±0.035 

1.254±0.030 

1.595±0.124 

1.484±0.077 

1.596±0.086 

1.035±0.078 

1.622±0.023 

1.550±0.021 

1.549±0.029 

1.491±0.029 

1.749±0.021} 

1.586±0.180 

1.487±0.039 

1.397±0.020 

1. 494±0. 02 3 

1. 432±0. 028 

1.370±0.015 

1.486±0.040 

1.413:±0.036 

1. 015±0 . 029 

1.033±0.033 

c 

g 

c 


c 


c/f 


g 

c 

c 

c 

c 

f 

c 

c 

f 

c 

c 

g 

c 

c 

32 

41 

52 

58 

56 

37 

38 

43 

39 

37 

43 

66 

so 

25 

< 0.5 µg 

60 

88 

10 

30 

47 

22 

1. 3 

0.-14 

0.24 

3.4 

1.12 

1. 94 

1. 97 

0. 76 

0.84 

0. 15 

0.12 

0.08 

0.17 

0.07 

1. 32-EO. 072 

l.919±0.064 

1.3 75±0 .056 

1.364±0.021 

1.171±0 . 080 

1.231±0.039 

1.493±0.037 

0 . 831:±0.048 

0.812±0.032 

1.381±0.081 

1. 224±0 . 062 

1 . 420±0.050 

1. 558:±0 . 158 

1.491±0 .1 26 

recovered 

0.24 1. 484±0 .087 

0.33 1.683:±0.035 

0.53 1.683±0.145 

0. 77 1. 580±0. 079 

0 .63 0.965:±0.022 

0.48 1.045±0.061 

N.D. : Not Determined == Indeterminate * assumes 100% efficiency of extraction from column and in plating out 
** c • stalactite, g = stalagmite, f = flowstone 
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8.7.3.4 Discussion 

Five speleothem-column pairs (nos. 7,8,11,12 and 26) show no 

overlap of lcr errors in Figure 8.8. Of these, four overlap within 2cr 

limits and one lies well outside even 3cr limits (no. 8). This distri

bution is comparable to that expected for a normal distribution. It is 

therefore concluded that 234u; 238u ratios in groundwater (ie. measured 

from U collected by the above process) are faithfully reproduced in the 

associated carbonate deposits. To some extent this is a surprising con

clusion because 

i) 	it might be eJ<p ·ected that organically-bound U may differ isotopically 

from inorganic U, and varying proportions of organic and inorganic U 

may be incorporated in the speleothem depending on the depositional 

process involved, 

ii) 	the water analysed is collected over relatively short-term periods 

(up to three months), whereas the piece of speleothem analysed may 

have taken hundreds of years to grow. 

Because of the ability of anion resin to adsorb large dipolar organic 

molecules as well as anionic species, it is difficult to determine from 

results described here the relative proportions of organic and inorganic 

U species present in solution. The close similarity between speleothem 

and drip water ratios suggests the following possibilities: 

i) the same proportion of organic to inorganic U species are adsorbed 

by the resin as are incorporated in the speleothem, 

.. ) 2 34U/ 2 3 8 . . . d · · · hii U ratios in organic an inorganic species are t e same, 

iii)inorganic U complexes are the dominant species in most drip waters 

studied here; organic forms only become significant when organic-rich 
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horizons are drained (eg. peat bogs, black shales etc.). 

The most significant finding of this study is the unpredicta

234 238 .bility of U/ U ratios over short distances in the same cave. The 

most striking example of variability, Ingleborough Cave, shows a spread 

of ratios from 0.77 to 1.6 within lkm of cave passage. Of these, sites 

17 , 18 and 20 are all within Sm of each other and yet show a range of 

1. 22 ± 0.06 to 1.48 ± 0.08, values which only overlap at the 20 limit. 

. d. . . f 234 /238However, some resu1ts do in icate a general invariance o U U 

ratio over short distances. Sites 15 and 16 in Ingleborough Cave are 

about 2m apart yet have comparable calcite and drip water ratios, and 

sites 27 and 28 in Ibbeth Peril Cave, although about 20m apart, also have 

similar ratios. Sites 2 and 3 in Gray's Water Cave are ~lm apart and 

were deliberately set at this distance to check on reproducibility as 

they appeared to be fed by the same groundwater source. They cannot 

the r efore be considered as evidence for constancy of ratio between 

sites. The three samples from Castleguard Cave were spread out over 

234 238 .about 4kms of passageway and yet all U/ U ratios overlap within lo 

limits. 

The variable nature of these results may be due to a number of 

factors 

i) all ratios illt vary widely from site to site and insufficient 

analyses have been made to reveal this in all caves, 

ii) the proportion of organic to inorganic uranium species in solution 

may vary from cave to cave, 

iii) isotopic ratios may depend on degree of weathering of overlying 

bedrock or of the uranium source material, and this is likely to 
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vary throughout the cave. 

Only a much more detailed study than that presented here will show 

which factors are significant. 

8.8 	 Conclusions 

. . f 234u;238 . d . hThe sma11 variation o U in groun water wit season 

agrees with the general conformity seen between dri p water and speleothem 

analyses. A ratio that varies by large amounts depending on season 

would give rise to more discrepancies between the 'time-averaged' speleo

them value and the spot water analysis. 

The groundwaters analysed in th i s study fall mainly within the 

first category of Osmond and Cowart (1976) ie. open system, oxidised 

aqui"fer water. Those s owing. e ic1ency. 1n 234U, f rom Ing1eborough d f. . 	 h C ave, 

are more typieal of the third category which describes closed-system 

aquifers, but in this case it is unlikely that the weathering horizon 

238has lowered appreciably to cause remobilization of u-enriched 

deposits. It is more probable that previously weathered bedrock is now 

being totally removed in solution. 

This work indicates that adjacent but hydrologically-distinct 

drip waters may have considerably different U isotopic ratios. By 

234u; 238extension therefore, 	it is extremely unlikely that c u) ratios 
0 

of fossil speleothem will bear an ~'.priori relationship to ratios in 

modern drip waters located either in the same cave or at the same site. 

The observation, by G.Thompson et al. (1975) that this assumption can 

be made when using the 234u; 238u dating method, is therefore invalid. 

The stratigraphic agreement obtained for speleothem ages determined in 

this way, is probably fortuitous. 



CHAPTER 9 


TRACE ELEMENT GEOCHEMISTRY OF SPELEOTHEM 

Introduction 

Trace metals can be incorporated in a calcite speleothem in 

several ways: i) by occlusion of particulates in interstices between 

growing calcite -crystals, 

ii) by adsorption onto the surface of growing crystals, 

. ") f 2+ .iii by direct substitution or Ca ions. 

The study of detritus-free speleothems avoids problems of determining 

trace element contribution from particulate sources. The distinction 

between adsorbed and substituted trace elements is less clear and be

comes very important in the case of cations of limited solubility in 

l i mestone groundwaters (eg. Fe, Mn) as described in the previous section. 

Except for rare cases involving occurences of low Eh, low pH groundwater it 

is probable that Fe and Mn in most speleothem is generally incorporated as 

adsorbed or detrital oxides, hydroxides, carbonates and organi c compounds. 

2Substitution for ca + by a tra~e metal cation is the simplest to under

stand and quantify and therefore has been the subject of most intense in

vestigation in previous work. 

The degree of incorporation of a trace element in a solid phase 

relative to its concentration in a co-existing liquid phase is known as 

the partition coefficient. Partition coefficients are often found to be 

367 
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temperature dependentand much work has been done in igneous geochemistry 

to determine them for trace element partitioning between melt . and crystalline 

phases of magmas and hydrothermal fluids. They can be used to determine 

temperature of crystallization, initial composition of melt, rate of cool

ing, magma origin and number of pulses of magma into a magma chamber 

(Mcintyre 1963). There have been relatively few low temperature studies 

until recently when interest in their use as paleothermorneters and salino

meters for the surface environment has greatly increased. 

18In the same way that 0 distribution between calcite and water 

in speleothem growth can be used as an indicator of past temperature, so 

2+ .might certain trace metals which substitute directly for Ca ions and 

whose partition coefficients are temperature dependent. 

Theoretical aspects of trace element substitution are considered 

in this chapter with emphasis on their application to paleotemperature 

determination in speleothem. Results of several determinations of 

distribution coefficients of magnesium and strontium from analysis of 

growing speleothem and associated drip water are presented and trace ele

ment analyses of a fossil speleothem are compared to a stable isotope 

profile determined previously. 

9 .1 Theory 

9.1 . 1 Homogeneous Distribution 

Substitution of a trace metal M in a calcium carbonate lattice 

2+ 2+
M + CaC0 + Ca (9. 1)

3 
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may be described by the partition coefficient k 

~2+(solid)
k = (9. 2) 

~2+ (liquid) 

2+ .
where ~2+ is the activity of M in the relevant phase. 

Generally, for very dilute solutions, Henry's Law applies, and the 

activity is equal to the mole fraction (x) so that 

xM(solid) 
k (9. 3) 

~(liquid) 

This is known as the Berthelot-Nernst relationship. 


It is generally more useful to normalize k with respect to concentration 


of the element it is replacing (Ca), and in . this case it is referred to 


as the distribution coefficient D : 


M /Ca 
D = s s (9.4) 

This relationship describes the distribution of trace element between 

solid and liquid phases for equilibrium deposition. This form of the 

partition ceofficient is more useful because when D > 1, enrichment of 

M in the solid phase is found, and if D < 1, then M preferentially re

mains in solution. D is analogous to a, the fractionation factor for 

0 between calcite and water. 

The chemical potential (µ) of trace element M in phases 1 and 2 

is given by 

18
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= + (9.5) 

and 

+ (9. 6) 

whereµ.0 is the chemical potential of the trace e l ement in its standard 
l 

state in phase i (i e . at infinite dilution). 

At equilibrium 

(9. 7) 

and therefore 

0 0 x2 
µ1 µ2 = RT ln (9. 8) 

xl 

From equation (9. 3) 

= ln k (9. 9) 

ie. if there is a f i nite difference between µ ~ and µ~ then k (or D) 

will vary with the inverse of temperature. 

9.1.2 Heterogeneous (or Logarithmic) Distribution 

A special case of trace element partitioni ng occurs when a 

crystal is growing i n a closed system, rapidly enough that equilibrium 
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between the whole of the crystal and the solution cannot be maintained. 

In this case the concentration of trace elements in solution and solid 

will change with time, and is described by the logarithmic Doerner-

Hoskins relationship : 

(9.10) 

where i = initial and f = final concentrations in the liquid phase (l) 

of trace element and (M) major (or carrier) element (Cr). AM is the 

distribution coefficient for logarithmic partitioning. If the initial 

mole fraction of the cation is unity (ie. x. = 1) then equation (9.10)
l 

simplifies to 

1ln = (9.11) 

~ 

For infinitesimally-slow precipitation A= D,but if the solution 

becomes supersaturated the calculated value of A (referred to as A') is 

only an apparent distribution coefficient and A' is either> D if DTE< 1 

A1or is< D if DTE is> 1 (TE= trace element). 

Deposition of speleothem tends to follow the logarithmic distribution law 

because solution volume is not infinite and concentrations of trace and 

carrier element in solution will change appreciably during the precipi

tation process. Re-equilibration between the precipitate and the same 

solution from which it was formed cannot occur because the solution is 

immediately removed from the precipitate by gravity as the water droplet 
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flows along the speleothem. However some equilibration may take place 

between the precipitate and the next droplet depending on the relative 

rates of precipitation (speleothem growth rate) and diffusion of cations 

in the precipitated calcite. 

Factors affecting trace element composition of speleothem are 

considered in greater detail following a review of determinations of 

distribution coefficients of trace elements in calci um carbonate. 

9. 2 Previous Work 

9. 2 .1 Experimental Determination of D 

Distribution coefficients have been measured in the laboratory 

by techniques which involve the precipitation of Caco and coprecipi3 

tation of added trace elements. A summary of experimental determina

tions of D for Mg, Sr, Zn, and Mn is given in Table 9. 1 . Although 

many of these results were determined from the logarithmic distribution 

law (as A), full equilibrium conditions have been assumed by their 

authors and they are reported here as D. 

9.2 . 1.1 Strontium 

Generally good agreement is seen between results for Sr partition 

in both calcite and aragonite except for the replacement method of Kat z 

et a l. (1972). Here distribution coefficients for calcite are signifi

cantly lower than those determined by direct precipitation methods 

(Holland et al. 1964a, Kinsman and Holland (1969), Kl~tzer and · Levi (1966). 

Katz argues that his results are more realistic since they are less 
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EXPERIMENTAL DETERMINATIONS 

Author Trace Method of Calcite or DM 
Element caco _ formation 

.) 	
Aragonite 

Holland et a l. Sr i ) co2 addition to 96 - c 0.076 
(1964a) ammoniacal CaC1 2 100

ii) 	co? loss from A 7 . 8 
amiiioniacal CaC1 2 

Kinsman and Sr 	 addition of Na co 16 A 1.17
2 3

Holland (1969) 	 to Cac1 solution 80 A 0 .882 96 A too variable 

Kltltzer and Levi Sr 90 A 0. 75 
(1966) 20 c 0. 19 

Bodine et al. Sr 20 c 0.13 
(1965) 100 c 0.07 

150 c 0 .06S 
> 150 c rises slowly 

Katz et al. · Sr 40 c O.OS5 
(1972) 98 c 0.058 

Joshi (1960) 	 Sr 25 c 0.14 

Katz (1973) Mg 	 recrystallization of 25 c 0.'057 
aragonite with CaC1 / 35 c 0.068

2MgC1 so c 	 0.078
2 70 c 0 . 097 

90 c 0 . 116 

Winland (1969J Mg 	 NaHC0 + CaCl? with Mg 20 c 0.020
3and degassing of sat . 

Caco soln.3 

FUchtbauer and Mg Na CO addition to so c 0.046 
Hardie (1976) Cat1 }MgC1 mixtures 28 c 0.033

2 2 13.S c 0.025 

Tsusue and Zn 	 hydrolysis of Ca org. 167 c 57 
Holland (1966) salt 	 16 7 (+lM NaCl) C 1. 3 

167 (+ 4M NaCl) C 0.11 
2SO c 3.1 

90 c 230 - 440 
SO (+4M NaCl) C 12 - 19 

Crocket and Zn co2 degassing of sat. 2S c 5. 7 
Winchester (l~ Ca(HC0 ) 35 c 5.2 - 4.13 2 so c 3.2 

Dardenne (1967) Zn 	 28 - 30 c 5 . 56 
28 - 30 c 5.50 

Bodine et al. Mn hydrolysis of org. .40 c 16.2 
(1965) salt 32S c 2. 0 

Michard (1968) Mn 	 Ca and Mn + NaHCO~soln. 2S S.4
.) 

FIELD DETERMINATIONS 

Holland et al. Sr cave speleothems and 2S c 0.13 - 0.22 
(1964b) waters 2S A 1.00 

Michard (1971) Sr 	 cold-spring travertines 20 c 0.40 

Ichikuni (1973) Sr 	 hot-spring travertines 4S c 0.21 
40.S c 0.27 

Michard (1971) Mg 	 cold-spring travertines 20 c 0.028 

Ichikuni (1973) Mn 	 hot-spring travertines 45 c 10 
40.S c 18 

Michard (1971) 	 Cu cold-spring travertines 20 c 0. 35 


Zn ir c 3.5 


Ni 	 c 0.6S 

Table 9.1 Summary of experimental and field determinations of 
distribution coefficients of trace metals (DM) with Caco 3. 



374 

dependent on the kinetics of precipitation than in the direct method 

and uses this distribution coefficient to explain the anomalously low 

concentration of Sr in ancient limestones when compared to that expected 

from a kSr value of 0.14 at 2s0 c. His value of kSr (of about 0.05) 

shows that recrystallization of aragonitic limestones can occur in 

marine conditions without necessarily invoking freshwater diagenesis. 

The distribution coefficient for aragonite appears to be moderately 

temperature dependent, but for calcite little temperature dependence 

seems evident. 

9. 2.1.2 Magnesium 

Mg is often found in high concentrations in calcite although it 

has 	a fairly low distribution coefficient. It shows a positive corre

2lation with temperature and appears to be independent of ca + and NaCl 

concentration in solution (Katz, 1973). Windland (1969) determined a 

value of DMg of 0.02 at 20 0 C but Katz (1973) has criticized Windland's 

assumption of homogeneous distribution and suggests that recrystalli

zation via an aragoni t e intermediate may have caused this low value of 

DMg· Recently however , Fuchtbauer and Hardie (1976) have determined 

values of DMg comparable to Windland's and with a temperature dependence 

similar to that of Kat z. 

9.2.1.3 Zinc 

Some conflict in results is seen between the papers published so 

far. Tsusue and Holl and (1966) find Dzn to have a strong negative 
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correlation with temperature whereas Crocket and Winchester (1966) find 

only a low negative correlation and widely different values of Dzn 

(calcite) at the same temperature. (Values determined by Dardenne (1967) 

closely match those of Crocket and Winchester). As a possible explana

tion for anomalously . h~·gh ·Dzn · values .Crocket and Winchester cited . 

occlusion of Zn by i mperfect surface layers formed by rapid precipitation, 

not given chance to re-equilibrate and slightly recrystallize to remove 

the excess. Surface occlusion and ion exchange were found to be signifi

cant factors in the coprecipitation of Zn with calcite. 

9.2.1.4 Manganese 

Mn incorporation in calcite appears to exhibit a strong inverse 

correlation with temperature (Bodine et al. 1965) whereas Michard's 

result (1968) sugges ts a direct correlation. 

9.2.2 Field Measurements of D 

Determinations of D for freshwater carbonate deposits are also 

shown in Table 9.1. The measurements of DSr given here are higher than 

the experimental value given by Katz et al. (1972) .Ichikuni (1973) 

suggests that higher values for D in thermal waters could be explained 

d . . h ( 2+) w 1chby t he presence of ivalent cations smaller t an Ca2+ eg. Mn , h' 

by their competition "affect the partition of Sr between calcite and 

solution" and DSr is "increased by the presence of the smaller cations in 

a small excess of Sr". Alternatively non-equilibrium deposition from 

supersaturated solutions could increase the apparent DSr but this is 
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discounted by the fact that DMn determined on the same samples is 

comparable to the (equilibrium) value of Bodine et al. (1965). 

Much work has been done on the incorporation of trace elements 

(especially Sr and Mg) in marine carbonates, particularly with a view 

to determining paleoenvironmental and diagenetic changes. There is . con

siderable disagreement in the ·literature as to whether the Mg/Ca ratio 

of marine carbonates is dependent on water depth, salinity, growth rate, 

etc. Several authors have indicated the negative correlation of Sr and 

the positive correlation of Mg with temperature, (Pilkey and Hower 1960, 

Lerman 1965, Benson and Matthews 1971, Weber 1973, Fuchtbauer and Hardie 

1976). Kolesar (1978) however, has recently shown t hat Mg variations in 

coralline algae are controlled primarily by changes in growth rate, not 

temperature,due. .to physiological characteristics of Ca and Mg uptake from 

seawater. Studies of trace element partitioning in the marine environ

ment are more complex than for freshwater deposits because of the added 

effects of salinity, individual biogenic characteristics and the problem 

of recrystallization of aragonite to calcite. For these reasons, trace 

element content of marine carbonates is seldom applied directly to 

paleotemperature studies. 

9.2.3 Speleothem Work 

Holland et al. (1964b) observed that Caco
3

,deposited either as 

calcite or aragonite in a cave environment,contained concentrations of 

Sr in accordance with t heir published values of Dsr· Harmon (1975) has 

analysed variations in Mg, Sr, Fe, Mn, Zn, and Cu for growth axes of two 
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speleothems (one spe l eothem for Cu) from N.American caves to assess the 

use of trace elements as paleotemperature indicators. Large fluctuations 

(up to 10-fold) were observed in trace element abundances but neither 

profile showed a statistically significant correlation with its oxygen 

isotope profile. Some trace elements did however show a sympathetic 

relationship to one another (eg. Mg - Sr). 

Johnson (1979) has recently concluded an investigation into 

variations of Mg and Sr in speleothems and the paleoclimatic signifi

cance of these variations. Her study was initiated after some prelimi

nary observations from analyses made as part of this work. Her findings 

are summarized below 

1) fossil speleothem from England, Vancouver Island and West Virginia 

showed a range in concentration of Mg from 300 to > 3000 ppm and of Sr 

from 10 to 400 ppm. 

2) Mg usually increases along a growth layer (ie. in the direction of 

flow of water). Sr is less predictable and in various instances 

showed increasing, constant or decreasing values along a growth layer. 

Constancy of Mg/Sr ratio along a growth layer was interpreted as indica

ting equilibrium deposition of the trace elements from the drip water. 

3) Mg concentration at a particular site along a growth layer could be 

used as an indicator of the maximum amount of Ca precipitated from 

solution down to that point. 

4) speleothems known to have grown over a warming period (eg. 12 to 5 

Ka) failed to show any clear trend of Mg, Sr, or Mg/Sr, which might indi

cate their usefulness as a paleothermometer. 
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The distribution of trace elements in speleothem is considered in 

greater detail below. 

9 . 3 Factors Affecting the Trace Element Content of Speleothem 

9.3.l Temperature of Deposition 

As shown above, some distribution coefficients are found to be 

temperature dependent such that their concentration in calcite varies in

versely (Zn, Mn) or directly (Mg) with temperature of formation. Zn and 

Mn are generally of low abundance in speleothem ( < 50 ppm, Gascoyne 1977b.) 

and are difficult to determine precisely. Mg however, is one of the most 

abundant trace elements in calcite (from 0.1% to 6%, Gascoyne 1977b) and 

can be precisely determined even at concentrations < 0.1%. 

The temperat ure dependence of DMg has been reported as 0.0009/
0 

C 

(from Katz 1973), which, for a speleothem of 500 ppm Mg at 100 C, corres

ponds to an increase of about 10 ppm Mg/ 0 c rise in temperature. Taking 

into account only t he analytical error associated with determination by 

atomic absorption spectrophotometry (5 - 10%), the precision of tempera

t ure determination by this method is about ± 3°C. Even lower precision 

is likely if Fiichtbauer and Hardie's (1976) value of 0.0006/ 0 c is used. 

A glacial/interglacial climatic transition should, however, be clearly 

seen because Mg concentration ought to vary by up to 100 ppm, assuming 

no change in the Mg content of drip water. 



379 

9 . 3.2 Variation in Drip Water Chemistry 

2A change in t he concentration ratio of trace element to Ca + in 

the incoming seepage water over time, will cause a corresponding change 

in TE concentration in the speleothem, which cannot be distinguished from 

a change in D due to temperature change. Variation in TE/Ca ratio in 

the drip water could be caused by change in the depth of weathering re

sulting in dissolution of different materials (eg. a dolomitic layer, 

carbonate clasts in glacial overburden etc.) and this in turn may be cli

matically influenced. Alternatively, re-equilibration with bedrock 

after dissolution would cause TE/Ca in solution to change according . to 

the distribution coefficient of the trace element thereby counteracting 

any temperature signal the final speleothem might have had. For simpli

fication in the present discussion, the dissolution process is considered 

to be a uni-directional reaction without appreciable re-equilibration 

with bedrock. This i nterpretation may become invalid as saturation with 

respect to CaC0 is approached during the solution process and reaction
3 

rate slows sufficiently to pennit some back-exchange with the bedrock. 

However no evidence has been found (to the author's knowledge) of a 

trace element-enriched (or depleted) layer at the surface of a limestone 

which has been in prolonged contact with undersaturated water, which 

might indicate this. 

Variations in t he activities of other ions in solution may affect 

the activities of trace and carrier ions differently (by ion-pairing, 

complex formation etc.). I~ is practically impossible to determine 

whether this has occurred during the formation of a speleothem and can 

only be assumed to have affected like ions in a similar way. In the case 
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2of Mg +and Sr2+, variation in ionic strength of the drip water, 

without selective complexation of one ion, will not affect trace metal 

content in the solid phase. A small divergence between Sr and Mg content 

may be seen however, because of the different values of effective ion 

diameter (a?) for each ion in solution. The activity coefficient of each 
l 

0ion (yi) is related to ai' the ionic strength (I) and ion charge (z), by 

the Debye-Huckel relationship 

A z~ II 
-log y. = l (9.12)

l 
1 + a? B /I

l 

0 -8For Mg and Sr, at 20 C and I = 0.001: A = 0.5042, B = 0.3273 x 10 , 

0 -8 0 -8
asr2+ = 5 x 10 ' \1g2+ = 8 x 10 ' so that Ysr2+ = 0.8697 and yMg2+ = 

0.8732. Therefore a change in ionic strength of the drip water will 

0 1 h . 2+ . . h 2+ . . on1y cause a 0 .4~ ower c ange in Sr activity t an Mg activity - a 

divergence that is not detectable in most situations. 

9.3.3 Depositional Conditions 

Precipitation of an infinitesimal amount of solid from solution 

will give values of the trace element distribution coefficient ATE 

equal to those of DTE (homogeneous distribution). However, in the case 

where drip rates are slow and differences between PCO of the water and 
2 

the cave atmosphere are high, the amount of calcite lost from solution 

while flowing over the speleothem may be quite high (up to 80%, calcula

ted from Mg variations in growth layers of English speleothem, 
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Johnson 1979). In t his case, trace element concentrations in solution 

wi ll change according to the logarithmic distribution law. For instance, 

in the case of Mg and Sr (DMg and DSr are both< 1), preferential 

rejection of the ions at the solid-solution interface results in increa

s i ng concentrations of these ions in solution. If crystallization 

pr oceeds at a greater rate than trace ions can be rejected at the inter

face (and can diffuse back into the bulk of the solution) then the solu

t i on immediately adjacent to the solid becomes enriched in trace elements 

and this causes a corresponding enrichment in the new solid phase. In 

t his case the calculated distribution coefficient (A') will be greater 

t han that for equilibrium and is related to the degree of supersaturation 

by (Burton et al. 1953, Mcintyre 1963) : 

(9 .13)A' = 

aca2+ . aco2- (observed) 
where S is defined as ------3

aca2+ . aco2- ( at saturation) 
3 

and oTE/oCr is the ratio of the diffusion coefficient of trace element 

2to carrier ion (Ca +) in the solution. It can be seen that as S ~ 1, 

In the case of Mg and Sr whose distribution coefficients are less 

t han unity, an increase in supersaturation causes an increase in A1 and 

t herefore an increase in trace element in the solid phase. This is seen 

i n the graphical expression of equation 9.13 for three cases of oTE./oCr 
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in Figure 9.1 (from Mcintyre, 1963). 

Concentrations of Mg and Sr along a speleothem growth layer, 

precipitated from a supersaturated solution may vary considerably depen

ding on whether supersaturation is increasing or decreasing in the 

direction of flow of water. The ratio Mg/Sr in the calcite will not be 

constant because the change in A'Mg will be greater than (or less than) 

A'sr for a given supersaturation value (Figure 9.lb) depending on whether 

DMg is greater than or less than DSr (see variation in literature values, 

Table 9.1). 

Equation 9.13 embodies an additional effect which causes enrich

ment (or depletion) of trace elements in the solid phase depending on the 

val ue of the diffusion coefficient ratio in solution (oTE/ oCr). The 

gradient of the A - S curve will increase (Figure 9.la) or decrease 

(_Figure 9.lc) depending on whether oTE/ oCr is greater than or less than 

unity. 

Johnson (1979) has explained variable Sr behaviour along speleothem 

growth layers in terms of varying states of supersaturation of the solution 

which affects ASr more than AMg· However the calcite samples analysed in 

her study were not from the same growth horizons at the top and bottom of 

the stalagmite, (in all cases growth layers thinned considerably towards 

the bottom so that for the same drill size, a larger number of layers was 

sampled at the bottom than at the top). This therefore introduces an 

additional factor of varying trace element content between layers into 

her measurements, and so may account for the variable behaviour of trace 

elements along growth layers. 
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9.3.4 Discussion 

Before the t r ace metal content of speleothern can be interpreted 

in terms of paleoternperature variation the following conditions must be 

met: 

1) trace metals in the speleothem must have been deposited by direct sub

. 	 . f or c 2+ ions,a .st1tut1on 

2) 	 this substitution must have followed an equilibriwn distribution law, 

(ie. either homogeneous (equation 9. 4) or logarithmic (equation 9.10) 

laws). In either case, D = A. Appreciable supersaturation of the 

water will give trace element concentrations that differ from those 

expected from equilibrium deposition. This situation may perhaps be 

recognised by variation in the ratio of two trace elements along a 

growth layer. 

3) 	 there must have been no change in drip water chemistry, or at least in 

the ratio of trace t o carrier element over the period of deposition. 

It may be poss i ble to eliminate the third requirement if two 

trace elements, having a similar source and chemistry, can be examined, 

but whose distribution coefficients have a different dependence on tern

perat ure. Changes in drip water chemistry will therefore not cause their 

concentration ratio to change, but a change in temperature will affect 

this ratio. Such a case is seen in the trace elements Mg and Sr where 

DMg is temperature dependent and DSr is not (Table 9.1). If it can be 

assumed that for Mg and Sr, incorporation in the calcite is by the sub

stitution mechanism only (condition 1) then the major problem in i nter

preting a speleothern trace element profile is in ensuring that condition 2 
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is 	met at all times during the speleothem's growth. Unfortunately, as 

shown above, trace element distribution is sensitive to degree of super

18saturation of solution whereas 0 distribution is not, and so an equili

bri um speleothem (from an isotopic point of view) may not necessarily be 

sui table for trace element paleotemperature interpretation. 

In an attempt to further assess the use of trace elements (par

ticularly Mg and Sr) as paleotemperature indicators in speleothem, two 

studies have been undertaken in this work: 

1) determination of the distribution coefficients of Mg and Sr and their 

temperature dependence, from speleothem growth in two regions of dif

ferent temperature - this permits comparison to published results in 

Table 9.1 and extension of Katz's work to lower temperatures. 

2) 	 examination of Mg and Sr fluctuations in a fossil speleothem which has 

been found to have grown in isotopic equilibrium with its dr i p water 

and which is known to have grown over a warm-cool transitional period. 

These studies are described below. 

9.4 	 Determination of D from Modern Speleothem Deposits 

Thompson (1973a) and Harmon (1975) have used the precipitation of 

calcite 	from seepage water in caves to determine the fractionation factor 

18for 0 partitioning between calcite and water at a given temperature. 

Their main problems lay in determining at which season of the year speleo

them growth occurred, if it was not an all year round process, and what 

,(' 18o . . f h 	 h h . dwas t he average u composition o t e seepage over t e growt per10 . 

Single samples of drip water collected over a duration of up to one hour 
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18were used to calculate average o o . The non-representative nature of w 

this as a sample of year-round precipitation was commented upon by both 

authors. The same problem is found in the study of trace element parti

tioning with the additional problem that the water sample may be insuffi

cient, or too dilute for analysis. Partial solutions to both these 

problems were developed by use of cation exchange resin to pre-concentrate 

trace elements from seepage water over a period of several days or weeks, 

as described below. 

9.4.1 Sampling and Analytical Techniques 

Bia Rad AG SOX-8100-200 mesh cation exchange resin was used to 

extract double- and triply-charged cations from stalactite drip water 

in exactly the same manner as anion exchange resin was used to isolate 

uranium (Chapter 8). The cation resin was packed initially in glass 

tubes and subsequently in unbreakable polythene tubes, 1.Scm diameter and 

15-20cm long. It was pre-conditioned by washes of 6N HCl, de-ionized 

water and 5% NaCl solution. In the cave the column was suspended under 

a slowly dripping stalactite and a 12 litre capacity polythene bag was 

attached to the outlet via a length of rubber tubing, similar to that 

shown in Figure 8.5. 

The volwne used and the exchange capacity of the resin (1.7meq/ 

ml) permitted a minimwn of 7.5 l.of 'maximum' hardness water to pass 

(say lOOppm Ca and lOppm Mg) before the resin capacity was saturated. 

On collecting the column a small sample of fresh eluate was collected 

(sample 'C') for Ca and Mg analysis to determine if colwnn saturation 

had occurred. A sample of the bulk eluate in the bag was taken (sample 
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'B') and the total volume of eluate was measured using a graduated cylin

der. Either before or after fitting the column a sample of the 

stalactite tip and/or the stalagmite top was taken and the water tempera

ture was measured. The columns were sealed at both ends after use. 

In the laboratory particulates above and in the top layer of 

glass wool were rinsed out with de-ionized water. Two aliquots of SOml 

of 6N HCl were allowed to drain slowly through the resin and each 

eluate was analysed separately to check on complete elution of trace ele

ments from the resin by the first aliquot. Sodium chloride was added 

to each aliquot to give 5% NaCl solution before analysis. Speleothem 

samples were dried, weighed and dissolved in varying known volumes of 

6N HCl before analysis and NaCl was. added as described above. 

A Perkin Elmer 303 atomic absorption spectrophotometer was used 

for analysis of Ca, Mg, Sr, Fe, Mn, Cu, Zn, Cr and Pb. An air-acetylene 

flame was used throughout. Mixed cation standards containing NaCl were 

made up from pure metal s, metal oxides or metal salts and were given a 

high Ca base by addition of Caco dissolved in HCl. Use of a Ca-based3 

standard was necessary to equalize the viscosity of sample and standard 

solut ions and cancel out enhancing or suppressing effects due to the 

presence of high levels of Ca in the sample solutions. Colwnn eluates 

were run against standards containing 4000ppm Ca (which was diluted to 

400ppm if the Ca concentration of the eluate was low) and speleothem 

samples were matched against standards containing 8000ppm Ca. For deter

mination of Ca and Mg content of the eluate, small aliquots were removed 

and diluted to the range 0 - 4ppm and run against single metal standards 

of the same concentration. 
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It was found that Analar Caco used in preparing the high Ca3 

standards contained appreciable amounts of Sr and some Mg, giving a non

zero blank when analysed. 'Spex' Caco3 was later used and was found to 

be essentially free of Sr and Mg. 

9.4.2 Results 

The procedure described above was used for five drip sites in caves 

of Vancouver Island and twelve sites in Jamaican caves. The volumes of 

drip water passed by the resins and the trace element concentrations in 

first and second SOml acid eluates are shown combined together in Table 

9.2 . A third SOml acid eluate of the Jamaica columns was analysed for Ca 

but no eluate showed more than 2ppm Ca indicating that elution was 

essentially complete after lOOmls of acid. However the second SOml eluate 

was found to be necessary because one eluate (V4) showed higher Cu and 

Zn concentrations than the first aliquot. Six of the Jamaican columns 

consisted of three pairs of replicates for the same drip sources. Good 

agreement can be generally seen for each pair, for Ca, Mg and Sr concen

trations in the drip water. 

Analyses of Ca and Mg in residual drip water eluates (samples B 

and C) are also shown in Table 9.2. Distribution coefficients have been 

detennined using equation 9.4 and the means of calcite analyses and of drip 

water analyses (where duplicated) are shown in Table 9.3. Results for 

column J8 are not used in this study because the speleothem was found to 

be aragonitic (by X-ray diffraction). This is reflected in the high Sr 

and low Mg concentrations in the speleothem (Table 9.2). These analyses 

d~monstrate the following: 
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TRACE METAL ANALYSES IN- col~n acid eluates as PP" {or ppb) 1 Column 

Cave 

'1ain 

Euclataws 

Sample 

Vl 

V2~ 

Volume of 
Duration jwaterpassed 

(1) 

31/5-2/6/75 2 .25 

_ 1.23 

0. 73 

T 
(°C) 

7,8 

7 .1 

6 . 9 

Sample '8' 
Ca Mg 

(ppm) (ppm) 

1.6 o ·.os · 

"2.9 0.09 

0.4 0.10 

sample •c• 
Ca Mg 

(pp11) (ppm) 
Ca 

39.70 

52 .47 

56 . 04 

Mg 

0 . 846 

180 . l 

1.39 

178.9 

0 .99 

Sr 

17.92 

28.7 

39. 70 

56. l 

27. 79 

.._calcite sainples • average given here as pp~~fficiency 
Fe 

8.08 

34 .s 

17 . 07 

SS. 2 

43 . 63

~fn 

t.8 

9.3 

2.99 

7 . 4 

<10.J 

Cu 

<10.4 

3.4 

<10.11 

107.0 

<35. 7 

Zn 

14.0 

12.5 

11.8 

46 . 3 

574. 7 

Pb 

< 34.0 

64.3 

<34.0 

99 . 3 

<50. 7 

from from 
Ca (\ ) Mg 

96.0 90.5 

94.5 93 . 5 

99.3 89 . 9 

163.8 46 . 1 61.4 6.7 139.2 18.4 53 .2 

47,01 6.01 22. 23 607 .1 4l.4 727.11 788.1 80. 8 96.S 97 . 3 V4 0 . 365 6 . 9 1.65 o. 16J.2/6/75 
869.8 33 . 0 8.6 2 .9 3.0 12 . 4 42.3 

V6 0 . 13 6 . 9 I. 75 0.12 61.04 6.44 <40,54 172.2 97. I 98.118.J <110.8 <230.5 J02.9 

' 10 . 6 39 . 6 532. 7 33. 7 19.5 3.6 '· 7 

- ---- -- ----- ----- -- -- -- -- .--------------------------- -- -------------- -- -- ---- -------- ---- -- ---- ------------ -- -- -- --------- ------------- --------------- -- -- -- -
40 76 S . 68 5. 39 12.01 1.24 2. 21 37.1 11.5 99.0 98 . 8 Coffee JI I 18-21/6/75 2.83 24. 0 0.4 0 . 07 18 . 0 0.65 • 

River 2460 

6.53 0.33 42.80 JO. 71 1. 40 3.51 72. 32 14.67 94 . 6 93 . 9 Printed J2 19-24/6/75 3.92 ZJ'. S 0.35 0 . 02 7.0 0 . 20 
Circuit 1160 

56. 76 3. 87 1?.46 22 . 79 1. 47 17 .46221.0 49 .63 99 . 1 99 .O Oxford J3 18-24/6/75 2. 72 s. 8 0 . 25 o . o•-~~ : ~ 0.5 
1142 22 . 16 24. 31 4.52 12.04 76. 721.16 

69 53 1.41 43. 44 22.19 4. 06 21. 09 75 .0 29.69 91 . 8 94 . 3 Riverhead JS 2 'V2310-17/6/75 1.60 1.5 0.08 s.o 0.18 •
352 

53 . 79 26 .24 19.13 ·· 14. 49 2. 81 41. 3 14.5 21. 7 99.5 99.7J6 1Cave River 1. 72510-17/6/75 22.6 0 . 25 0.07 11.S 1.2 
8925 54 .1 15.91 3.54 72 .s 14 .2 11.5 

11.35 99.3 96.05 . 86 11.37 3.81 o. 76 1.56 5.3343 63Coffee 11-18/6/75 7 . 22 24.2 0.3 0.04 13.0 0. 75 · 
River 2460 

17.011 187.6113.0 12.5 90.6 47 .8 97 . 9 99 l9. 7 0.65 40 , 40 17. 7623.8 o.a5 0.14JS 18-24/6/75 0.68 
162 . 8 542 . 7 7.47 N.D. 7 . 7 12.23 72 . 35 

45 . 34 26.56 25. 82 4.4166. 12 63. 0 78. 7 J 7.8 97.4 99.1Cave River J9J 0. 796 21.9 1.2 0.07 7 .s 1. 217-20/6/75 
8925 54.1 15.91 3.54 u ; 5 14 . 2 72 .s 

12.27 31. 25 2. 20 207.S 16. s 99 .6 99J6. 87 5.8 0.32 64 . 64 13.27Coffee 2. 73 23 . 4 o.25 o.o•JlO 18-24/6/75 
3945 20 . 27 81.SRi ver 19.SO 7 .14 l. 71 l. 77 

8.2S 63.68 4.53 48. 4 46.3 97 .6 98.993.24.0 0.11 45.49 5.58 

1950 
Jll 22.6 1.1 0.0621-24/6/75 1. 71 

56.01 59. 37 96.9 9852. 73 7.26 J.39 20. 78 15 . 2 12.2Printed 24.0 '!.75 0.04 8.8 0.4Jl2 7.5819-24/6/75 
908 37. 32Circuit 13.5 3.57 4.37 10 . 92 46.85 

98.4 97 JI. 43 40. 74 26. 97 1. 97 48. 882.S 22.70.35 61.65Ri verbend Jl3 2 2.31 0.95 0.04 "-1517-26/6/75 
352 

~ 1) suffices 1 2 
' indicate duplicate columns, ie. columns attached to the same drip source but at different times. 

2) colU11n eluate ano.lyses are in ppia for Ca and Mg {ordinary type) and ppb for the re..ainder (itaHce), and are dete1'1ftined from the sWD of the 
two ~cid eluates. 

3) 
4) 

speleothem calcite analyses are averages of one to four analyses of 'different calcite samples (ie. stalac'tite tips and s t alagmite tops). 
samples 'B' a re analyses of t he bulk d rip water eluate after passing through the column in the cave, saaples •c• a::b analyses of eluate 
e'"erging from the colllllln i-diately prior to collect i on of the >rparatus. 

!~ ~~!~:t~!!1~;e~~r.!!,!~~~~~ned by E • 100 _ c:~7ai: 1 ~:: .. iziPli . 1ooi , 
7) est111ated precision frm replicate ana lysis of the s- sU1ple is ! 10\ for Ca,M1, and ! 20.\ for the re•ainder. 

Table 9. 2 	 Analyses of drip waters (determined from cation column eluates) 

and recent calcite growths for five sites in Vancouver Island 

caves and twelve sites in Jamaican caves. 
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T0 390Column c Mgi Sri Cai Mgs Sr 

s ),'Mg "sr
No. (ppm) (ppb) (ppm) (ppm) (ppm) 

Vl 7,8 0 . 935 18.67 41.35 180.l 28.7 0.0199 0. 159 

V2 7,~l 1.49 42.01 55,52 178.9 56.1 0.0167 0. 185 

V3 6,9 1.10 27.99 56.44 163.8 46.l 0.0210 0.232 

V4 6.9 6.18 23.04 48.31 869.8 33.0 0.0170 0.174 

V6 6.9 6.56 < 41. 75 62.86 532.7 33.7 0.0128 0.127 

-=-----------------------------------------------------------------------
Jl 24.1 5.93 	 5.93 42.55 2460 N.D. 0.0441
J7 

JS iv23 1.48 	 42.91 66.87 352 N.D. 0.0398Jl3 

J6 
22.3 26.48 22.87 50.31 8925 54.1 0.0423 0.298J9 

J2 23 . 5 ·o.35 45.03 6.90 1160 N.D. 0 .0572 

J3 23.4 3.91 17 .62 57.28 1142 22.16 0.0418 0.180 

JlO 23.4 13.31 12.32 64.90 3945 19.5 0.0481 o. 257 

Jll 22.6 5.64 8.45 46.61 1950 N.D. 0.0403 

Jl2 24.0 2.77 61.27 57.80 908 37.32 0.0474 0.088 

corrected for yield (see Table 9.2) 
2 corrected for yield using Ca yields in Table 9.2. 

Table 9.3 	 Average Ca,Mg and Sr concentrations for dripwaters and 
speleothem, with calculated distribution for Mg and Sr 
for Vancouver Island and Jamaican cave sites. 

Column No. 0 0DFe DMn cu zn 

Vl 0.424 0.577 0.032 0.089
V2 0.424 0.325 1.324 0.515
V3 0.197 0.091 0.546 0.005
V4 0.002 0.008 0.001 0.002
V6 0.017 0.034 0.012 0.007 
J3 0 . 151 0.436 0.008 0.060
J6 0.148 0.182 0.046 0 . 107 
J9 0.027 0.091 0.026 0.017
JlO 0.037 0.126 0.042 0.016
Jl2 0.260 0 . 360 0.029 0.101 

Table 9.4 Calculated distribution coefficients for Fe,Mn,Cu and 
Zn for sites in Vancouver Island and Jamaican caves. 
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1) 	 The close agreement of 8 determinations from different sites in 

Jamaica and S determinations from different sites in Vancouver Island 

suggest that either i) all sites are depositing Mg under equilibrium 

conditions (ie. DMg = AMg) or ii) deposition from supersaturated solu

tions is occurring at some or all sites but has little influence on 

DMg· 

2) Values of DMg determined from speleothem and drip water in 8 caves from 

two temperature regimes are comparable to those determined in experi

mental studies (see Table 9.1). The values of DMg at 24°C and 7°C 

fall below those pr edicted by extrapolation of the data of Katz (1973) 

to lower temperatur es (Figure 9.2a). Values given by Winland (1969), 

Michard (1971) and Fiichtbauer and Hardie (1976) fall lower still. 

3) Katz's observation that Mg concentration in calcite is strongly 

temperature dependent is substantiated by this work 

dDMg 	 0 = 	 + 0.0009/ c (Katz 1973) 

dT 

dDMg 
= 	 + 0.0017/°C (this work) 

dT 

4) 	 Values of DSr are of similar order of magnitude to those pub l ished 

(Table 9.1, Figure 9.3) but vary considerably over the range 0.09 

0.30. There -is no correlation with temperature, as was also found 

by Katz et al. (1972). 
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9. 4 .3 Discussion 

The results obtained in this study show a temperature dependence 

of DMg larger than that obtained by Katz (1973) and Fuchtbauer and Hardie 

(1976), (Figure 9.2a). The discrepancy in absolute values of DMg could 

be due to analytical error but the different temperature coefficients 

indicate a more fundamental discrepancy. It is surprising in fact, that 

the DMg-T relationship is linear, because equation 9S would lead to a 

linear relation between ln D and T-1 . Unfortunately no intermediate 

values of DMg for temperatures between 7 and 24°c have been obtained to 

test this. Re-plotting the data as ln D vs. 1000 T-l (Figure 9 . 2b) shows 

even greater divergence between the three sets of results. It is possible 

that the system used by Katz and Fiichtbauer and .Hardie to determine D is 

not equivalent to that in an natural cave environment as described here 

and so · agreement between distribution coefficients need not be found. 

Using the value of dDMg/dT calculated here, a 1°c decrease in 

temperature at 10°c would result in a 40ppm decrease in Mg concentration 

in calcite. If this higher temperature dependence of DMg is appropriate 

for cave deposits, then it should be possible to resolve paleotemperature 

changes to within 1°c using Mg variations in fossil speleothem. 

No temperature dependence is immediately apparent for DSr values 

determined in this study but comparison of all results shown in Figure 

9.3 suggests that either DSr is non-linearly temperature dependent or is 

easily influenced by supersaturation conditions at lower temperatures. 

The latter explanation is more likely in view of the wide range of DSr 

values between 0 and 30°C. 

The large variation of DSr and small variation of DMg at a given 
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temperature in this study is unexpected from consideration of the 

predicted influence of supersaturation on distribution coefficients. 

Because DSr is either equal to or greater than DMg (from the consensus 

of results in Table 9 .1 and Figures 9.2, 9.3), it should therefore be 

affected similarly or less than DMg by changes in supersaturation (as 

described in section 9.3.3). The greater variations in DSr may be due to 

other factors, such as the greater analytical error for Sr determination 

coupled with its lower abundance, adsorption or occlusion of Sr instead 

of substitution for Ca, presence of non-ionized or complexed Sr species 

in solution, etc. 

Distribution coefficients for other trace metals (Fe, Mn, Cu, Zn) 

have been calculated from the data of Table 9.2 and are given in Table 9. 4 . 

A variation of over two orders of magnitude can be seen in D for all of 

the metals, suggesting that they are incorporated in speleothem primarily 

by processes other t han substitution for Ca. They also may be present in 

the drip water as colloids or particulates. ·It is doubtful therefore 

whether these metals can be successfully used as paleotemperature indica

tors in speleothem deposits. 

9.5 Trace Element Variations in a Fossil Speleothem 

Speleothem 77143, from Ingleborough Cave, England, has been 

analysed for Mg and Sr . 18content and compared with o 0 
c 

and 13o C 
c 

varia

tions for the same horizons (described in Chapter 5). In this work, 

approximately O.lg of calcite was drilled out, weighed accurately, dissol

ved in HCl and the volume made up to SOmls by addition of NaCl and de

ionized water. Thes e samples were analysed as previously described using 
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Mg and Sr standards of the same Ca concentration (800ppm). Resul ts 

18 13 are shown in Figure 9.4 compared to o o and o c for the same horizon. 
c c 

18 13o o and o c increase appreciably towards the top of the 
c c 

speleothem (ie. towards 108 Ka) and this has been attributed to a cooling 

period (Chapter 5). This trend is not seen in Mg concentrations but can 

be observed to some extent in Sr concentrations. Average Mg concentration 

is 548ppm and the over all range is 270ppm. Therefore from the value of 

dDM /dT determined above for speleothem, this range represents a maximum 
0 
0 

temperature change of about 7°C, assuming a median cave temperature of 10°c. 

0It is unlikely that a temperature change as high as 7 C occurred 

during the growth of t his speleothem because it is confined to an inter

glacial period. Some of the change in Mg concentration must be due there

fore either to change in drip water chemistry (this is suggested by the 

change in Sr concentra tion) or to variation of supersaturation levels in 

the water. The latter explanation best accounts for the lack of corre

18lation with o o . 
c 

As previously discussed, the Mg/Sr ratio might be expected to 

show variation due to temperature without the added effect due to change 

in absolute ion concentrations. The Mg/Sr ratio in Figure 9.4 suggests 

however, that a period of relatively stable, cool conditions existed 

from about 128 - 116 Ka, followed by a warmer period, and with a return 

to cool conditions at 110 Ka when deposition ceased. This interpretation 

18
is in contrast to that deduced from variations in o o (Chapter 5) but c 

is more in keeping wi t h the age distribution frequency data of FigureS.23 

showing a period of abundant speleothem growth about 115 - 110 Ka. 

http:FigureS.23
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9.6 Conclusions 

This study has determined values of the distribution coefficients 

of Mg and Sr between calcite and water at low temperatures for a natural 

depositional system. The values of DMg show good internal consistency 

but lie in between those predicted by other workers. A greater 

temperature dependence of DMg than found in previous results, is indicated 

in this study and, if correct, greatly increases the potential for reso

18lution of paleotempera tures. No correlation of Mg content and o o for 
c 

a fossil interglacial flowstone has been found . due possibly to changes in 

drip water chemistry. Interpretation of the Mg/Sr profile of the speleo

18them gives a paleoclimatic record opposite to that indicated by o o 
c 

alone. 

Further work on other equilibrium speleothems needs to be done 

before the potential of Mg and Sr variations in speleothem can be 

fully assessed. 



I 
CHAPTER 10 

CONCLUDING REMARKS 

Introduction 

The foregoing chapters have demonstrated the application of 

U-series dating techniques and stable isotope analysis to speleothem, 

from caves in several maritime areas in the northern hemisphere. It 

was found necessary to undertake some preliminary work on the analytical 

techniques used because of inadequacies and errors in existing proce

<lures. The purpose of this chapter is collectively to review the results 

and draw implications from them regarding aspects of dating and stable 

isotope studies of speleothem and for the paleoclimatic record of the 

northern hemisphere. These results will also be compared and con

trasted to previous speleothem work. 

10.1 U-Series Dating of Speleothem 

10.1.1 Age Limits and Resolution 

230 234 .The limits of resolution of the Th/ U method have been dis

cussed at the end of Chapter 2. It was concluded that resolution of a 

lower age limit of less than 0.5 Ka was possible with a high-U speleo

them and a low background detector. Precision of ages near the upper 

limit was found to be critically dependent on sample activity, counting 

399 
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time and accuracy of spike calibration. With optimum conditions, 

230400 Ka represents the maximum age to which the Th/234u method can 

resolve. For most speleothem, 350 Ka is a more realistic working 

maximum, although in this and previous work, there has been no delibe

rate attempt to obtain better precision on ages near the 350 Ka limit 

(however such precision is implied by Harmon et al. 1977, where distin

ct i on is made between speleothem growth periods of 275 - 320 Ka and > 

350 Ka). Use of count times in excess of 5 days for medium-high U 

speleothem (to obtain over 20,000 counts per isotope peak) with good-

resolution, low background detectors and stable electronic systems, 

will be the only means of improving resolution of climatic events in the 

Middle Pleistocene. 

10.1.2 	 Detrital Thorium Contamination 

Throughout thi s thesis there has been constant use of an 

b . 1 f h . . . 1 230Tu;232 h . . h .ar 1trary va ue or t e initia T ratio 1n speleot em contami

nated by detritus. The fact that some 230Th is leached from detritus 

during sample dissolution is seen by the displacement to older values 

of ages of apparently r ecent speleothem from Vancouver Island and 

England. C . . horrect1ng wi t (230 h/232 h)T T 
0 

= 1.5 places some ages at or 

near zero but also creates some 'negative' ages, an impossible situation. 

Some idea of the effect of ·varying h ·c oices of c 230Th/232Th) 
0 

on the 

'corrected' ages can be seen below : 
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Measured 230rh/
232

Th Uncorrected age Corrected ages (Ka) 

(Ka) using (230rh; 232rh) = 

1.0 1.5 2.0 

1.6 9.9 + 1.5 4.0±2.8 0.8:3.5 -2.3t4.4 

For such a young sample, there is complete overlap of the ages 

at the ± lcr level. That such corrections are truly valid is suggested 

by the observation that ages of contaminated samples are displaced out 

of intervals which are otherwise characterised by lack of speleothem 

growth (usually glacial periods). For instance, all of the Vancouver 

Island speleothems apparently dated at between 23 - 16 Ka (the generally 

accepted period for t he Late Wisconsin glacial maximum) are displaced 

230 232to ages less than 15 Ka after correction with c rh; Th) = 1.5. 
0 

Similarly, some of the Ingleborough Cave speleothems that show appre

232ciable Th contamination (Appendix 4a) are displaced from apparent 

dates in the Wolstonian and Late Devensian glaciations into younger, 

warmer periods. 

In the work on contaminated speleothems so far, the possibility 

of appreciable contribution of uranium leached from the detritus has 

been given little consideration. This is due to the difficulty of 

detecting such an occurrence because of the absence of a characteristic 

'detrital' U isotope and the fact that corrected ages of young speleo

thems would only be made younger and not 'negative' in age if detrital 

U is added to the system. Better interpretation of contaminated ages 

can only be made when separate analysis of the detritus is made to 

determine the amounts of Th and U nuclides that can be leached into 



402 

. 	 230 232solution. Otherwise,. all ages for samples with low Th/ Th analyses 

(especially for young speleothem) should only be used to give a general 

indication of age. 

10.2 Stable Isotopes in Speleothem 

10.2.1 	 Kinetic Isotope Fractionation 

Several speleothems from Vancouver Island, Jamaica and England 

have 	clearly shown kinetic isotope fractionation between water and 

18 13calcite. Ranges of values of o o and 8 c and the least squares
c c 

13 18
gradient (8 c /8 0 ) for the 	more strongly fractionated samples are 

c c 

shown in Table 10.1. Hendy (1969) has shown that evaporation alone 

13 6o 18will cause 68 c 2 oc and kinetic loss of co2 alone givesc 

68 13c ~ 4 68 180 . Measurements along speleothem growth layers byc c 
13 18Fantidis and Ehhalt (1970) gave 68 c /68 0 values ranging from 2 to 

c c 

4, and Harmon (1975) obtained values between 1 and 2.3. Table 10.1 

shows variation between 0.8 and 3.7, with all English samples lying 

between 2.5 and 3.7. It would appear therefore that the dominant 

effect in causing isotopic disequilibrium in the English samples is too 

rapid loss of co2 . This suggests that the cave atmospheres are 

essentially saturated with water vapour but sufficient air currents 

exist to remove co2 rapidly from solution. In the Jamaican caves, 

evaporation of water seems to play a larger part in causing disequili

brium, possibly due to higher temperatures of the caves. 
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Location Speleothem 
No. 

Range in 
8180 

c 
( ~~) 

Range in 
o13c 

I C 
( ~00 ) 

Least squares 
gradient 

ol3c /0180 
c c 

Jamaica 75351 

75341 

0.82 

0.74 

0.98 

0.92 

1.22 

0.83 

Bahamas 78033 0.79 1. 82 2.08 

N.W.England 76122 

76125 

76210 

76190A 

76190B 

76128 

76201 

77151B 

77151C 

1.18 

1. 64 

0.56 

0.59 

1.42 

1. 74 

2.15 

0.79 

0.82 

3.23 

6.52 

1.59 

1.54 

4.63 

7.56 

6.61 

2.14 

2.19 

2.58 

2.99 

2.88 

2.62 

2.96 

3.69 

3.24 

2.48 

2.57 

18 13Table 10.1 Ranges of o o and o c in the calcite of growth
c c 

layers of speleothem showing kinetic isotope fractionation. 
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10.2.2 Equilibrium Deposition 

The present s tudy has been hindered by the difficulty in 

finding speleothems deposited in isotopic equilibrium. The table 

below summarizes the results of isotopic analyses for equilibrium 

speleothem growths. 

Location No. speleothems No. of kinetically No. of equilibrium 

analysed fractionated deposits deposits 

Vancouver Island 4 2 2 

Jamaica 3 3 0 

Bahama Blue Holes 1 1 0 

N.W.England 10 6 4* 

* 	includes 77151 of which two growth layers clearly show non-equi li

brium deposition 

Most of the remaining speleothems that were collected from 

N.W.England and were dated but not analysed for stable isotopes are 

probably non-equilibrium deposits because those found to be kinetically 

fractionated come from the same passages and chambers as the bulk of 

the collection, and grew over approximately the same time periods. The 

presence of air currents in these caves at the moment also suggests 

non-equilibrium deposition in the past. Some deposits, notably 77151, 

show kinetic and equilibrium isotope fractionation in different growth 



405 


layers. It has been necessary to allow for this when interpreting the 

18 18o o axial profile (Chapter 5) by assuming that increases in o o in 
c c 

the profile may be augmented by non-equilibrium effects. 

There are two disadvantages of using flowstone instead of 

stalagmites for paleot emperature analysis : 1) the water may have 

travelled some distance in the aerated cave passage before depositing 

the flowstone analysed; stalagmites however, usually form directly 

beneath a roof drip source, from water which has just emerged into the 

cave and 2) the direction of flow of water is not a l ways apparent on a 

loose fossil flows t one and so growth layers must be analysed in directions 

normal to one another to detect non-equilibrium deposition. The main 

advantage of flowstones is that growth layers do not usually 'thin out' 

away from the water source, as in stalagmites, and therefore larger 

samples of the same growth layer can be taken for dating and 

flui d inclusion analysis. 

Hendy (1971) has shown how there should be no correlation 

13 18
between o c and o o if there is isotopic equilibrium between calcite 

c c 
13and water during depos i tion, ie. o C may vary along a growth layer but 

c 
18o o must not. If a s teady increase of o13c is seen along a growth

c c 

layer in an equilibrium deposit, then the rate of loss of co from2 

solution (or the rate of exchange with co of the cave atmosphere) is2 

sufficiently rapid to be seen in the isotopic composition of the calcite 

precipitated, but is sufficiently slow as not to disturb equilibrium 

13 18
exchange of C (and 0) between all dissolved carbon species. If the 

initi al pC0 of the drip water is low, or the time of outgassing long,
2 
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13
then co2 exchange with the atmosphere (o c = - - 8o/oo) becomes signi

13 13
ficant and o c would tend towards - + 2 0~0 • If such o c values areC /C C 

seen in 'equilibrium' speleothem (eg. 76127 in this study) the axial 

o o profile should be interpreted with caution because the prior loss 
c 

of co from solution may have been accompanied by some evaporation which2 
18would bias all o o results to higher values. 

c 

It appears from this study, that many more speleothems from 

deeper parts of caves (in N.W.England) are non-equilibrium deposits than 

might be expected on the basis of previous work (ie. 33% show equilibrium 

deposition compared to 80% in Thompson (1973a) and in Harmon (1975)). 

Many of the cave passages sampled in the present study contain appreciable 

air currents which may account for this difference. However, the Norman-

Bone cave system in West Virginia also takes an air flow but neverthe

less yielded three equilibrium speleothems (Thompson et al. 1976). 

Because of the similar entrance levels of many caves in the flat-lying 

parts of central U.S.A., pressure differentials are slight and so the 

systems do not carry strong draughts. These caves therefore often 

contain chambers and passages with high levels of co (from the outgas2 

sing of groundwater) and maintain high humidities - conditions ideal for 

isotopic equilibrium deposition). This is especially the case for Cold 

Water Cave in Iowa and the Flint Ridge system in Kentucky (Harmon et al. 

1978a) where co level s exceed 0.1%. In areas of higher relief, such as2 

ILW.England and the Canadian Rockies, the only places where equilibrium 

speleothem may occur ar e in resurgence caves which contain no vadose 

connection to higher-level systems with separate entrances. Ingleborough 
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Cave is an example of this type of cave (Chapter 5) and has yielded 

two flowstones (7614 2 , 77143) which have been found to be equilibrium 

deposits. 

1810.2.3 	 o o of Modern and Fossil Speleothem 

18 18Narrow ranges of o o for 	modern calcite (o o (m)) have been 
c 

found in caves in Vancouver Island (-10 to -9 o/oo ) and N.W.England (-5.3 

to -4.8 ojo0 ). This has enabled determination of the factors most impor

18
tant in controlling o o 	 for each area, through comparison of glacial 

be positive, showing the overriding importance of change in o with 

c 

age and modern speleothem. In Vancouver Island, 
18

do 0 /dT
c 

was found to 

18o 
p 

18temperature. In N.W.England however, do 0 /dT was found to be negative,
c 

as generally observed by Harmon et al. (1978a). 

18
The use of o o (m) as a warm climate indicator has only been 

c 

partially successful in interpreting mid-latitude speleothem results in 

N.Arnerica (Figure 10.1, Harmon et al. 1978a). The lack of agreement 

18 18between o 0 (m) and 8 0 for the Alberta record (from Castleguard Cave 
c c 

speleothems) during t he last interglacial is probably due to evaporative 

18influences . on o o (m), Atkinson (1979) has shown that speleothem deposi
c 

tion at present in Castleguard Cave is mainly occurring by evaporation 

18
rather than co2 loss . In Kentucky, o 0 (m) also lies central to the 

c 
18observed range of fos s il o o for one speleothem. This may be due to 

c 

climatic differences between the present and the period of growth of the 

speleothem, or the influence of non-equilibrium deposition in parts of 

the speleothem (only one growth layer was analysed for the 25cm long 

stalagmite deposit). 
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10.3 Comparison with Previous Speleothem Results 

Several recent papers ~ave published results of speleothem 

dating and stable isotope studies for caves in N.America (Thompson et 

al . 1976; Harmon et al. 1977; Harmon et al. 1978a,b,c,d; Harmon et al. 

1979') based on the results in Thompson (1973a) and Harmon (1975). 

Their general findings have been summarized in Chapter 1 and several 

important errors and inconsistencies have been pointed out in Chapters 

2 and 3 of this thesis. For these reasons, and the difference in 

localities of research, comparison to the results presented here can 

only be done in the broadest sense. 

General agreement between this and previous work has been found 

on: 

1) the abundance of speleothem ages centred around 105 - 110 Ka. If 

speleothem growt h is most vigorous during warm periods, then 105 

110 Ka may better describe the peak of the last interglacial, rather 

than 120 - 125 Ka as obtained from ocean core and reef terrace records. 

2) similar amplitude of S8o in fossil speleothem. In this study ·77151 
c 

has shown a 2 o/o0 maximum variation (limited by cessation of growth 

during ice advances), while previous results (Figure 10.1), show 

slightly over 3 o/oototal variation. 


18
3) the negative dependence of o o on temperature as described in 
c 

10.2.3 above, except for the special case of Vancouver Island. 

Previous work (summarized by Figure 10.1) can be criticized for : 

1) inadequate time control for slow-growing speleothems - the 50 Ka 

Al berta record has only two age measurements and the 100 Ka Bermuda 

record is based on only three ages. In the present work an average 
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of one age determination per 5 - 10 Ka of growth has been made (eg. 

7 measurements on 75125/76013 covering 35 Ka; 9 measurements - 1 

rejected - on 77151 for 90 Ka total growth). Although multiple age 

determinations tend to introduce complications (eg. the one rejected 

age and the age discrepancies about the upper hiatus in 77151, Figure 

5.21) they do enable a more balanced and reliable time framework to 

be constructed for distribution of stable isotope analyses. 

2) 	 insufficient analysis of growth layers to determine whether isotopic 

equilibrium deposi t ion was continuous throughout the growth period of 

the speleothem. For instance, of the 20 equilibriwn deposits whose 

18
axial o o profiles make up Figure 10.1, 16 were each based on one 

c 

growth layer analysis only. All equilibrium speleothems analysed in 

the present study are based on analyses of at least two growth layers 

per deposit, and in the case of thicker sections such as 77151, five 

growth layers have been analysed. The latter speleothem in fact, 

clearly demonstrates the need for multiple analysis because two 

growth layers were found to show kinetic isotope fractionation. 

In certain instances however, previous workers have been able to 

demonstrate that isotopic equilibriwn conditions exist in the cave 

today, by analysis of drip waters and their calcite deposits. 

Evidence that such conditions existed in the past has come from the 

18determination of concordant o o profiles for contemporaneous
c 

speleothems from the same cave (Harmon et al. 1978a). 

3) t he 'spikiness' of the isotopi c record. This is probably due to a 

combination of i nsufficient closed-spaced analyses giving 'one-point' 

peaks and troughs, and poor mass spectrometer precision, as discussed 
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in Chapter 3. Good analytical precision obtained in the present study 

coupled with close-spaced sampling and analysis of calcite in between 

two differing results has removed almost all one-point spikes caused by 

sudden changes in o18
oc (ie. deviations of~ 0.5 ojo0 ) . 

Unfortunately , comparison between isotopic records of this and 

previous speleothem work is limited because two speleothems from this 

work grew beyond the maximum age for previous equilibrium deposits 

( ~ 200 Ka). Comparison between the Vancouver Island (Figure 4.10) and 

Iowa results (Figur e 10.1) generally shows agreement for the Mid-Wis

consin in that a s l ow continuous cooling from 64 to 28 Ka in Vancouver 

Island compares with cold conditions prevailing in Iowa for the same 

period, except for the warming around 40 Ka. The two interstadials re

cognised in the Eastern Great Lakes stratigraphic record (Dreimanis and 

Goldthwait 1973) and in the Illinoian record (Frye and Willman 1973) are 

not found in the Vancouver Island record, probably because of the tempe

rature-damping effect of the ocean . 

The last interglacial record of 771438 (Ingleborough Cave, N.W. 

England, Figure 5.30) appears to correlate well with the Alberta record 

in Figure 10 .. 1 showing decline from maximum warmth at 120 Ka to a cold 

period at about 110 Ka. However, the position of modern calcite for 

18Alber ta in Figure 10.1 suggests that low o 0 may represent cold events 
c 

18
and high o o , warm events, in which case the Alberta record should be c 

inverted. Correlation of this record with other records in Figure 10.l 

is generally poor as is also the correlation with the deep sea core 

record (described in Chapter 5). Only analysis of more deposits over 

this time period will resolve this problem. 
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18
In general, 8 Of from the deep sea core record has showed only 

180a f . . . h u ~ of previous. spe1eothem work , main y . 1 b ecauseair correlation wit 
c 

of the poorly-established synchroneity of events in the two records. 

In the present work, a good correlation between the core record and 

18o o of one speleothem from N.W.England has been found over the period
c 

18190 - 280 Ka. Similar ly, values of o of from a Pacific core have been 

used to calculate real istic paleotemperatures for the Mid-Wisconsin in 

Vancouver Island. The implications of these records are further dis

cussed below. 

10.4 Implications for the Quaternary Period in the Northern Hemisphere 

Age determi nations on Vancouver Island and northern England 

spe l eothem have clearly shown the absence of growth during two periods 

in the Late Pleistocene: 30 - 15 Ka and 165 - 140 Ka. These intervals 

are interpreted as periods of full glacial or arctic conditions, when 

perma-frost prevented groundwater flow and speleothem deposition. The 

earlier event is only seen in speleothem from N.W.England and probably 

correlates with the Wolstonian glaciation. In contrast, the only ages 

determined for speleothems found at depth in the Bahama blue holes, lie 

within this period, further indicating full glacial conditions by the 

lowering of sea level and speleothem formation in the exposed ·cave sys-

terns . The more recent glacial event appears to be approximately 

synchronous in both N.W.England and Vancouver Island, with speleothem 

growth ceasing about 35 and 28 Ka respectively and recommencing about 

12 and 15 Ka respectively. The differences in timing may indicate the 

greater warming influence of the ocean for Vancouver Island than for 
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N.W.Eng1and. Alternatively, the shorter period of maximum glacial 

advance on Vancouver Island may be explained in terms of less ice 

cover, more rapid melting etc. Similarly, the greater abundance of 

speleothems for the Mid-Wisconsin Interstadial in Vancouver Island than 

for the equivalent period in N.W.England may also be due to the proxi

mity of a warm ocean. However, because the number of dated deposits 

and the number of caves sampled in each area are relatively small, this 

observation may be based on random chance. 

As previously described, in this work and that of Harmon et al. 

(1978a), there is a strong indication that the last i nterglacial maximum 

occurred at 105 - 110 Ka. Speleothem age distributions and stable iso

tope profiles show the presence of a warm period about 120 - 125 Ka but 

of l esser intensity than that immediately following. This contrast 

cannot be further resolved until better stable isotope profiles (with 

fluid inclusion analyses) are obtained for a suitable speleothem from a 

non-glaciated area. 

The stable isot ope record of 77151 has shown the rapidity with 

which climate change occurs. During the period 290 - 190 Ka there were 

two transitions from extremely warm to cool conditions and these occurred 

over a~2 Ka period as determined from calculated growth rates. It 

could be argued that kinetic isotope fractionation due to evaporation 

could induce this result in the profile, but in this case the effect would 

not be as gradual a change as indicated by the four analyses in the 

cooling trend from the 280 Ka warm peak. Initiation of air currents in 

caves has a time period of hours er weeks at the most, whereas these four 
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analyses cover about lcm of growth - a process requiring centuries to 

complete. 

The 77151 profile demonstrates the potential for obtaining 

good resolution of climatic change from speleothem. In previous work, 

insufficient close-spacing of analyses has given resulting profiles a 

'spikey' appearance, probably because of jumping from one climatic 

extreme to another, with the result that some climatic events may be 

omitted entirely and t he peaks and troughs of others may be missed. The 

two prominent warm peaks in the 77151 record are marked by 7 and 4 ana

18
lyses each (counting up from the base, for o oc < -5.0 cfo 0 ), and the 

. k d b 12 1 (s 4 0 I00t hree co ld periods are mar e y 4 , and 4 ana yses each u 
18oc > - • 7 ) • 

In terms of number of ana1yses per cold or warm event, the resolution ob

tained in this study is comparable to that seen in high sedimentation rate, 

deep sea cores. The main difference is that the resolution of rates of 

climate change is attenuated in core profiles by bioturbation etc. whereas 

in speleothem it is only a function of the sampling width. It is possible 

to obtain an order of magnitude better resolution by use of smaller drill 

bits and closer spacing of sample sites. 

1810.5 Factors Controlling o o in Speleothem 

10.S . l The Vancouver 	Island and N.W.England Situation 

The Vancouver 	Island results in this study are the first to 

18 18show dominance of changes in o o on o o of fossil speleothem.p c 

Until now, stable isotope studies of speleothem have consistently found 

18 18o o of fossil speleothem to be similar to or greater than modern o o c 	 c' 
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18 18due to the combined dominance of changes of o o and a 	 on o 0 . 
SW c-w c 

The two _main paleoclimatic records obtained in this study, 

from Vancouver Island and N.W.England, are briefly summarized below in 

order to clarify the differing interpretations: 

Vancouver Island 

1. Fossil speleothem calcite is lighter than modern by at least 0.9°fo0 • 

2. From 64 Ka to 28 Ka, calcite becomes lighter by rv 1. 3 o;~o • 

3. Over the same period, from the deep sea core record, sea water becomes 

heavier by rv0.65 ~~0 ; rainwater will therefore show the same enriclunent. 

184. Because of the oceanic location of Vancouver Island, o o is likely to 
. p 

vary with temperature by 0.7 o/o0 ; 
0 c. The change in o18op over this time 

period, due to temperature gradient change alone (6T) will therefore be 

0.7 	6T. 


18
5. 	Speleothem calcite becomes enriched in 0 because of temperature 

18
dependent isotopic fractionation (-0.27 ofoo/°C), so that o o will 

c 


increase by 0.276T over this period. 


+ 0.7 6T 0.27 6T ( 10.1)Therefore = 

or 	 -1. 3 = 0.65 + 0.43 6T 

so that 	 6T = -4.S°C 

This change in temperature can be converted to 	an absolute paleotempera

18 A decreaseture curve by comparison of fossil and modern o o 
c 
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from -4.0 0 C, 64 Ka ago, to -0 0 C, 28 Ka ago, is found. 

N.W.England 

1. Fossil speleothem calcite is generally heavier t .han modern. 

2. Over the period -210 to -195 Ka (for instance), in the record of 

77151 (Figure 5. 33) calcite becomes 1. 8 Joo heavier. 

3. Using the correlation between isotopic records of speleothem and deep 

sea cores described in Chapter 5, it can be inferred that sea water 

(and therefore rainwater becomes heavier by rvo. 8 °/oo over this period. 

4. The temperature dependence of o18o appears to be only -0.22 o/oo!°C.
p 

18Therefore the change in o o due to change in temperature gradient
p 


alone for this period is about 0.22 ~T. 


18

5. Isotopic fractionation again causes a decrea!B in o o of 0. 27 6T. 

c 

Therefore, for the period -210 to -195 Ka, the maximum change in temperature 

is given by (modifyin g equation 10.1) : 

1.8 = 0.8 + 0.22 6T 0.27 6T 

so that 6T -20°C 

This drop in temperature is too large to maintain speleothem growth 

throughout. If do 18o /dT is 0. 7 o/oo ; 0 c as in Vancouver Island, then 
p 

temperature is seen to rise by 2°c over this period - clearly inconsistent 

18
with the observed relationship between modeni and fossil o o . Reaso

c 
18nable temperature changes can only be obtained if do o /dT is less than 

p 

0.22 o/oo/ 0 c for this area, or if 60
18

0 were substantially greater than 
SW 
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180. 8 jo0 • Here it can be seen that do o /dT is approximately equal
p 

18and opposite to da /dT, so that change in o o of speleothem will onlyc -w c 
18

be due to change i n o o and meteorological effects (eg. variation in 
SW 

storm track). 

The interesting question which arises from the above calculations 

is 'Why is do
18o /dT at least 0.7 °/oo/ 0 c in Vancouver Island, yet 0.22 

p 

;
0 c or possibly less i n N.W.England ?' Both sites are seemingly equiva

lent from geographic considerations (Cascade Cave lies about 30km from 

the Pacific coast at an altitude of -300m, and the caves of N.W.England 

lie -40km from the Irish Sea, at altitudes of about 400m). In addition, 

the climate of both areas is controlled by proximity to an ocean and the 

presence of a warm current offshore. Westerly winds prevail in both areas 

and rainfall is comparable at these a l titudes. 

10.5.2 Discussion 

The 	 calculations outlined above assume that the temperature depen

18 18dence of o o (calculated from seasonal variations in T and o o at a p p 

site) also can be used to represent secular variations due to climate 

change. The parameter 6T represents the secular change in temperature 

gradient between the site of evaporation (usually latitudes 20°N and S) 

and t he site of precipitation thus 

LiT = LiT LiT 	 (10.2)
x 0 

where 6T = change in T at the site of precipitationx 

__and 6T = change in T at the site of evaporation
0 
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The results of the CLIMAP study (Hays et al. 1976, Gates 1976) 

suggest that 6T is small for the Wisconsin and therefore 6T is due 
0 

mainly to greater temperature change at the site of precipitation (6T ).
x 

This situation is assumed to closely parallel that of seasonal temperature 

change as described above. Because the value of 0.7 ~00 /°C, determined by 

Dansgaard (1964) for many maritime and polar sites, gives realistic paleo

temperatures for Vancouver Island, it would seem that this assumption is 

valid. 

However, in spite of the maritime location of N.W.England speleo

18them, the value of 0.7cfov/°C for do o /dT does not appear to apply to 
p 

18this area, neither for seasonal changes in o o at present, nor paleop 

cl imatic changes determined for fossil speleothem. This may be due either 

to 

1) addition of, or exchange with, water vapour from the Irish Sea, whose 

temperature varies with season (ie. 6T is no longer small but tends 
0 

towards 6T ), or x 

2) change in evaporation site and/or storm track, either on a seasonal or 

secular basis. This will render equation 10.1 invalid because 6T 

only refers to change in temperature gradient between fixed evaporation 

and precipitation sites. For example, a seasonal shift in sites may 

be seen as summer convective rain originating from local water sour

ces (eg. Irish Sea, North Sea) and winter cyclonic rain derived from 

Atlantic Ocean water vapour. This shift, probably coupled with a 

change in the amount of rainout that occurs prior to precipitation at 

the site (ie. change in storm track) will give a smaller seasonal 

18
change in o o . Similar shifts may occur with climate change.

p 
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It is therefore possible that the Dansgaard coefficient of 0.7 may only 

be experienced within a few km of an open ocean, whose temperature shows 

minimal changes over a climatic transition, and where there is no shift 

of storm track over t his transition. 

In spite of their maritime location, sites such as New Zealand 

(Hendy and Wilson 1968), S.W.France (Duplessy et al. 1970b, Emiliani 1971) 

18and Bermuda (Harmon et al. 1978a) all show that do 0 /dT is considerably
p 

less than 0.7o/oo/ 0 c, because fossil speleothem is heavier than modern for 

past cold events. These observations may be explained by changing storm 

track and/or exchange with an ocean whose temperature varies with climatic 

change. 

It would be interesting to examine speleothem from the karst 

areas on the west coast of Ireland (particularly County Clare), because 

here may be seen an exact parallel of the Vancouver Island situation. 

There are few other comparable areas in the world, but perhaps the South 

Island of New Zealand may be similar. Tropical oceanic island locations 

are unlikely to show the same effect because temperature gradients from 

ocean to site will probably not steepen during a glacial/interglacial 

transition (ie. 6T is small and ; 6T ) . These sites should instead show x 0 

18 18change in o o due only to the ice volume effect on o o and give a 
C SW 

stable isotope record which exactly parallels the deep sea core record, 

but without the attenuating and damping effects of bioturbation, re

solution etc. Unfortunately no equilibrium speleothems were found in this 

study of Jamaican caves, that could be used for stable isotopic analysis. 

A good test of many of the hypotheses described above woul d be to 
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examine equilibriwn speleothem from Vancouver Island that have grown 

during the last interglacial or earlier. 

10.6 Conclusions 

The results in this thesis have again demonstrated the power of 

speleothem to date and resolve in detail, events of the Late and Middle 

Pleistocene. Future work should aim towards obtaining detailed stable 

isotope profiles with fluid inclusion analyses for continuous growths, 

in the manner of the results for 77151 from Victoria Cave, England. 

Frequent replication and good internal precision of isotopic and radio

metric measurements is essential to effectively demonstrate the potential 

and validity of speleothem results. There is no reason why the same 

cannot be done for the continents using speleothem,as Emiliani and 

Shackleton have done for the oceans, using deep sea sediment cores. 

Hopefully, the results presented in this thesis go a small way towards 

this goal. 
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APPENDIX 1 

a) Radiometric dating analytical technique. 

230 234 231 230b) 	 Typical raw spectra printouts for Th/ u and Pa/ Th 

dating methods showing selection of isotope peaks, 

determination of count time, count rates etc., and 

235correction for tail, u, etc. 


. 230 234 231 230

c) 	 Dating programs for Th/ U and Pa/ Th methods, 

with typical printouts of final results. 



a) Extraction and purification technique for thorium and uranium in speleothem 

A) 	 Dissolution and Primary Purification S~ages 

1. 	 Preclean sample of surface detritus either mechanic

ally or by acid action. 

2. 	 Stand sample in large beaker (use 5 to 200 g. depend

in·g on U content) and add 200-500 mls de-ionised 

water. Slowly add concentrated HN0 while stirring,
3 

(100 g, Caco ·requires about 90 mls cone. HN0 for3 3 

complete dissolution) • 

3. As dissolution proceeds, add spike and lml Fecl
3 

solution. Amount of spike added should approximately 

equal activity of 238 •
0 

4. 	 Filter if necessary either by gravity feed through 

Whatman 50, or in the ·case of a large insoluble 

residue, through Whatman 50 using Buchner funnel and 

water pump. Wash residue twice with 2N HN0 •
3 

5. 	 Bring filtrate to boil, boil for about 5 mins. to 

remove all co2 , turn off heat and carefully add con

centrated ammonium hydroxide while stirring 

magnetically, until a brown precipitate forms. 

(U and Th are not arnphoteric so a slight excess of 

anunonia can be tolerated. Addition of anunonia while 

hot serves to minimize absorption of co and removes
2 

excess ammonia by evaporation.) 

6. 	 Cool overnight (or under tap) and filter through 

Whatman 50. Rinse precipitation vessel with de

ionised water and add to filter paper. Wash pre

cipitate once with de-ionised water to remove 

No; which can interfere in the following ether 

extraction step. 

· B) 	 Carrier Removal by Ether Extraction 

7. 	 Rinse the precipitation vessel with concentrate d 


HCl and add to precipitate. Allow to drain through 


paper into separating funnel. Dissolve remaining 


precipitate in minimum amount of cone. HCl and wash 


paper with a little 9N HCl. Total volume of solution 


should be 25-50 mls. 

a. 	 To remove carrier iron add about 50 mls isopropyl 


ether (filtered if necessary) to separating funnel, 


shake well releasing ether vapour pressure, settle 


and run off lower layer into silica (Vycor) beaker. 


Discard upper ether layer (if 3 layers form, discard 


upper 2). Repeat at least once more. Three 


extractions normally reduce iron content to accept

able levels. After final extraction aqueous layer 


should be colourless unle~s contaminated by organics 


or trace elements other than iron. 


9. 	 Heat aqueous layer gently to boil off dissolved ether 

(layer first becomes cloudy and then clears when all 

ether is removed) , Do not overheat or HCl gas will 

be preferentially lost, so reducing the normality 

of the solution. 

C) 	 Secondary Purification by Ion Exchange Resin 

10. Cool solution, add to anion resin column (12 cm x 

0.5 cm) preconditioned by washing with O.lN HCl and 
~ 

then 9N HCl. Rin~e beaker with 9N HCl and add to ~ 
(.fl 

column. Allow to flow through column at about 0.5 

ml/min. (1 drop per 6 secs.). Then wash resin and 



reservoir with 3 aliquots of 10 . mls 9N HCl. All 

eluate is collected in a silica - beaker. This 

solution contains the Th. ; 

11. 	 Elute U (and Fe, Co, etc.) from the column with 

about 15 mls O.lN HCl and wash twice with two 

further aliquots of 5 rols each. 

12. 	 Evaporate both 9N and 0 : 1N eluat es· slowly to d iyness. 

13. 	 To remove organics derived from the ether or resin, 

it is best to first boil down the Th residue with 10 

ml cone. HN0 /HC1 mixture refluxing the acid by partial
3

ly covering the beaker with a clean watch glass. 

14. 	 Dissplve Th residue in~ 25 ml SN HN03 and add 

to anion resin preconditioned with O.lN HCl followed 

by SN HN0 ~ in 25 ml 3N HCl and add to cation 
3 

column resin preconditioned by de-ionised water and 

JN HCl. wash beakers and columns as before .with 

appropriate acids. 

15. 	 Elute Th from anion column with 30 mls O.lN HCl and 


2 x 10 ml wash aliquots or from the cation column 


with 20 mls 0.75M oxalic acid and 2 x 10 ml wash 


aliquots. 1 ml of 100 mg/l. LaC1 3 solution can be 


added to the eluate at this stage as a carrier for 


Th. 	 Evaporate eluate to dryness. 

D) Tertiary Purification by Solvent Extraction 

U extraction 

16. 	 If U resi.due appears fairly substantial and brown 

in colour, boil down under reflux with 2 ml cone. 

HN0 /HC1 to remove organics derived from ether or3

decomposed resin. If residue is still brown or red 

and if the O.lN eluate was yellow/green in colour, 

perform one ether extraction by dissolving residue 

in a little 9N HCl, 'squishing' (emulsify) with IPE, 

separating off the lower aqueous layer and evaporat

ing again to dryness. This is most conveniently 

done in a centrifuge tube. 

17. 	 When U residue appears small or invisible, dissolve 

in O.lN HN0 3 (pH = 1.0) warm gently and 'steep' in 

the acid if necessary to effect complete solution. 

Transfer to centrifuge tube, rinse beaker with 2 x 

0.5 ml aliquots of acid, transferring also. Add 

l ml O.SM TTA (2-Thenoyltrifluoroacetone in benzene) 

and squish for l min. with a Pasteur pipette. This 

extracts any remaining Th, Pa etc. into the organic 

layer. 

lS. 	 Centrifuge and discard TTA layer, transfer aqueous 

layer to a second tube and add dilute anunonia drop

wise until pH is 3 to 3.5 (narrow range pH paper is 
~ 
(.N 

usually adequate), Add 2 mls TTA solution, squish, °' 
centrifuge and carefully transfer upper organic 



layer to a 10 ml beaker. Repeat the extraction with 

1 ml TTA adding this layer to the beaker. 

19. 	 The TTA extract is usually coloured brown or red at 

this stage due to the presence of a little iron. A 

heavy blood-red coloration will give a thick source 

and poor a energy resolution. In this case, back 

extraction of the U and Fe witrr 3 x 5 ml aliquots of 

9N HCl is advisable, followed by ether extraction to 

remove the iron. A ye,llow-green.. coloration of the 

TTA indicates significant U content and to avoid a 

thick or excessively 'hot' source it is worthwhile 

splitting off a measured portion of this solution 

before continuing. 

20. 	 Ge~tly evaporate the benzene from the beaker and 

reduce the volume to about 0.25 ml by increasing the 

heat, Take up the solution in a Pasteur pipette and 

drop slowly onto a clean, new, heated l" stainless 

steel planchet. Keep the solution away from the 

edges while evaporating down and meanwhile add 0.5 ml 

TTA solution to the beaker and boil down. Transfer 

this remaining solution to the planchet and allow the 

final solution to evaporate to dryness in a ser i es of 

concentric rings. 

21. 	 Flame the planchet to bright red heat for 10 secs. and 

allow to cool. (This step removes the volatile 210Po 

which would otherwise interfere in the U a spectrum) • 

Count immediately. 

Th extraction 

22. 	 In the case of anion resin extraction of Th the O.lN 

HCl residue should be almost imperceptible and 

relatively pure. A brown residue may indicate organics 

and so treatment with HN0 /HC1 should be made as per 16.3

before continuing. No Fe contamination should be 

found. 

23. 	 For cation resin extraction, the mass of white crys

talline oxalic acid remaining after evaporation must 

first be completely decomposed by 3 treatments with 

10 ml cpnc. HN03/HC1, washing down the walls of the 

. 	beaker at each stage. (It is essential to remove all 

oxalic acid -- as co and tt o since it interferes2 2

in subsequent TTA extraction and also to remove all 

mineral acid from the residue since this may dis

place the pH to < 1.0 during the TTA step . Below pH 1 

Th is very poorly extracted. A suitable narrow range 

pH paper is useful in th.ts step.) 

24. 	 Dissolve Th residue in 1 ml 0.1 HN0 by heating
3 

gently, steep if necessary. Transfer to a centrifuge 

tube. Wash beaker with 2 x 0.5 ml aliquots of acid 

and transfer also. pH should be between 1 and 2. 

25. 	 Add 2 ml O.SM TTA solution, squish, centrifuge and 

transfer top organic layer to 10 ml beaker. Repeat 

twice with 2 x 1 ml aliquots of TTA solution (the 

extraction efficiency of TTA for Th is less than that 

for U). Follow stage 20 for plating out the Th, but 

· ~ 
tN 
'1 



heat the planchet for less time as only organics need 

be decomposed. Generally all Th samples are thin, 

pure and give well-resolved s~ectra. 

Notes 

i) 	 Both U and Th discs should be counted immediately 

after plating for the following _reasons: a) Bi tends 

to follow u through the extraction process and some 

may be incorporated on ,the disc • .. Bi itself is not a 

210
problem ( Bi is a a emitter I _ t~ = 5 days) but its 

210daughter Po is an alpha emitter of energy similar 1 

232
to u, and slowly grows into equilibrium with its 

parent. It's presence therefore is only significant 

in old discs although re-flaming the disc before 

counting should volatilize most radiogenic Po. 

b) For the same reason as above the 228Th count rate 

210 210is enhanced by development of Po from si which 

also finds its way in small amounts onto the Th disc. 

ii) 	 If refluxing with cone. HN03/HC1 mixture fails to 

completely remove all oxalic acid in the Th purifica

tion step, cone. HCl04/HN03 may be used sparingly and 

in a specially designed fume-hood. 
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c) Th/ u program list and printout 

--~--- -~- 
c 
c Sit • RE"EttT 8UNIC E••CMS : ...-...c 

m:is:m=~~~m:~ 
a1<1t=-c o.uos•H1100.1 

BRS•c o.ous•n1100.1 


c c ER • TOTAi. ::RROR IN U•TH COUNT RATES OERtVEO FROM U•TH COUNT liA .tES· 
c • 81.ANI( otsc COUNT RATE l"OR U•TH COUNT Tl14ES 
c: c ~E~am msl(c~~s~R~'UEF8MbA: ~=~~ g~u~A mtM~? REAGENJ BUNK 
c NOT ON COUNTING STATS, 
c 

E~~:SllRT (I TNl/CNTUI. ( 01/C NTUh ( 81/CN8011+I8R1 •e1u l l 
E.R sSORTllTNZ/CNTUI +!~2/C"TUl+l0ZICN8011 +<0"Z•BRZH 

ii< =S 'lRT ( ( T NJ/CNTUI •I 0J/C NfU l •I OJ /CN901 I l 

C: R..=Sl:JR.T I! T Nlo/CN TTI + ( 86/C MT I• ( 86 /CNSOZ I+ (BR.. • 8RC.I I 

iRS•SORT I ITN5/CNTT I+ I 87 /CNTT I+ I 87 /CN8021+I8>t5•8R 51 I 

ER6•SORT (( T N6/CNTTl + C98/C"TT I+ til8 /CN80ll l 


~m:imm~::m~~m:mm~~=~~~::m:m~im:m:: 
E RJ&s IT NJIT N6 I •SQRT C:'. RJ•E f<J/ CTNJ• TN,! l •E R6 • ERb/ IT k& •TN& 11 

i R,.z., IT Nlo IT NZ I• SORT. IE R.. • ER,./ C TNC.• THC. I +ERZ• ERZ/ IT NZ• T NZ I I 

IFIN51t.Gr.99q,91Go TO 1'>51 

ERS .. : IT NS/ TNC. I •SORT I:: RS •E J< S/ CTN!i" TN:>1 +ER .. •ERlo I IT NC. •TN.. I> 

1'-Sl ER rs z= NTS 2• SORT ( C:l<S 2 •ERS ZI I NS 2• N52 I +ER Jo•EC13!> I ( NJ&"NJ6 I I
c: RTC.2 =NT i.2•sa1u IEll.ltZ•ER ..Z /( ,.. .. , • Nlo2' +ERJ& •c: RJb/ rn J&•NJ &I) 

Uu 	 CONTr l"UE 
IF ((Nf5Z,GE.1,11.AND,<NZ1.1.r.1.a11 GO TO 116 

112 	 1<sZ=N rsz 
r=r ;; s · 
RC.Z=llTltZ 

m~s ~H¥i1Hi~~2 ~~ .. ~? T~~! T, TNl, TNZI 


SU8ROUT INE TH IO AT SOI. VES AGE· CORRECTED FOR OE TRI TAI. THORIU" 


CO TO 11.. 
11l CALI. THOATEIRSZ1N2.1,T,TN1,TN21 
c c SUBROUTINE THOATE SOl.VES AGE EQUATION 8Y AN ITERITIVE llETHOO c 
1:. .. 	 IF (T,GE,JSOCOQ,l GO TO 116 

Tl.:TGS 
R527Nf5Z•ERT52 
RC.2=NTltZ+ERTloZ 
IF rns ... Ge..zs.01 GO TO 115 
CALI. TH10ATEIK52tR .. Zr THR, IL, TN1,TN21 · 

115 	 g~L[ 0 r~a~~E I RS ZtNZ1. TL. T N1o TNZ) 
1.i.SZ 	 TU= TGS 

R5Z;NT52+ERT52 
R"2=NTioZ•ERT ..2 
IF IN 5,., GE. 2 5, 0 I GO T0 11 53 

CALL THIOATE IR5Z,Rlt2,THRt TU, TN1,Tll21 

GO TO 11SC. 

CAl.L THOATECR5Z,H21rTU,fN1oTNZI 

RANGE 	 01" AGE "ALOES 

t=IT•SQ, >1100, 

Ta1•1oa 

I= IR T L • S 0,) / 10 0 • 


gw~m.11100.
RTU:st•100 

1F IREPEAT,EQ,1,QI GO TO l'+C.°'li: 


SUBROUTINE UOATE COP1PUTES INtT lAI. U•ZlC.IU•23S RATIOS 
FROlt ~EA:iURcO u-2J1o1u-2;!1 ANO C&LCUl.ATEO AG£ IT I 

CALL UOATECNZl,RUQ,TJ 

R21=N21•ER21 

CALI. UOATE IRZ1tRUQU,TUI 

RZ1:1f21•E F. c?1 


m~.m \H~ijb!mti }~!ot 
11& 	 U2J8: 7HU•238 • 

U231+" 7HU•23ot 2 

U2JZ•7H U•Z32 :
r11z z&• e11 r11-zzs = 
THZJl}:eHTH•ClQ 
THZ le?• tlHTH•Z3Z 


Cl'l=J'1CPl'1 

<.R=7H E P.ROI< • 

PC:7HPERCE"IT 

M~ITE!&,1191 
FO R14ATl1Hll 
WRITE 16.1191 TITLE , OATE 

~~~~:I6!~2~:111•LE NO. "•.•10.sx,• ~.U£ RUN •,A1U 


~~mra~119t1 WEIGHT 
FOR14AT c• SAMPLE WT, " •.Fs.1.1ic.• , .., 

Wf<ITE l&.1201 


~~~~iT 1 ~, 1 ~(i~,/~i~e COUNT TlllE ON u COUNTER· " •,1"6.o,1x.• "IH•t 
WRIT!: 16,1201 

12r.1 	 ~~~~iT'~ : 1 &B~l(c~~~~ COUNT TIME OM TH COUNTER • •,F6.0 ,1'(,• "IN•l 
WRITE 16 .1201 

~6~~iT 1 ~: 1 5t~~,o~~T COUNTIW!i' THOIUUN • · ·,F:s.o.1x.• oni•I 


ma !~:mA1 OCPT 

11.90 	 FORHAT <• DEi.AV BETWEEN CCUHTING &NO PUTillG THOAIUN :a •,F&,G,1x, 

Z•P1IH• l · 

WliITE 16,1201 

llRITE !&,uqi.1 B5 

FORHAT (. SPIKE USED • •,Fc..z,1x•• 1'11.•t 

WRITC: (b,12ul · 

MRITE lbo11q51 B• 


11q5 FORP1AT ,. ACTIVITY OF HL 232 SPIK.E ON u COUNTE~ • •,Fs.2.1x 
z,•cP11•1 . 

~«UTE 16,1201
WRITE Cf,11q7J eq 

z~~~~~!, ('ACTIVITY Of Ill. Z32 SPIKE ON TH CQUNTER " •,Fs.2.ix 

WRITE lf,JZOI 

~~~~ir 1 1, 1 H~!u8 oF EQU!VAl.ENT ACTIVUY TO SPil(E a •,FS,1.u.
z• HIC ROGRAHS'I 

Wf.. ITE (6,1201 

WRITE l&t1Z .. I 

F0'<!1 Af{• !\AW OATA•I 


c 
c 
c 
c 
c 
c 
c 

c 
~ 

c c. 
E 
c 
c 
c 
c 
c 
c c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

i; C.3L 111, N2, NJ, N .. , NS t N6 ,Nl z, N52o NJ6,N51t, NT52, N..z, NT lt2 t NZ1t NN6,LAll7 t 
C.LA M JtL A H~
•.t."lo 1;,1 ·n 1 ru 
F 0~114 T ( l!ll 

l F!f U . E 'J. CI GO ro· 101 

lF!I U .~'l. llG O TO <ll O 

IF< Iu . ::'l • .:J r,o ro J ~ .1 

~~~ D 1; .10 2 1 rrru:. TGS,CNTU,CNTT, SPlKE,WElGHJ,O£CT,OATE 
F O~:o< ~Tl4H , o C: l O . Q ,A:..Ot
:" 1r o;s . .. o.a . u1 Go To qqq 
I!'" (E OF'! S I l 'H9, C! 'J7 


=-~~ ~f ~':~Oc. I N1 0 11Z,NJ,'flttN5,N&, THR ,REPUNZ 


34 H i 11~ ~~ ~ it~ ~t. BZ, aJ, e, as,cNeo1. a•. ocPT 
FO~>O T< H10 .i.t 

IF !rtt~,GT.ul GO TO 107 

T H~:1.2s o oo 

!! '>= 'H 
:! , = '1 2 
e~ = O l 
::J q=R• 
.:NOOZ~CN<I01 

;( c.l>EA r =G .a 

TN3• "1 !•'3J 

r u = 1.: ~, • TNJ/ _19.. •q51 

~~ z3s"'~~i~~~r ym~l(0~a8;~~ 1~7016 CPM AT 1m u ·YIELD 

I 111.'N t· 01• ( 0 , ~ 16•YU/100 •I 

U•23'o ~E AGENT '!1.ANK EOUAl.S o.aso CPll AT 1001 u YIEl.0 

P•Z•N z-az-1 0 .os~ •yu1100.1 

CORRECT TOTAi. TH•ZZS FOR 8ACl(GROUMO 

S Nt)i<N O, •'l8 
c OE TE:R11IN ATION OF AVERAGE RA•2Z• COUNT RATE OVER CNTT PERIODi; 
c 

~~~z: ;~~t\1t~ I C£XP 1 •LAl'l.. •iCNTT •OCPT I I ·EXP I •1.A"lo•OCPTJ I) I (LA"•
z• CNT r 11 

CORQECT TOTAL TH•ZZ8 FOR IU•ZZlo lNGROWHt 

) tto=~ll<,• I O, Q S S •c; 4zz.,, 
. CQORECT TOrAt. Tl4•2Z!I FOR OE.TRtTAL COltPONE NT 

S Nt;:3fl&•Nr.• .<J 1 


CORR::CH ON FOR fH•Z28 OECAY 


I~,:~ ~ n:2E~~~ T~AL F s• o~c Tl 
c 

f T:fl.DO ,•TN6 I /fO<J•SP11(£• 1:l51 
c T'<•23Z ANO >H•Z30 RE.liGEHT 81.AHI( ts ZEROc 
c 

I~ir~==~L. E-ZOI rn..:..1. E•ZQ 
Tll5:>i5- ·17 


CO "(;U a COllCE NTR& T IO'f OF Ul!&NtUlt 


C OllCU:( es). (q•TP11.1 / CTNJ•WEIGHTl 


CO HCTH: CO rt Ct:NTl<ATION OF THORlU1'1•2JZ 

.l o ~ .. s ts A U N IV .O ~SAI. CONSTANT RELATING T1/Z U238 
CONcT H~ ( rn.. • 115. e• ~. H .. s• SP(!(~ II (WE tGHT• TN&) 

c CAL C'J L.H ION OF ISOT ooe. RATIOS ANO ERRORS tN. THESEc 
c £~ i !0~~ r~mbr3:~ J:~li=~~4I~SmP~~~~:1ri4 

Tt;c 
c ::i ~ ~ r.rn:mg rn:rn~¥~~i3z 1 t~~~~hR~rn0c 
c ~Hz= z'1m~~t0r~:rn~~~i~~a 1~m~tEi:im&0 

c 
c ~T~~,.~~~1m0 T~~2rnG~ij~ .. I~~m~e.R~~15°c 
c 

N21•tN2/fN1 
H ~ l=T '6 / TtlZ 

16 .. : T ~i; I T II• 

N3 b=lllJ/TPJ&

'IT>2•"1S 2•N!f, • S 0 1': E 

II• Z• TN4 I TN Z 

NT .z : llc.0: • 11 l & • 5° I '<E 

TO T112 TH ZJZ 

llA TIOS 

http:rtt~,GT.ul
http:�,Fs.2.ix
http:�,Fs.2.1x
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Zu7 

c 
c 
c c 
J .. 4 
.!~ z 
l~J 
J~ .. 
l~ s 
J~& 
JuT 
ha 

'l'i9 

IG 

11 

-llitTE l!:11ZOI 
IF I N;; ,. . G!:. ,.25,0J GO TO 151 

;HifH:lot1ioil21 

FO~HA Tl lo ;.11 AGO: CAL.CUL ATE:O USING THORIUN CORRECTION ) 

~ Ii. Ht: 1 ~ .1zo' 


"~5~~a·7;agli~~~TEO H IP,IfU&. THOR!Ult 1uuo. R • •.1"10.s• 
wli IT O: 16 tlC:O I 

lFl'!C:P\JN2,E.'l,QI GO ro 154-1. 

tFIREPUllZ,GT.OI GO TO 1511 


-rs1i ~~~~~~~~:Ni~ N2 !Nl?11!~ H§~ ~t SPIKE, tu&.£ 
FOR.HA rl 7 F10olotA1QI·~' .>UNCH 15 lolHl ,C:RZ,t.IU,ER4-1ERS ,ER.6, YU, YT1~ 21 

bS F OR.HA I I 9 1'10 .lol 


1~ l• ~3Nrn u:~T,RTU,R.Tl.oY1tT1TI.£

1,;.. F Oo'<H~ T l lt F1Q, '-• A1QI 

1!;•& lF CNS.. . Gc:.zs.01 GO ro 100 


~ 
c f~1g"E~;,/MJ~i0m ~m ~~~o~~;o~~~c~~M~~ m~11r~:v~1t-~mf ..-m 

RATIO S~T AT l.OOi),~ 
11 si.• 1 00 0 • 

.i,C,?C:A f:·1,C 

GO TO UZ 


~a~~H0 1i 6 X~:: IS \ JSOtOGG YEARS 8.P.•t 

G 0 TO 1.0 0 I 


c 
c THIS SECTtolH COHPUh'.S TH£ u OATA lfHEH NO rJ ' vt£LD HAS BEEN 09UINC.u• 
c
2.:.• '1.c.AO I 5,ZO 11 TITLE, CNTU t WElGltT tff11N2oH3 

ZL~ FO":HAf IA1 1;,se:1a.u1 


mmtm~~!raz.BJ.a.as · zu 
1:1::1:g1 . ~. 
In=~~~~7rn11cNTu1 
;::;, z•SO'lf I fN2/CHTUt 

~l<laSOR. T ITNJ/C'fTUI 


~H~ !~~ ~ !~~IH IER.1 •ER.1 /I nt1 •TIU.I•£ RZ•EA21 lfN2 • TN2 I) 

COHCU :(ii ~ 1 • fB• TN1 II IT HJ•WUGHTI 


~rn~~~~=m · 
UZ.!l =7HU • '3Z " 
C11zlHC"l'1 

I! il sTH~'1 i;.0" s 

WRITt: fo, ,~ JI 

F 0~ .'1A T ( l.Hll 


~~~~H~:§~~PlFU;~A~ 1~M!,.u,sx,• s'""l..c wElGHT .. •,Fs.1,zx,• ~s 
z•' 
~~m l~:~g' IUZH,fN1,cM.Elt.ER1,CH
mua:m rnm:m:E~·~~:m·g~


Zt5 FOi!M.1f11 i ,A7 ,Ft .... .? •• Alt~ .... , 'h..... zx,AJ J 
=mrn:m: 
~~~~,d~ : 2 f,~A:83~c~ONCENT'IUHON •• ,,..z,zx,• "·P ...... 

kf!I'\.[ ...o • .• '761"-1 
' UNl'\.E llT. • ••• ., ..., 

81.ANK DlSC COUNT Tuir; • 1798 • MINS 

DE.LU IN COUNTING ,,1-!0RlUM • . l! DAYS 

SltlKE USED • t20 ·flll.S 

ACTIVITY or 1 ML 232 SPlK[ • 11.so CPM 

Ut•U 0,. .!QUtYAL[NT ACTlYtT'I' TO SPIKt • 195,5 14.I~ROOR~MS 

O'~oB~lATIME • 7113• MIN TM COUNT TlllE • 2108! MlPt 

~=m : 1I:m ~~~ . +~=m : -2:m ~~= 
~:lH.:•••i:!U••i,M .: . ." TM•ZZ! • · Z.! 11~ C/M 

, BACKGROUND · 
u-139 • ·8~! C/M TH-231 • C/M·golU 34 • C/1' TH Z30 • ·• t 1 C/M ,v:.~!.:....i2....e~M T..:~Z! • . . !02. C/H 
CORRECT!O DAU 

U•l~S • 7, ~55 , n~o~/M · . TH•ZJZ • , 025 ~~~&: C/M 

tt=h~ : 1i:~n :m ~~= ·+~=m : s:m ~m ~~= ··················· p,p,M. 
PERCENT 
PERCEN! 

IU•ZJ4/U•Z3810
Tlt•Z30/Tlt/ZJZ 

1500! 'l't~UT~lt/M .A8£ • 400tO.................-.. l!so•! 


http:mmtm~~!raz.BJ.a.as
http:IA11;,se:1a.u1
http:Gc:.zs.01
http:tFIREPUllZ,GT.OI
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231Pa/ 230Th program list and printout 

c
C' . 
c c c 
c; FOIO c·., COli~~CflON ASSUl'E U YIEL0•50% 
c TH REAGC:Nf rJLANI< I! ZEl<O 
c 

m~5:m 

~ ~ ~:;a= ~~=m 

I NJHl 3- 33 

rri i. :'l•-11 

n is:•1 ; - 'l 2 

TN,,:PH2- ~! 

P1T:>l7- ~
 

G .....1.................................................._.................. 

c CO"P.ECTION TO TN7 FOil U•221t INIOltOIHH F"O" TH•2ZI 
c OETC:Rl'IINUION OF TOt&l. IU-i2'" 

1,.AH,.: lo JZzi.e:- .. 
z~~~H;:N6• !1.• I IEXPC-1.Alf.. •CCNTHDCPT I 1•£XPl•U..-•OCPT 1 111 CLAM'\ ,1


TNl~m~r~J:smm. llA•m INGROWTll 


CORRECTION TO TN7 FO" TH•2Z7 O!CAY AND RA•223 GROWTH &FTEP PLAT 111\i 

TPN7 IS TK-227 COUMT UTE &T 1'11'1£ Off Pl.A TING ilUT· 

t~~1:z· ~m~=~ 
X A•C 1 • i LAHJ/ U.ANl-LAlt111 • ll•LAMH 

~~~H H~:~~H~~~~n.... 1£)1Pf•LAHPI CNTHOCllTI I •C£llPl•l.Ut7•ocPTll, It(
zxe• 'c: KP f - 1.Al'IJ• ( CNTT+OCPT 11 •E XPl•LAHJ •OCPTl l 11 

c c co~"~CTION TO TP117 FOR TH227 OECAY &ffTEft SO:PlRAflON· FROH ACZZ7 ON 
c TH COLU/'IN
c TSN7 lS TH221 C.OUMT OTE AT HHE Off COLUHN SC:PAIUT ION 
c 

TSN7• TPN7 /E XPl•LAH7•0SPT•6Q. I 

l'fT75: TSN7/TN5 


:f~=!~~~m.. 
~ ER•TOUI. ERROR IN Uo TH COUNT R&TES OERI"V£ O· FROH 
c c u ~tl::.CCS1i~~ ~~i~, UTE FOli u.rH COUNT- Tl ..£S 

JI BUN'< O!SC COUNT UT£ FOR 81.&NK 01 SC COUNT TI11E 
.. 1 RC:lG:'.NT 8LAHKo . 

c 
~ m:s:m

a;;1o= u.oar. 
Oli!S•O .or.a 
m=~~:~: :m~mm :mmt0 1:m~g~~si: :m:mn 
E R ... =s'l.H' ' TN .. /CN fT I • ''11.I Cl<o rV I.' 'll. /Cl•6Ch 18~ .. It 
£;<5• 5 1l~T I I HIS/C HTTI t I llUCHT It l~Z /CN!lOI • 18R~ 11

c:• 7=Sll~ T ' ' TN7 /GN rr I • . Cai.1c "' r I• rn..1cNODI I 


~m;:rn~m!::m~ im:m~:m:m::m:~~rn+~~a~~:: 
C:i'IS7 "~ iH• T SN7/TN7
i R.75.a I TSN7 /f11151 • SOIH I £11$7 •£~$71 CTSN7 •TSN7l +ERS •El"S I CTNS•T H5 It 
R75=t1T75 ., 
T=Tes 
CALL '"•OA TE CR75 o NZ-1•T•1'11 o TN2l 

1 

~ SUBROUTINC: P& OlTi: SOLVES AG£ £QU'1ION 8' ll N ITEliATIV!! il£THOO 
c . 

tFITGs.cc.:scooo.11>0 ro 1n 
~y;!~11s-•m · 
C Al.L P40Af£· IRT!S • NZ1• TUo Th lo TNZ t· 

f 1.:TljS

R75•NT75•E ~75 >l,.._ 


y!~l• ;1~m .. ~~75 oHZlo TLt Th1o ?NU 
T•I•10Q 

m~lci~'t 
ls fR TUt5 O·o ) /100 • 

IHU•t 0 100 

Jsf~TL•50ol/1GO. 

gt~ 1 ~3nc INZ1,RU0.n 

RATIOS FROM Hf.ASUltlO~~~m~:~~auom m~~liha"m1hrmiu-m 

1'6 

1G 7 
1C ~ 

1 ~ 9 

11U 

111 

:.1z 

1ll 

1.:.1o 

1:.6 

117 

11.8 

t.:.9 

1ZO 

121 

1Z2 

1,5 

12•5 

i2~~ . 
126 

127 

11"9<\.! 1111... 1'1·U••J OtTt •11!9 11~vn 
~Allll' one e°""' TT~ • . uH. ~tN! 
0!1.1'1' !Tllll '1.ITillG ANO COUNlTllG lM • tHlo Mtlf1 

TT• ~. !lllfll •l.&TUG alfO SFPfN ,llCll IC•zt1 • ti. MIS 
11111 OITI 

uu. 

r.011•!e~·('l ~·u 

•l•Zll • U,700 
u-z~to • 11.!u 
U•Z:JZ • ,e3a 

Tl!·H~/T'4•ZU • 1Ho1i' ZZoOZ 

T11·z??/t'4•Z!I • .a!• .au 

[llWCll !lnOll 
U•l11t/U•!•!8• 1.St'f 0'16 CU•lJlt/U•UU,.. t.1'~ .au 

• nuo,
Oll')Tll)TINtU'! AG! •101011•. 

• . t30Ho 

http:RC:lG:'.NT
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APPENDIX 2 


Method of correction of raw mass spectrometric 

data and conversion to PDB standard. 
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13 

Conversion of Raw 8 Results to PDB 

This conversion was treated as a three part process: 

1) to correct. mean NBS 20 analyses (column 7', Table 3.6) for machine characteristics and 
18 13 

isotope abundances and so obtain o ONBS-GCSWS and 8 CNBS-GCSWS 
18") 	 'd k . ? • d _ to use these values an nown relationships of NBS _o to PDB to determine o OGCS\\'S-PDB an 

° CGCSWS-PDB ' 
3) to correct raw sample o value~ for machine characteristics and isotope abundances as in 1) 

18 13
and then use t he relevant oGCSIYS-PDB relationships to determine 8 OX-PDB- and o CX-Pos• 

wh&re X = sample. 

To illustrate this procedure, the mean values for NBS 20 vs . GCSWS 2 (in column 7, Table 3.6) 

are used in conj unction with a typical set of sample analyses, also run against GCSWS 2. 

1) Correction of mean NBS 20 values 

46 45
From Table 3.6, mean NBS 20 oraw a 7.550 , oraw ~ -1.37 


and VM: 1.007, ASc4S = 1.0103, ASc46 1. 0082 . 


Therefore corrected values for NBS 20 are : 

460 
 7.55 x 1.007 x 1.0082 7.665 corr 

450 
 -1.37 x 1.007 x 1. 0103 -1.394 corr 

17 16
To correct for isotpic abtmdances due to other mass species (eg. c17o;. 13c o o e~c) 
the relationships derived by Craig (1957) are used : 

18 46 13 
o OX-GCS 1.0014 ocorr+ 0 . 0091 o CX-GCS 

18 
0.0338 8 OX-GCS 

46
These equations 	are solved by successive approximation, initially substituting ocorr 

18 13and 450 for o o and o c and continuing until no values change thus : corr 

18 13


0 7.660 and. 	 -1. 747ONBS-GCSWS 2 	 ° CNBS-GCSWS 2 

2) Determination of oGCS-PDB 

The above relationship can also be expressed· as oGCSWS _ NBS using2 20 

- oB-A' 1000 
1) 

1000 + oB-A 

18 . 	 130 	 -7.602 andso OGCSWS2-NBS 20 ° CGCSWS2-NBS 20 l. 75o 
Now o18o . and o13

cNBS 20 _PDB -1.067.,ccraig 1957, BlattnerNBS 20-PDB 
and Hulstort 1978) 

Since + + 
2) 

18therefore 0 	 -7.602 4.18 + (-7 .602) (-4.18)OGCSWS2-PDB 

-11.750 


13
and 	 I. 75 1.06 + (1.75)(-1.06) 10-3 
o CGCSWS2-PDB 

0.688 

This relationship applies only to GCSWS 2 prepared at 2s0c. 

3) Determination of oX-PDB 

46Raw sample results are a = 1.07, 450 = -7.SS; 

Raw sample·, values are first corrected for machine characteristics: 

46
a 1.07 x 1.001 x 1.0082 :r 1.086 

corr 

45


licorr • -7.55 x 1.007 x l.Oi03 • -7.681 

and then for 	isotopic abtmdance as before: 


18 13
0 1.013OX-GCSWS 2 o CX-GCSWS 2 = -8.235 

therefore using equation 2) 

18 ~ 13 
o OX-PDB -10.7491.• and o CX-PDB "' -7.553 .%0 

http:1.75)(-1.06
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APPENDIX 3 

a) Sample location, description and radiometric age data 

for speleothems from Vancouver Island caves (described 

in Chapter 4) 

b) 	 List of stable isotope data for speleothems from 

Vancouver Island (described in Chapter 4) 

abbreviations used : 

£/st = flowstone, stalag. = stalagmite 

stalac. = stalactite, xilln = crystalline 

g. l. = growth layer 

* -=;·~· not ..recorded; ·sample lost 

** = flowstone, growth layer analysed in two directions 



--

a) Location, description and ar,e data for Vancouver Island spe l eothems 

Cave Name 
[, Location 

Euc lat aws 

Cave 

Cascade 

Cave 

Speleo
them 

Number 

75100 


7510 1 


75102 


75103 


76002 


75 123 


75125 


76013 


75126 


751 27 


76008 


76009 


Location 

Witches ilallroon 

Dome Chamber 

Witches Ballroon 

By 12' waterfal 

Carne' s Cauiage 

Upstream of 
Theatre, "-2,Sm 
above floor 

as 75125, 

directly below 

it 


Mars Room 

The Theatre 

Nervous Break
down 

" " 

Spcleothem Description 

15 cm 	 long stalag. stump 

14cm long stalag. 

3 broken~talactites 
·

34cm single crystal broken 
stalag. 

2 sma ll f/sts on fallen block 

one of two clear yellow stalags. 
on common base of f/st. (?cm 
lon g) 

I n situ stalac. - f/st. fanning 
remanonts of false floor 

Three 	l ayers of calcite under
lying 	75125, separated from it 
and each other by thick mud/ 
sand horizons (up to lcm deep) 
From top, order is C,B,A. 

15cm stalag. on its side , 
attached t o fa ll en slab 

6cm moden1 reJ stalag. 

th ree 	ovcrJ 3pplng ilowstonc s 
(76008,9,10) from the same 
block. 76008 is basal(?) block 
76009 	 is middle (?) and 76010 

is top(?) . 

Ana lysis 
No , 

-1 

-2 

-3 

-6 

-1 

-1 

-3A 

- 1 

-1 

-2A 

- 3 

-4A 

-6 

- 7 

- 8 


C-1 


A. - 2 

- 1 

- 2 

-1 

-2 

- 1 

- 2 

-1 

- Location 

basal 3cm 

top 3cm 

near base 

middle 

middle of 
longest 

top 2cm 

near base 

oldest l ayer 

ba sal 0.5 cm 

top lcm 

top lcm 

upper middle 

basal 0.Scm 

ba s:tl "' 1. Scm 

top O.Scm 

upper layer, 
l cm thick 

basal lcm 

basal 3cm 

top 4cm 

basal 2cm 

middl e 2cm 

ba se ( ?) 1cm 

top ('?) lcm 

top (?} lcm 

u Yields(°•) 
(ppm) u Th 

<0,01 68 34 


<0. 02 33 25 


<O .01 47 53 


<o.o~ 35 61 


< o. o~ 	 38 14 


<0.0~ 	66 29 


35 SS 


0.0~ 34 14 


<o. 0-'1 

0.13 

0.07 

0.20 

0.31 

0. 13 


0.14 

0.20 

0.11 

0.09 

0.08 

0.06 

0 .09 

0.08 

0.07 

0.06 

0.12 

46 57 


46 69 


so 11 


31 7 


62 18 


59 51 


34 35 


28 14 


49 8 


51 53 


63 45 


40 18 


so 21 


66 50 


37 40 


10 39 


234u 

238u 

-
-
-

-

-

-
-

-

1.505 

1. 765 


1.932 

1.192 

l. 775 


l. 758 


l. 941 


1.603 

1.69~ 

l. 52tj 

1.631 

1.670 

1 . 62 2 


1.808 

1 . 562 

'1.228 

234u 
(·.23IC)o 

u 

-
-
-

-

-

-
-

-

1. 592 


1.882 

2 .026 

1. 217 


1.897 

l.856 

2.030 

1.703 

1.825 

1.544 

1 .655 

1. 701 


1.652 

1.952 

1.657 

1. 270 


230Th 

232'fh 

-
-
-

-

-

-
-

-

29 


12 


3 .6 

1. 3 


21 


24 


73 


11 


> 1000 


4.5 

2.7 

7.0 

3.4 

59 


5.5 

4.9 

230Th 

·23i1 u 

-
-
-

~ 

-

-

-

-

0.414 

0.383 

0.277 

0.342 

0.394 

0 . 338 


0.261 

0.407 

0. 443 


0.102 

0.119 

0.139 

0 .147 


0.431 

0 .411 


0.432 

AGE (Ka) 
± l a 

-
-

-

-

-

-
-

-

3 8
56 l+ ·
. - 3.7 

so 5+ 6 ·9 
. - 6.5 


6 6
34 3+ ·
. - 6.3 

44 9+20 . 8 
. -17.6 

S? 7+ 6.8 
~. - 6 .4 


43.3± 3 . 0 


32.1± l. 7 


6 9
54 7+ ·
. - 6.6 

60.( 1~:~ 
~ 

11.6±1..8 


13.6 	± 2 . 9 


4 0
16 o+ ·
. - 3.9 

17.1~ 	~:~ 
4 9
58 s+ ·

. - 4.7 

+ 8.2 
s ~ .5_ 	 7.7 

60 . 2+1 8 .o 
- 1.S.6 

Correc t ed Age 
± la and 

i232
Th iJfJl.1)2 

+9.9
45.3_9.6 {Q.( 

+13.4 
21.4_13. l (0. 

+46. 0 
-7.2_5 1.9(0. 

+8.5 (
48.7_8.2 0. 

7.9±3.8 (0. 1 


6.2~t~ (0. 1 


12.8±7.3 (0.1 


10.o:~:~co.o 

43 2+ll.S(O 
. - l 1. I 


45 4+ 24 · 1co 
. - 22.2 

I) 

9) 

9) 

2~ - 

1) 

+:>. 
+:>. 
'-.} 

02 ) 

4) 



Cave Name 
G Location 

Speleo
them 

Number 

Location Speleothem Description Analysis 
No. Locnti.on 

u 
(ppm) 

Yields (0 
;) 

u Th 

234u 

238u 

234u 
(-238.":')o 

u 

230Th 

232Th 

230Th 

23'1u 
AGE (Ka) 

± )11 

Corrected Age 
± la 

Cascade 

76010 Nervous Break
down 

as 76008 -2 

-3 

top (?) lcm 

~rn s al (?) lcm 

0.07 

0.06 

40 

14 

25 

30 

1.694 

1.633 

1.826 

1. 726 

13 

15 

0 .450 

0 .398 

62.0 : ~:~ 
53 2 + 6 · 3 

. - 6 .0 

56 5+9 · 4 (001). -9 .1 . 

+8.8 
49.0_8.6(0.0l) 

Cave 
76011 Water fa ll Cham 6cm deep brown f/st (laminated) 

ber below Can'l"s .unde'rlying porous f/st. White 
Carnage f/st overgrowth covers base of 

brown f/st. 

-1 

- 2 

-3 

base of brown 
f/st 

top of brown 
f/st 

overgrowth 

0.07 

0.08 

0.09 

36 

35 

17 

22 

45 

30 

1.594 

1. 328 

0 . 894 

1.700 

1. 395 

o. 889 

17 

4 

0.7 

0.426 

0.471 

0.140 

58.0 : ~:~ 
670+ll.O 

. -10.0 

16 4 +12.6 
. -11. 3 

+6.2( )54.1_6.0 0 . 01 

+15.2 . 
46 .6 _14.6(0.04) 

+29.2
-22.1_30.5(0.05) 

" 

-4 

-5 

over growth 

top of brown 
f/st. 

0.06 

0.08 

39 

28 

37 

27 

1.424 

1.522 

1.425 

1.584 

1.6 

16 

0.088 

0 .338 

9.9 ± 1.5 

43 4 + 3 · 7 
. - 3.6 

0.8±3.5 (0.01) 

39.5~&:oCO .Ol ) 

76012 Mars Room 15cm Jong stalag. on its side 
attached t o fal l en block. 

I 
-1 basal 2cm 0.18 49 36 1.91 ~ 1.974 4.6 0.182 21. 4 ± 1.6 14.9±2.7(0.04) 

-2 top lcm 0 .16 42 62 l. 94~ 1.993 2.2 0 .152 17.7 ± 1.4 6.2: L~co.061 

- 3 basa l 2cm 0.18 29 26 l. 95 ~ 1. 984 2. 1 0. 193 22. 8 ± 1.2 6.8± 2.3(0 .10) 

- 5 top 2cm 0.13 36 32 l .96tj 1.994 114 0.095 10.7 ± 0.7 

Main 

Cave 
75151 

-
High level 
grotto at end. 

small (Scm deep) stalag.(modeTTI -1 half of one 0.05 41 8 1.04~ 1.098 6 0.925 265 4+ 311 · 6 
. -152.7 

+343.5 ~ 
236 .9 _152.7(0.0 . l_ 

~ 
~ 
00 



b) Stable isotoEic data for ·vartcol!Ver Islarta ·sEeleothems 

Spcleothem 
No, 

751 23 


75125 


76012 


76008** 

13 18
Analysis Oistance along g.l. 6 06 C P?B c-P?BNo. (cm) cSfiu ((}~o 
- ·
123-10 


-lOA 

- lOB . 

- lOC 

-100 

-IOE 


G-1 

G-2 

G-3 

G-4 

G-5 


125G- 1 

G-2 

G-3 

G- 4 

G-5 


125B-1 

B-2 

B- 3 

B- 4 

B- 5 


012A-1 

A- 2 

A-3 


0126-1 

B-2 

B- 3 

B-4 

B- 5 


008A-1 

A-2 

A-3 

A-4 

A-5 

A-6 

A-7 

A- 8 

A-9 


peleothem Analysis Distance along g.l. 
No. No. (cm) 

0 (top of g.1.) 
2.4 
4.8 
6.7 
2.2 
5.2 

0 (top of g.l.) 
2.2 
3.4 
5.2 
7.4 

1. 7 from end of g.1. 
4.0 
5.5 
7.0 
9.0 

0.3 from end of g.1. 
2.6 
5.1 
6.8 
8.6 

0 (top of g.l.) 
2.2 from A-1 


II II
4.4 

* 
3.3 from B-1 

6.6 II II 


10.0 
 " " 
12.2 II 
 " 

0.5 from end of g.1. 
3.4 from A- 1 


II
5.8 " 
2.8 from A-3 

5.1 II 
 " 
7.3 It " 
8 .1 from A-1 


11. 2 II 
 " 
II
13.5 " 

-7.55 

-7.74 

-7.66 

-7,89 

-7.93 

-7 .14 


-7 .79 

- 8.22 

-8.17 

-8.01 

-8.06 


-8.32 
-8.04 
-7.90 
- 7.79 
-7.45 

-6.70 

- 6.80 

-6. 62 

-6.58 

-6.62 


- 9.59 

-8 . 46 

- 8.63 


* 
- 8.53 
-8.51 
-8.01 
-7.83 

- 7.56 

-7.81 

-7.84 

-8.13 

- 8. 60 

-7.92 

-8.02 

-7.48 
-7.51 

-10,75 

-10.76 

-10. 49 

-10. 73 

-10.47 

-10. 65 


-11. 08 

-10. 78 

-11. 07 

- 10.60 

-10. 77 


-11.25,-11.3. 

-11. 22 , - 11. 2 

-11.20, - 11.22 

-11.46, - 11.34 

-10.89, - 11.0 


-10.88,-10.96 
-10.71, -11. 0 
-10.42,-10.5 
-10,31,-11.01 
-10.38,-10.6 

- 9.23 
- 9.02 
- 8.74 

* 

- 8.63 

- 8.56 

- 8. 53 

- 8.28 


-JO. 38 

- 10.13 

-10. 09 

-10. 30 

-10.13 

- 9.90 

- 9.82 

- 9.97 

- 9.50 


76008** 

75123 


76013 


75125 


008B- l 

B-2 

B-3 

B-4 

B- 5 

B- 6 


123-1 

-2 

-3 

-4 

- 5 

- 6 

-7 

- 8 

- 9 

-10 

- 11 

-12 


. 013-1 

-2 

-3 

-4 


-5 
-6 

-7 
-8 
- 9 

125 - 1 

-2 

-3 

-4 

- 5 

- 6 

- 7 

-8 

-9 

- 10 

- 11 
- 12 
- 13 

0 to edge 
2.3 from B-1 


II II
4.4 
II II
6.6 

1. 4 from B- 4 

II II
3.7 

dist ance from base 
0.6 
1.1 
1. 7 

2.2 
2.7 
3.2 
4.0 
4.7 
5.2 
5 . 8 
6.7 
7.1 

0.2 
0.3 
0.6 
1.1 

- 1.6 
- 2 . 1 

- 2.6 
- 3.1 
- 3 . 6 

0 .3 
0 . 8 
1. 3 

1. 8 

2.2 
2.4 
2.9 
3.5 
3.9 
4.4 
4.8 

-	 5.2 
overgrowth ( - 5.5) 

-9 .06 

-8.58 

-8.35 

-8.85 

-9.07 

-8. 77 


-7.44 

-7.95 

-8 . 49 

- 8.54 

-7.74 

- 8.47 

- 7.31 

-6. 77 

-7.58 

-7 . 85 

- 7.74 

-6.37 


- 7 . 88 
:.1.98 
-7.96 
-7.99 

-7.60 
-6.93 

-6.96 
- 7.58 
- 8.11 

-8.00 
-8.02 
-6. 71 
-6.80 
-7.05 
- 7.17 
-7.18 
-7.29 
-8 .02 
-8.03 
-7.93 
- 7.57 
-7.42 

- 10.27 

-10.23 

-10.68 

-10.59 

- 9.79 

-10 .12 


- 10.] 3 

-10 . 23 

-10.75 

-10.46 

-10.48 

-10.41 

-10.99 

-11.13 

-10.60 

-10.70 

-10.61 

-10.86 


-10. 13,-10.07 

- 10.13 , - 10 .16 

-10.78, - 10.71 

- 10.25, - 10.41 

-10.29 

-10.58, - 10.62 

- 10.56, - 10.39 

- 10.48, - 10.51 

-10 . 39,-10.38 

- 10.48,-10 .48 

- 10.52,-10 . 46 


- 10 .42 , - 10.50,-10. 47 

-1 0.87 , - 10.92 

-11.04,-10 .94 

- 11.07, -11. 10 

- 11.26,-11.27 

- 11.31, - 11.33 

-11 . 36 

-11.10, - 11.15 

-11.45,-11.31 

- 11. 46 ,-11. 40 

-1 1.69 ,-11.55 
-11.43,-11.39 
-11.26,-11.42,-11.30 

~ 
~ 
l.O 

http:11.26,-11.42,-11.30
http:11.43,-11.39
http:11.45,-11.31
http:11.26,-11.27
http:10.50,-10.47
http:10.48,-10.48
http:39,-10.38
http:13,-10.07
http:10,31,-11.01
http:10.88,-10.96
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APPENDIX 4 

a) 	 Speleothem location, description and radiometric age data 

for caves of N.W.England (described in Chapter 5) 

b) 	 List of stable isotope data for speleothems from N.W. 

England (described in Chapter 5) 

abbreviations used : 

f/st flowstone, stalag. = stalagmite 

stalac.= stalactite, xilln = crystalline 

* 	 not recorded, sample lost 

231p /230Th d . .** = a eterm1nat1ons 

*** = flowstone, growth layer analysed in two directions 

g. l. = 	growth layer 



--
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a) Location, description and aee data for N .l'/. E~r,land speleothems 
-... .... . - ... · ·- ·--· · · · - • · ·- :.;, •..J-f".6.tt - ..:J ~ ,. -

234u 234u 230ThCave Name 230ThSpeleo- Location Spelcothem Description Analysis u Yields("•) AGE (K a) Corrected Age
f, Location them ( -~)oNo. Location (ppm) u Th 23'1 ± lo ± lo23Bu 232Th · 0Number 

White 

Scar 

Cave, 

76100 Main streamway, 
downstream from 
the Pulpit. 

26cm deep loose f/st boulder 
in streamway. Laminated, non
porous, white/yellow calcite 

E-1 

E- 2 

basal 

top 

(?) lcm 

(?) lcm 

l.46 

0.88 

75 

56 

16 

18 

0.976 

0.946 

-
-

126 

103 

0.976 

0.956 

> 350 

> 350 

Chapel
76102 Gour chamber, 

Western Front 
lOcm deep, loose brownish lamin 
ated f/st, -macro-xilln iii centn 

-1 top 0.5 cm 0.06 12 65 1.096 - 2.1 1.083 > 350 

l e- clay-rich !ayers towards top an' 
bottom, 

Dale 
76106A Sleepwalker 

Passage,in Yard 
near top of 
entrance climb 

5 cm deep, 
f/st.' 

clear-brown loose -1 

-2 

top (?)0.5cn 

basal(?) 0. Scm 

0.58 

0.61 

16 

24 

21 

34 

1.018 

0.995 

1.034 

0.989 

36 

21 

0.870 

0,903 

217 9+ 28 J• - 22 • . 

255 2+ 62 · 1 
. - 39.2 

76106B as 76106A 12cm deep multi (4)-hiatus f/st -1 top 0.Scm 0.80 67 54 0.857 - 37 1.030 > 350 

76108 In roof tube o.t 30cm long b~own calcite stalag. 
Far Streamway wedged jn by boulder fall, not 

-1 basal lcm - 1. 39 49 44 1. 201 1.208 7.4 0.102 11.6 ± 0.7 9 .4 ±1. 2 

above canal in growth position. - 2 top 2cm 2 .11 57 49 1. 082 1.084 23 0.053 6.0 ± 0.3 

Ibbe th 76110 Fossil tube near 6cm deep 'oily ' black-l ayered - 1 top 2cm o. 72 64 so 0.996 0.996 25 0.089 10.1 ±0.5 
entrance passag€ f/st, forming false floorPeril 

Cave (I) 76111 4Part of f/st 7cm deep f/st, white upper 4cm, - 1 a piece 0.30 26 9+ 3 .58 53 1.067 1.073 15 0.238 29.4 ± 2.2 . -3 . 3 boss adjacent black dirty lower 3cm. 
Dentdale to 76110 -2 top lcm 0.31 74 39 0.947 0.945 > 1000 0.118 13.7 ± 1.3 

76112 near 76110, f/ lcm deep f/st forming fa lse -1 l cm 1.21 39 48 0.960 0.959 > 1000 0.068 7.6 ± 0.7 
st bridge acros~ floor veneer over gravels 
passage 

Lancaster 76121 Bill Taylorts 23cm long, loose, dense-white -1 top lcm 2.42 67 67 l.073 1.100 110 0.656 ll3.6 ! ;:~Passage,L.H. laminated stalagmite. Shows
Hole surface erosion features. -2 basal 2cm 1.49 76 69 1.130 1.179 129 0.661 114.0 ~ ;:~ 

• ·k(l,. II.) 
-3 96*4 +15 . 7 duplicate of - 1.117 1.153 160 - . -13.S-2 

. 76122 Bi 11 Taylor's 22cm long, multi (3)- hiatus -1- basal lcm 2.12 44 20 J. 203 1.262 90 8 + 5 · 454 0.578Passage,L.H. . - 5.2stalag,, dense white-yellow 
calcite 3 4-2 top 0.Scm 2.59 36 25Ease Gill 1.386 1. 471 70 6 ... ·37 0.491 

'. . - 3. 3 

Bill Taylor's 43cm long loose stalag., dense - 1 basal Jcm 0.62 36 24Caverns 1.229 l. 238 13 0.116 13,3 ± l.O 11.9±1.5Passage, L.li. white calcite/ 
.j::::.. 

(E. G.C.) Ul
76125 Bill Taylor's lScm long, loose st~lag.,cream- I-'-1 basa 1 lcm 2 .01 82 60 1 .628 1.698 105 0.302 38.1 ± 1.4Passage,L.H. yellow calcite ** -3 5/4 +12 .3duplicate ofSystem - 1.569overlain by mud 1.662 257 - . -11.0 

76135 
-1deposits near 

- 4 top 0.5cm 38 8 ... l. 5l.17 51 32 l. 518 ]. 577 66 0.306 . - 1.4 

76124 



- -
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Cave Name Speleo- Location 

G Location 
 them 

Number 

Near top of 
ladder,Stop Pot 

76127 


Lancaster 

Hole 

(L.H.) 

76128 
 Easter Grotto, 


(E.G.C.) 

-


76129 
 Easter Grotto, 
(E.G.G.) 

Ease Gill 

76130 
 Montagu East 

Passage, nearCavern Stake Pot, L.H. 
E,G.C. 

(E,G.C.} 

76131 
 Stop Pot E.G.C.System on boulder near 
ladder 

Upstream from 
Eureka Jnc; 

76133 


(E. G.C.) 

76135 
 Large slumped 
f/st boss in 
Bi 11 Taylor's 
Passage, L.H. 

77120 
 On south side 
of Colonnade 
Passage 

Speleothem Description 

16cm deep loose f/st,non-porou~ 
faintly-laminated calcite. 

5lcm long loose stalagmite, 
clear amber, few growth layers. 

33cm long loose stalagmite, 

white non-porous calcite. 


33cra long loose stalagmite 

I 


32cm long in situ stalag. 

14cm deep loose stalac/f .st 
well-laminated orange calcite 

~ lm deep boss once covered by 
mud fill. Four samples taken. 

In situ ·f/st boss, 3 segments 

collected,(-A,-B and 79005), 

each separated by detrital 

horizon 


A = 	 8.5cm deep basa l segment 
of yellow, macrb-xillri 
porous calcite. 

B • 	 13cm deep middle segment 
whose base is clear-white 
non-porou s calcite,and top 
is yellow macro-xilln, some
what porous caicite; they 
are separated by a black 
dctrital line. 

Analysis 
No. 

-1 

-2 

-3 

-4 

-1 

- 1 

-2 

-1 

-2 

-T-2 


-1 


- 1 


-2 


- 1 


-2 


A- 1 


A-2 


B-2 


B-3 


B- 4 


B-5 


B- 1 


Location 

top 0.5cm 

basal 0.5cm 

*~ µuplicate of -1 

l -	 1. 5cm 
above base 

basa l 3cm 

top 2cm 


basa l 4cm 


basal 3cm 

:luplicate of -1 
(by B. Blackwell 

top 2cm 

basal 0.Scm 

top 0.5cm 

basal 0.5cm 

top lcm of 
· central block 
~20cm from top 

top l cm of tqi 
block 

basal lcm 

t op 	 lcm 

ba sal lcm 

0.Scm below 
hiatus 

0.5cm above 
hi a tus 

l-3cm from top 

top 	lcm 

234u 234u 230Th 230Thu Yields (0
•) AGE 	 (Ka)

(.rrif":-)0(ppm) u 	 Th :!: la238u 23'1u232Thu 

24 •6225.2+46 	 41
13.1 0.878 0.770 255 
 0.843 
- 19.7 

12 	 10
5.8 0.911 > 1000 
 > 350
- 0.963 

203*4+ 27.30.881 0.789 89
- - . -	 21.1 

23-Z 	 7+ 21. 3
14.5 64 	 59 
 0.848 0.704 > 1000 
0.846 . -	 17.8 

37 	 44
18.3 0.745 0.736 43 
 0.745 11.5 ± 0.5 

78 	 51
3.1 o. 789 
 0.789 0 .008 3.2 0.9 	:!: 0.1 

l. 8 
 54 	 33 
 0.749 0.741 9.8 0.099 11.4 :!: 0.6 

2. 77 
 44 	 so 1. 222 
 I. 228 
 72 
 0.084 9.6 	:!: 0.3 

22 	 44
l. 55 
 1.244 1. 251 
 8.9 0.089 10.l :!: 0.7 

1. 90 
 53 	 60 
 1.232 153
1.236 0.049 5. 5 :!: 0. 2 


17.1 56 	 59 
 0,0800.760 0.754 45 
 9.0 	± 0.3 

63 	 49
4.9 0.820 0.819 2.9 0.054 6. 5 :!: o. 2 


9.5 48 	 17 
 0. 778 
 > 1000
0. 771 
 0.086 9 . 8 :!: o. 5 


U.97 1.192 1. 250 
 52
54 	 49 
 0.594 94.7: ::~ 

1. 32 
 65 	 65 
 1.240 1.306 > 1000 
0.558 85 . 7: ;:~ 

10 6
140 	 l+ ·2. 71 
 43 9 
 1.242 1. 358 
 280 
 0.750 . - 9. 8 


57 	 41
1.90 1.161 1. 219 
 124 
 0.647 109.1 ·: ~:~ 

103 6 + 3 •5
1.64 56 	 66 
 l. 4] 7 
 1.558 > 1000 
0.640 . - 3.4 

0 .43 
 67 	 51 
 1.577 l.736 > 1000 
0.574 86.8 ~ t~ 

0,42 51 	 49 
 1.577 0.4761.696 11.1 67.0 :!: 2.4 

0.41 1.380 1.484 4.0 0.56743 	 43 
 86.5 ~ ::~ 

65 9 + 4 · 7 

> 1000
0.38 1.473 1. 569 
 0.46844 	 11 
 . - 4.5 

Corrected Age 
:!: la 

o. 5 :!: 0. 3 


9.7 	:!: 1.0 

60.3±3.0 
+::
(Jl

62 3+6 · 6 
N . - 6.4 



--

-4.9 

Cave Name 
fi Location 

Lancaster 

Hole 

(L.H.) 

Ease Gill 

Cave r ns 

(E.G,C) 

System 

Ingl eborough 

Cave 

Speleo
thcm 

Nwnber 

79005 

77121 

77123B 

77126 

79003 

76140 

76141 

76142 

Location Speleothem Description Analysis 
No. 1 Location 

as 77120 ~op segment of sequence of f/st~ -3 I basal 0.5cm 
9.5cm deep, white macro-xilln 
calcite, contains 4 detrital I -1 I top 0.5cm 
horizons. 

- 2 µuplicate of -1 

Bridge Hall 18cm deep block from fallen f/s~ -1 top 2cm 
L.H. slab •. corttains 2 detrital lines, 

brown calcite of upper 13cm 
contains 1 line and is separated 
from lower white calcite by 2nd 

- .3 -v2 - 4cm 
top 

from 

line. 
-4 I lcm above 

white/brown 
hiatus 

-5 lcm below 
white/brown 
hiatus 

-2 basal lcm 

Bill Taylor's 2cm 	 thick f/st in situ on wall I -1 2cm piece 
Passage L.H. overlying mud and calcite debris 

Bi 11 Taylor 1s 13 ems 	 loose stalag. showing -1 basal 3cm 
Passage surface re-solution. Dense white 

laminated calcite. 
top 	0.5cm-2 

-3**~uplicate of -2 

On a prominent 4 segments were collected (A-QI A-1 basal lcm of 
ledge, -vlSm from base to top of large basal segment 
above base ·of slumping f/st boss. 
entrance pitch 

On ledge "' 3m 9cm 	 long, in situ stalag.,macro -1 basal 2cm 
above floor in xilln containing detritus horiz 
Giant's Hall oos 

In low bedding 18cm ~- h:roken £/st. macro-xilJJl ~) lbasal 0.5 cm 
crawl at top of ~orous calcite - possibly equiv
av en climb in alent 	 piece to 77143A 

-2 	 I top lcmGiant's llall 
"-lOm above floo 

-v3m 	 above floor llcm deep in situ f/st, macro -1 lmiddle 2cm 
of Giant's llall xil ln porous ca lei te on one s:i<le below hiatus 
un aven climb (base) of prominent hiatus , Jami 

-2 	 lbasal 3cmunderlying maiH nated non-porous calcite on 
f/st boss other side (top 3cm). 

- 3 	 jabove hiatus, 
b.S-l.5cm from 
top 

0.43 I 	33 34 

0.22 9 59 

0.23 51 	 45 

0.51 33 	 37 

0.59 41 	 38 

68 	 551.24 

1.32 69 	 68 

49 	 366.11 

3.93 61 	 37 

0.21 48 	 36 

0.10 23 	 12 

I0.07 166 17 

I0.10 133 17 

I0.04 181 72 

I0.04 165 67 

I0.10 120 9 

u Yields ('l)I 234u I234u I230Th I230Th AGE (Ka) Corrected Age
- (·=n-) - ± )IJ(ppm) ± lau 	 Th 238u .i:38u o 232Th 23'1u 

0.57 I 33 3711.42511.490 I 23 ,0.399, 

11.429 I 1.477 11.6 0.333 

I . 399 I 1. 5ll 46 

1.198 1.233 0,41824 

l. 314 1.364 44 0.389 

11. 518 I 1.609 I 47 0.423 

1.178 l. 261 547 0.736 

1.313 1.425 73 0.656 

1.565 1.623 0,28075 

1.031 1.044 0,691160 

1.152 1.205 240 0.635 

1.085 I l.ll5 I> 1000 

1.117 1.204 62 0.860 

1. 270 1. 413 5.7 0.784 

1.462 11.631 10.3 I0.668 

19.l I0.4751. 34 1 I 1. 412 

0.798141.306 I 1.475 

7.5 I0.623l. 287 I 1. 381 

4.0 ~.7281.132 11.193 

I 

53.8 ± 2.5,51.l±~:! 
43.0: 	;:~ 38.4±4.6 

88.0. ~~u 

57.7 + 4.4, 54.9+5.l 
- 4.3 

52.4 ± 1.9 

57.6 ± 2.1 

137.o · + 8.4 
- 7.9 

109.4 + 5.2 
- 4.9 

34.9 ± 0.9 

126.3 + 4.9 
- 4.7 

106.0 + 3.6 
- 3.5 

** + 9.5 
108. 7 - 8. 7 

198.6 +20.5 
-17.4 

151.9+34.9 
- 26.9 

+41. 7 
126. 9_34 .4 

110.7+ 	11.S l100.itl4.8 
10 •.5 -H.O 

67.8+ 5.2 63.9+ 6.3 
- s.o - 6.1 

156 4 +45.41147 5+49.6 
. -32.9 . -37.S 

101.0 +14 .3 87.5+18.2 
-12.8 -16.9 

~35.8 +43.3 03.4+56.2 
- 31. 3 -46.3 

~ 

v.:i 
t.11 



Cave Name Speleo- Location 
f, f.cic:iticin them 

Number 

Ingl eborouyt 76143 Sm above floor 
of Giant's Hall 

Cave on ledge in 
mud deposits 

76144 Near to pool at 
end of show cave 

76145 At end of show 
cave 

77143 In entrance of 
low crawl at 
top of aven 
climb in Giant' ! 
II all 

Victoria 76151 f/st block pile 
in loop passage 

Cave 

76152 as 761Sl 

761S3 as 76151 

76154 as 76151 

Near end of 
fossil phreatic 
passage leading 
off back of mair 
entrance passag 

76155 

771508 In situ in lam
inatcd clays 
in entrance 
passage. 

Speleothem Description 

6c~ deep loose f/st, macro-xill 
calcite n 

!Scm deep stala;. ~oss, lamin
ated, contains · detrital layers 

" • 
~ 

49cm long narrow loose stalag. 
containing many detrital layers 
and porous calcit~ 

2 blocks separated by detrital 
layer 

A = Yem deep upper £/st block, 
ri1acro-xi lln porous ca lei te 
thinly laminated at top 
and bottom 

B = 9.Scm deep lower f/st 
block. laminated non-poIUJ 
calcite; clear-white in 
upper half, well laminated 
brown bel ow . 

3 cm deep piece from f/st block 
(loose) off middle of pile, 
white laminated calcite. 

7cm deep f/st from base of 

(loose) block pile. ·opaque 

brown detrital calcite. 


loose stalactitic slab on block 
pile (probably fallen off roof) 
Brown detri tal ca lei te 

6cm deep f/st from base of 
loose block pile. Clear-brown 
calcite 

4cm deep in situ wa 11 veneer of 
f/st, contains 1 hiatus, clc•r 
white calcite 

I 

thin f/st veneer covering 
calcite-cemented mud 

No, 

. -1 

-1 

-2 

C-1 

A-1 

A- 2 

B-1 

B-2 

B-3 

-1 

- 1 

-1 

-1 

-1 

-1 

Analysis 
Location 

P:>asal 2cm 

P:Jasal 3cm 

top lcm 

26-29crn above 
base 

J.> asal 0.5 - 1.5 
jcm 

top 0.5-l.5cm 

Jlasa1 l,5cm 
I 

top l.5cm 

niddle, 3-4cm 

above base 


basal 1.5cm 

basal 2cm 

top lcm (young 
-est 

top lcm 

top ~ !cm ( • 
young er) 

piece 

23'1 11234u 230Th 230Thu Yields (0i) AGE (Ka)
( ·~)()(ppm) u Th ± Jrr23RU 23'1u232Th 

18S 6 +40 · 739 340.07 1. 267 1.4SO 2.8 0.8S7 . -30.3 

11 5 + 1 · 20.37 44 36 0.95 2 0.951 2.4 0.100 . - 1.1 

0.41 21 22 1. 078 1.080 2.7 0.185 22.2 : ~~i 

0.95 88 83 0.784 0. 777 2.1 0.103 11.9 ± 0.6 

98 4 +14.00.07 SS 9 1.480 1.633 26 0.621 • -12.6 

98 2 +10 .00.06 37 43 1.392 1.517 21.6 0.617 . - 9,2 

0.12 51 49 1.192 1.273 41 0.702 125.l: ~:i 
109 5 +lO. 3'38 80.11 1.337 241.458 0.6S8 . - 9. s 

0.14 20 42 l. 343 114 6 + 8 •5l.473 72 0.677 . - 7.9 

0.38 31 23 o. 974 46 0.9S4 > 350-

219 2 • 44 . 70.38 22 69 1.006 1.011 3.1 0.869 . -31.6 

0.18 22 61 1. 301 l. 311 3.5 0.162 19.0 ± 1.6 

180 1 +IS. 60.52 37 46 I .049 1.081 53 0.818 . -13.7 

0.61 59 41 1.028 81 > 3SO!.00~- -

-0.39 60 68 l.019 9.4 1.104 > 3SO 

Correct ed Ag e 
± Irr 

129 3+SO. I 
. -40.4 

4.3±2.2 

10.2±2.l 

3,4±1.1 

93 9+11.5 
. -10. 7 

161 4• 49 · 6 
. -36.7 

11.4:!:2.9 

-··--

~ 
(J1 

~ 



Cnvc Nume Spe leo- Location 
f, Location them 

Number 

Vi c torja 77151 On east side of 
Loop Passage, 
above excavated 
trench.Cave 

77159 Remanents of fo 
fossil floor 
in situ· .m east 
wall Sm above 
presen t (excav
ated) floor, lm 
below roof level 

77230 Overhanging f/st 
and 	fill layers 
On south wall 
l. 5-4 .6m above 
(excavated) floo1 

77231 On left of Loop 
Passage . 

In Loop Passage 
near 2m climb 

77234 

Overlying lamin 
ate<l clays in 
entrance passag~ 

77236 

Adjacent to 
77236 ,overIain 
by bl ack clays 
apparently..2:.!!. 
situ 

77237 

Speleothem Description 

Three blocks of f/st A,B,C. 

A= 	Bern deep basal block · over
lying calcite-cement~d mud 
fragments. Base contajns 
3cm high stalag.Brown 
l~minated calcite. 

B = 	 10.7cm deep middle block, 
dark brown in lower half 
clear-white in upper half, 
no hiatus. White powdery 
lines separate white calcit 
in upper half. 

C = 12cm deep upper block, 
light-brown calcite below 
hjatus. 3cm from base, brown 
ca lcit e for rest. Well-lam 
inated throughout. 

A - B are separated by indist
inct hiatus (blocks parted 
naturally). B - C also parted 
naturally - no clear hiatus. 

7cm deep multi-(3) hiatus f/st. 

Samples A (base) to H (top) tal<er 
A is clear white calcite, 3cm 
depp. 

F is 6cm deep £/st-stalactite 
curtain,brown calcite with 
detritus layers. 

Scm long in situ stalag. , clear 
brown non-porous calcite 

Scm deep piece of in situ over
hanging f / st curtain, brown lam-
inate<l calcite 

3cm deep macro-xilln porous f/s 

7.Scm deep f/st, light - brown 
laminated calcite 

234234u 230Th 230ThAnalysis u Yields (0
•) AGE 	 (Ka) Corrcc tc<l Age0 

(·fflf:")oNo. !: )(]I.ocntlon (ppm) ti Th ± 1112:rnu 23'1u232Thu 

34 0A-1 smal l piece of 204.5 + ·0.36 50 	 SB 1.1 S2 1.270 S9 0.87S 
-26.3stalag . 

A-2 basal lcm of 0.50 48 	 60 0.984 0.964 26 0.925 287.4 :~~:~ 
f/st 

basal 3cmB-1 0.43 40 	 36 l.037 1.082 47 0.935 281.0 :~~:~ 

B-2 top 	lcm 0.4S 84 	 58 1.059 1.125 130 0.927 264.S :;;:i 
lcm 	 below hiatus 0.41 43 	 15 250 4 +28 · 91.05 7 1281.114 0.914~ C- 4 

C-3 

C-5 

C-1 

: 

C- 2 

-1 

- 2 

A- 1 


F-1 


-1 


-1 


-1 

-1 

lcm above hiit:l.5 

lvduplicate of 
C-3 

top lcm 

top 	lcm 

basal lcm 

top lcm 

basa 1 lorn 

basal lcm 

top 	2,Scm 

top 	 l.Scm 

a 3cm piece 

top 	.lcrn 

0.46 

0.45 

0 . 48 

0 .46 

0.39 

0.32 

1.97 

0.35 

0.50 

0.38 

0.65 

0.58 

34 

35 

58 

46 

BS 

23 

so 

10 

39 

10 

38 

so 

22 

38 

42 

47 

70 

2S 

s 

28 

63 

49 

SS 

52 

1 .081 

1.112 

1. 081 

1.020 

1.104 

1.143 

1.039 

1.138 

0.982 

0.947 

0.915 

1.001 

1. 137 

1.230 

1.139 

1.035 

1. 246 

1.186 

-

1.276 

0.965 

0.906 

-

-

102 

118 

56 

> 1000 

24 .8 

9.0 

21 

23 

42 

12.4 

31 

88 

0.836 

0.930 

0.848 

0.831 

0.969 

0.627 

1.103 

0.933 

0.889 

0.848 

1. 1S6 

- . 968 

• -23.0 

187.S :ii:~ 

2SS 3 +28 · 1 
. -22. 6 

194 6 +l9 •3 
. -16.5 

190 8 + 9 · 2 
. - 8. s 

307 2 +53 . 9 
• - 37.3 

104 0 + 7•5 
. - 7 .1 

> 3SO 

55 •8252 	 6+ 
. -	 37.5 

242 7 +26 · 6 
. -21. 3 

213 6 +31. 9 
. -24.4 

(> 3SO) ? 

> 3SO 

92 S+ 9 .s 
. -9.0 

246 6+S6 · 6 
. -38 . 4 

3+ 32 9201 ·
. -2S.5 

leached ? 

.+:;:. 
Ul 
U1 



-
Cave Name 
6 Location 

Victoria 

Cave 

Los t 

John's 

cave, 

Leck 

Fell 

-~~-~

Speleo
thcm 

Number 

"772388 

79000 


79001 


79002 


76160 


Location Spelcothem Description 

Near to 77236, 
 up to Bern deep f/st block, 
overlies bedrocl laminated calcite and mud 
directly under cemented by calcite 
lies full thick 
ness of lamin
ated clays 

Excavated from clear - lamihated brown f/st, 
bone layers surrounding rhino tooth 
(P igyard Mus run 
sample) 

as 79000 
 ~ Bern deep milky -brown f/st 
surrounding rhino jaw + teeth 

as 79000 
 lcm thick f/st coating, around 
red deer antler, white calcite 
with detritus. 

rom boulder I18cm deep loose laminated f/st 
hoke in R.H. non-porous calcite with detrita 
igh level pass. layers
fn Lyle Cavern, 


76161 as 76160 
 17cm long loose stalag, white 
non-porous calcite 

76164 :mbedded in mud rl3cm deep two-coloured f/st, 
~eposits on ledg brown n6n-porous calcite (=top~ 
~2.5ru above str white non-porous calcite (=base: 
~·am level in 
Main Drain · (up
str eam of jnc.) 

76165 near 76164 in many pieces of f/st, white 
situ f/st 2-:Sm ~ non -porous calcite 
above stream 
level 

77162 as 76165 
 17cm deep piece of in situ f/stI~hite4'on-porous - ca!Ci..-:

-·--··-

Analysis 
No. 

- 1 

-1 

-1 

-2 

- 1 

-2 

-3 

-1 

-1 

-2 

-3 

-1 

- 1 

1 Location 

~ middle 

lcm adjacent 
to tooth 

l cm adjacent 
to teeth 

l -3cm from 
teeth 

lcm pi ece 

basal (?) lcml 


top (?) 2cm I 


basal 2cm 


I t op O. 5- lcm 

I top l -2 cm 

lbasal 2cm 

1 pjece 

I t op 2cm 

-2* !dupl icate spli 
uf - 1 

-4 I top 2-3cg1s 

-3 ~a sa l lcm 7. 21 
 41 48 
 0 .9 161 0.885 92 


-3b klu plicate ~ pl it 0.88 2 0.813 > 1000 

) f -3 

--.-·~~~,.-~~~~~,.--~~~~~~ 

u Yields ('•)I 234u ,(~34u) 1230Th I230Th 
(ppm) u Th 238u f3i\; ol 232Th 23'1u 

1. 00 74 56 
 1.052 

0.62 6 28 
 1.000 

22 24
0.50 1.100 

0.40 I 21 21 
 1.0331 

0.50127 27 
 1.012 

0 .20 
 49 31 
 l. 295 


0.18 47 6 
 1.283 

0.25162 11 
 1. 273 


3.84 72 54 11. 003 


4.31 61 16 10.929 


5.68 50 45 I0.945 


9.35 40 33 10.938 


6.23 48 61 
 0.944 

!n.939 

7.1 6 49 60 
 0.898 

43 
 1.006 

1.000 44 
 0.610 

1.132 19.8 0.623 

1.048 I 152 
 0.691 

1. 017 

1. 414 


1.392 

1. 282 


1.004 

0.905 

0 . 926 


0.914 

0.928 

O.!l22 

0.865 

16.210.702 

15.9 0.717 

15.3 0.702 

0.710.106 

178 I 0.598 


452 I o.612 


> 10001 0. 620 


111 
 0.649 

127 
 0.568 

199 I 


> 1000! 0. 59 7 


AGE (Ka) Corrected Age 
± Ja ± la 

> 350 


+ 12. (
102.1_10.8 

98. 7+ 7.5 
-5.9 

103.8 +6.2 
7.2 

126.3 +9. 7 

- 8.9 

130. 7 + 8 • 8 I123.4+1 o· 2

-8 .2 
 - 9.5 

120 5• 14 · 8127 5• 12 · 6 
. -11.4 . -13.4 

+29.1 +37.5
123 1 116 0
. - 23.4 . - 32 .9 

12.1+ 5.6 -15.1+1 4.2 
- 5.3 -14.8 

98.7+ 3.8 
-3.7 

104.5+ 6.7 
- 6 .3 

106.3+ 4. 3 

- 4. 1 


115.5+1 2.3 
- 11. 0 

92.0+ 4.3 

- 4.1 


8R~8+ 6.8 +::>. 
- 6.3 (Jl 

(}\ 
101.2+ 3.1 

- 3.0 

112.7+ 5. 2
0.638 
5.0 


** • 18 . 1 

165.7_ 15.l 

--+- ---I.--- --~~~~~~_._~~--4-~~~~~~~+--~~~'--~~-+-·~~---jl--~~~~-~~~~~~~ 



-	 - .. .---. 
Cave Name 
G Location 

Sleets 

Gill 

Li ttondale 

Gavel 


Pot 


Leck 


Fell 


Gaping 

Gi ll 

Sys teijl 

Speleo
them 

Number 

76172 

76190 

76191 

76201 

76202 

76206 

76207 

76208 

76209 

76210 

76211 

77209 

76212 

-· 

Location 

In main tube 
towards entranc 

Glasfurd's Pass 
in well - decor
ated chamber 

Glasfurd's Pass 
near end. 

Stump Chamber 

., . •- •• • •• • -- •-~~ llt.>-;;.. L.._ c • , ... ,..._..,.... • - · - ·· ---· 

Speleothern Description 

piece of fossil stalac.cnrtain 
xilln calcite analysed from 
very porous layers. 

_L 

8§cm long loose stalagmite, 
jammed under boulders and f/st 

3lcm· long loose stalag . conta
ins detrital layers, outside 
is covered by calcite xtals 
pool cieposits ? 

43cm long loose stalag., white 
near Sand Cavern ) non-porous clean calcite . 

Mud Hall, on 
boulder slope 

Hensler's Upper 
Passage 

Nevada Passage 
far Country 
Series 

Stump Chamber 
(near Sand Cav
ern) 

Sand Cavern 
overlying 	varve~ 

Old East Passag~ 
near Mud Hall 

Old East Pass. 
near 2m high 
shelf 

as 762ll, 
from under the 
shelf 

Old East Pass. 
near shelf 

small piece of ~ 80cm deep 
block of 	loose f/st, white-
yellow, 	non-porous calcite 

2cm thick 	f/st forming false 
floor, with mud layers. 

24cm long loose stalag. with 
detritus layers and re-solution 
features on surface 

2Scm long loose stalag., white 
non-porous calcite 

16cm long 	stalag,,white non
porous calcite 

13Cf11 long loose stalag. on mud, 
hiatus lcm below top. White-
yellow calcite 

2cm thick 	old scalloped f/ s t 
in situ on wall • Contains 
detrjtus 

S.Scm deep in situ f/st, brown 
calcite containing detritus 

13cm deep loose l aminated f/st, 
contains detri~al layer~ and 
porous macro-x1lln calcite 

No. 

-1 

-1 

-2 

-2 

-1 

-2 

-1 

- 1 

-2 

-1 

-T 

-1 

-1 

- 2 

-1 

-2 

-2 
j _

3 

-
·--·- 

Analysis 

---· > 

Location 

O.Scm calcite 
layer 

basal 2cm 

top 2cm 

basal 3-6 cm 

basal 2cm 

basal 3-Scm 

a piece 


basal 4cm 


top 4cm 


top lcm 


top lcm 


basal lcm 


basal lcm 


top lcm 


a piece 


top 1.5cm 


basal lcm 

top lcm 

-· ....H- -·- ··· --·-·- - ·· -

u Yields (0
•) 

(ppm) u Th 

0.02 SS 4S 

0.57 

o.so 

0.44 

S7 

61 

39 

68 

3S 

12 

2.07 

0.46 

66 

S6 

S2 

53 

l.81 

0.89 

0.30 

0.42 

0.91 

34 

so 

S8 

57 

27 

32 

37 

S4 

49 

31 

9.38 

1.39 

2.38 

0.39 

53 

58 

47 

36 

42 

51 

16 

30 

0.2S 48 33 

2 .10 

0.90 

39 

46 

11 

·45 

- .. - ..~- ·-· 

234 234
0 0 

(·218.:")o238
0 u 

1.067 -

1. 398 l.41S 

1.368 1. 373 

1.238 l. 247 

1.279 l.28S 

1 .OS6 -

1.181 1.204 

1.290 1.399 

1.233 1.340 

1. 512 1. 51S 

l.S80 1.581 

l.120 1.120 

1. 370 1.412 

l. 300 I 1 . 333 

I .164 1.334 

1.185 1.454 

1. 21811.227 

1. 274 1.283 

--· -- -- --· ---·-· .. ··--·

230Th 230Th AGE (Ka) 
23'1 ± lo232Th 0 

3.8 -~ 

4.S 0.127 14.7 ± O.f 

S.4 0.046 S.l ± O.f 

65 0.114 13.1 ± 1.4 

16 0.068 7.6 :!: 0. 4 

40 > 350 1.074 

48 0.333 43.S 	 :!: 1.2 

5ll4 2 + 8 .76 0 ,672 . -7.9 

27 0. 735 13s.1 ~H:6 

3.0 0.017 1.9 :!: 0. 2 

8.3 0.007 0.8 t 0.2 

5.9 0.008 0.8 ± 0.1 

99 38 5 + 1. 50.303 . - 1.4 

122 0.297 37.7 ± 1.4 

28 252 8 • 29 · 60.938 . - 23.6 

2319 1+> 43 ·19. 8 : 0 .995 . - 43.6 

3.6 0.126 14.6±0.7 

6.7 0.107 12.2 ± 0.4 

- . ····

Corrected Age 
± la 

(leached) 

10.0±1.1 

3.7±1.1 

6.9 ±0.S 

l.0±0.4 

o. 7±0. 5 

0.6±0.l 

312 2+ >47 · 1 .+::. 
. - 45.0 	 CJl 

'-.) 

8. 8±1. 2 


9.6±0. 7 




u Yields ("o)j 234u I234u I230Th I230Th 
(ppm) u Th 238u C233}0 232Th 234u 

Cave Name Speleo Location Speleothem Description Analysis
&Location thcm No. 1 Location 

Number 

76215 West Chamber a piece3cm thick stalactite on top ~ - 1Gaping 
of fill (uollected by R.R.Glove 

Gill 76216 Old East Pass. 9cm long loose stalag., clear -1 basal lcm 
System on mud bank white non-porous ca lei. te ( RRG) 

77200 Far East Pass. 17cm deep loose f/st, white lam~ -1 top (?) 2crn 
at aven in N. inated calcite showing surface 
Craven Passage Ire-solution. 

basal (?) 2 .5 
cm 

-2 

77201 Old East Pass. I 2cm thick loose f/st, overlain -1 piece 
in low chamber lby gravel 
before Main 
Chamber 

77205 basal 2cm 
near end charrbe 
Far East Pass.~ l2cm long lo.ose stalag., containr-1 

hiatus lcm from top (brown · 
in streamway calcitt: above, white below) .Shews -2 top 1 cm 

surface re-solution features 

77210A as 77205 30cm long loose stalag ., contain~ -1 : top 2cm 
brownish calcite with many 
detrital layers and re-solution 
features on surface 

Newby I 76220 Entrance Pass. 13cm deep, yellow f/st (loose) -1 top (?) lcm 
Moss Cave, shows surface re-solution 
Ing 1eborougl 

Kingsda le I 77240 Roof tunnel, piece of f/st chipped off -2 piece 
near aven in re-solutioned roof-arch 

Master situ on roOf 

Cave, 77241 Roof Tunnel lOcm long in situ .eroddd stalad.-1 
w~th mo<lern-s~on tip 

lcm below (= 
older than) 
hi atus , 

Kin gsda le 77242 Roof Tunnel, 
in boulders -= 

~ 5cm deep f/st block, 
xilln calcite 

macro -1 composite 
piece 

below 80' aven 

77243 I Roof Tunnel 6cm deep loose f/st block, - 1 lbas al 1.5cm 
near nm-in conta ining <letrital layers and 
beyond 77240 re-solution s urface 

AGE (Ka) Corrected Age 
± la ± la 

1.4 ± 0.11 0.6 ±0.3 

1.3 ± 0.11 0.9 ±0.l 

288. t23.9 
-20.0 


> 350 


10.3 ±0.3 I 9.3±0.4 

46.4 ±0.9 

49.7 ±1.2 

11.0 ±0.6 I 9.7±0.9 

> 350 

324.3±>10( 

167.7+11.4 
-10. 3 

+>70 
300.4_43.3 

229.6+22.? 
-18.S 

~ 
tn 

3.92 65 35 I 0.972 I 0.972 

8,93 44 40 I 1.144 I 1.144 

0.95 8 7 77 I 1 . 296 I 1. 665 

1. 94 86 4611.239 

1.4 7 52 58 I 1. 3371. I. 346 

1. 85 I 82 68 1. 84 2 I 1. 960 

I. 84 I 66 37 1.8581 1.987 

0.44 I 60 47 1.9271 1.956 

l. 34 I 76 60 1.257 82 1.065 

2.5 0.012 

5;5 0.012 

181 0.994 

69 1.032 

14 .6 I o. 091 

95 I o. 358 

28.8 I 0.379 

12 0.097 

0.20 I 51 14 1.145 1.359 

0.41145 23 1.1231 1.196 

i'.55 I 16 15 1.0151 1. 034 

J.171 35 33 1.0531 1.101 

83 0.989 

35.2 I 0.804 

74 0.941 

73 0.891 

00 



b) Stable isotopic data for N .W. 

Spe l eot hem Analysis Distance along ~g.l. 
18 613c o O~-PDB

No. No¥ (cm) ( 000 ) ( 1o.;)DB 

76122 122A-1 
A-3 
A- 5 
A-6 

76125 125A- 1 
A- 2 
A- 3 
A-4 
A-5 
A-6 

76210 210A-1 
A-2 
A- 3 
A-4 

76190 l90A-1 
A-2 
A- 3 
A- 4 
A- 5 

B-1 
B-2 
B- 3 
B- 4 
B-5 

76128 128A-1 
A-2 
A- 3 
A-4 
A-5 

76201 201A-1 
A-2 
A-3 
A··4 
A- 5 

16.S 	 -2.21 -1.38 
9.9 	 -2 .10 -2.19 
4.4 	 -3.28 -4.87 
0.4 	 - 3.28 -4. 61 

15.3 0.23 5.67 
12.4 -1.11 1. 89 
8.7 -1. 36 1. 77 
5.3 -1.04 2 . 68 
2.5 -1. 87 -0 . 18 
0 -1. 71 -0.85 

0 	 -3.33 -2.87 
2.9 	 -3.05 -1.94 
6.2 	 -2.88 -1.49 
8.8 	 -2. 77 -1.28 

* 	 -4. 35 -7.65 
-4.25 -7.43 
-4. 53 -8.40 
- 4 . 84 -8.97 
-4 .47 -8.82 

0 	 -4.67 -10.45 
6.2 	 -4. 59 -9.71 

11. 3 	 - 3.77 - 7. 34 
17.1 	 - 4. 32 -7.96 
23.2 	 - 3.25 - 5.82 

0 	 -3.26 -2 . 49 
2.8 	 -3 . 35 -0.24 
5.6 	 -2.] 2 3.32 
7.9 	 -2 . 38 0.95 

10.5 	 -1.61 5.07 

0 	 -3.75 -2.80 
4.2 	 - 4. SS -3 . 68 
8.8 	 -3.62 -1. 43 

13.2 	 -3.52 1. 23 
17. 6 	 -2.40 2.93 

England src leothcms 

Speleothem 
No. 

76142*** 

Analysis 
No. 

142Al 

A- 2 
A- 3 
A- 4 
A- 5 
A-6 
A-7 
A- 8 

Distance along g.1. 
(cm) 

0 

3.5 from A- 1 
6.0 " 
8.5 " 
0 from A-5 
3.1 " 
8.3 " 

10.8 ti 

0180 
(oto- )DB 

-4.39,-4.80,-4.37, 
-4.59,-4.21 
-4.39,-4.57, -4. 57 
-4.28,-4.07, - 4.03 
-3.89,-4.11,-4.07 
-4. 24. 4. 30 
-4.15, - 4 . 45, 4.62 
-4.38, - 4.66, - 4. 27 
-4.36,-4.62,-4.32 

o13 c 
(~)DB 

-10.40 
-10 . 65 
- 10.SO 
-9.93 

-10.45 
-10.59 
-10.51 
-10. 39 

B- 1 
B-2 
B- 3 
B- 4 
B- 5 
B-6 
B-7 

0 from B- 1 
3. 2 " 
6.0 " 
8.2 " 
0 from B- 5 
5. 2 " 
7.5 " 

-4.25 
-3.95,-4.06 
-4 . 58,-4.26 
-4.28 
- 4 .44 
-4 .4 0 
-4.25 

-8.79 
-8.89 
- 8.94 
-8.98 
- 9.10 
-9.01 
-9.07 

77143 143-1 
- 2 
- 3 
-4 
-5 
-6 

-7 
- 7a 
-8 

- 9 
- 10 
- 12 
-13 

-15 
- 16 
-17 

- 18 

-19 
-20 

Di stance from base 
0.6 
1.0 
1. 35 
1. 7 
2.15 
2.6 

3.0 
3.5 
4.2 

4.7 
5 .1 
6.1 
6 . 6 

7.65 
8.2 
8.4 

8.7 

9.0 
9.4 

-4.22,-4.15 
- 4.19, - 4 . 36, - 4.31 
-4.09,-4.26 , - 4.14 
-4.44,-4.40 
-4.21,-4 . 15, -4.21 
-4.38,-4.36, -4.49, 
-4. 31 
-4.44, 4.39 
- 4.10, - 4.18 

. -4. 04 ' - 4. 14 '-4. 22. 
-4.15 
-4 .23 
-4 .04,-4.14, -4 .09 
-4.27,-4.33 
-3.86, -3.88, 3.98, 
-4.06 
-3.96,-3.99 
-3.96,-3.81,-4 . 05 
-3.98,-3.70,-3.89, 
- 3.90 
-3. 99, - 3.91, -3 .94 

-3.96, 3.69, -3.88 
-3.95,-3.79,-3.95 

- 11. 25 
-11.46 
-11.41 
-11.01 
- 11. 31 

-10. 87 
-10. 94 
- 10.65 

-10. 92 
-10. 94 
-10. 20 
-9. 76 

-9.67 
-9.86 
-9 .86 

-9.38, 

-9.57 
- 9.78 

-10.71,-10.82 

9.83 

+:
U1 
<..O 



13 . 0180 
No, No. (cm) (~)DB o (C~5DBSpe l eothem Analysis Distance along g.l. 

7715 1** * 151A- l 
A-2 
A-3 
A- 4 
A-5 
A-6 

A-8 

151B-1 
B-2 
B-3 
B-4 
B-5 
B-6 
B-7 

151C-1 
C-2 
C-3 
C-4 
C- 5 

"1510-2 
D- 3 
D-4 
D- 5 
D-6 

151E- 1 
E-2 
E-3 
E-4 
E-5 
E-6 

77143*** 143D-1 
D-2 
D-3 
D- 4 
D- 5 
D-6 
D-7 

1.1 
3.3 
5.4 
7.3 
9.1 
1. 8 

5.2 

0 
3.0 
6.0 
8.2 
3.0 
5.3 
7.4 

0 
2.9 
5.5 
2.4 
5.2 

4.3 
7.1 

10.8 
2.3 
3.0 

0 
3.4 
6 . 5 
9.3 
3.8 
6.9 

0 
3.6 
8.2 

12.7 
+2.7 
0 

-6.5 

from edge 
II II 

II II 

" II 

II II 

from A-5 

II II 

from B-1 
II II 

II II 

II II 

from B- 4 
II II 


II II 


from C-1 
" 
 II 


II" 
from C-3 

II II 

from D- 1 
" " 
" 
 II 


from D- 4 
" 
 II 


from E-1 
II II 

" " 
II II 

from E-4 
" " 

from D- 1 
" " 
" " 
" " 

from D- 6 

" " 
II" 

-3.58,-3.54 
-3.49,-3.49 
-3.43,-3.40 
'--3.32,-3.47 
-3.56,-3.53 
-3.88,-4.08, 
- 3.94 
- 3.98,-3.96 

- 3.82,-3.87 
.:. 4. 33' - 4. 19 
-4.18,-4.04 
..:4. 20, -4 .19 
-4.33,-4.37 
-4.53,-4.58 
-4.59,-4.68 

-3.31,-3.23 
-3.80,-3.91 
-3.46,-3.48 
-3.00,-3.07 
-3.72,-3.67 

-4.02,-3.99 
-4. 09' -4. 02 
- 4.10, - 3.95 
-3.90,-3.60 
-4 .12,-4.01 

-4.37,-4.38 
-4.58,-4.59 
- 4.70,-4.71 
-4.55,-4.61 
-4.55,-4.60 
-4 . 69. -4 . 79 

-4.24,-4.24 
-4.17 
-4.41 
-4 . 33 
-4.21 
-4.21 
-4.10 

- 8.12 
-8 . 05 
-8.10 
-8.49 
-8.89 
-9.22 

-9.90 

-5.87 
-6.69 
-7.28 
-7 .58 
-7.66 
-8.01 
-8.00 

-4. 28 
-6.15 
-4. 77 
-3.96 
-5.28 

-10.63 
-10.87 
-1 0.55 
-9.93 
- 10.01 

-8.61 
-9.38 
-9.37 
-9.35 
-9.24 
- 9 . 67 

- 10. 61 
-10. 54 
-10.62 
-10.78 
- 10.76 
- 10.62 
-10. 49 

18 13Speleothem Analysis Distance along g.l. 
No, No- (cm) o (O~~DB o(~;)DB 

76127 

77151 

127B - l 
B-2 
B- 3 
B-4 
B- 5 

127C - l 
C-2 
C-3 
C-4 
C- 5 

127- 1 
-2 
-3 
-4 
- 5 
-6 
- 7 
-8 
- 9 
-10 
-11 
-12 
-13 
-14 
-15 
- 16 
- 17 
-1 8 
- 19 
-20 
-21 
- 22 

151-1 
-2 
- 3 
- 4 
-5 
-6 

0 from B- 1 
2.6 II" 
5.3 II II 

2.1 from B-3 
II II4.4 

0 from C-1 
2.9 II 11 · 

II II5.4 
+2 . 7 from C-3 

II II-1.5 

above base 
0.4 
1.0 
1. 7 
2.4 
3.1 
3.7 
4.4 
5.5 
6.3 
7.0 
7.6 
8.3 
9.2 
9.8 

10.4 
11. 0 
11. 7 
12.3 
12 . 7 
13. 8 
14.2 
14.4 

from base of block A 
0 
0.6 
1. 2 
1. 7 
2.2 
2.6 

- 3.65, - 3.61 
- 3 .51, -3. 49 
- 3.58, - 3.66 
-3.58,-3.60 
-3.72,-3.76 

-3 .61, - 3.61 
-3.88,-3.97 
-3.80,-3.81 
-3.91,-3.66 
-3. 72, - 3. 72 

- 3.28,-3.34 
- 3 . 63, - 3.57 
-3.93, - 3.71,-3.92 
-3.98, - 3.94 
-3.81, - 3.90 
-4.00,-3.93 
-3.86.-3.79 
-3.90, - 3.96 
-3 . 87, - 3.72, -3 .81 
-3 . 96, - 3.83, - 3 . 91 
-3.80, - 3.98, - 4.02 
-3.90, -3. 98 
- 3 . 82,-3.92 
-3.80, - 3.88 
-3.80, - 3.82 
- 3.63,-3.79, - 3.76 
-3.55, - 3. 67, - 3.72 
- 3.75, - 3.80 
-3.67, - 3.60 
- 3.19,-3.23 
-2.69, - 2.66 
-2.49,-2.67, -2. 63 

-4. 72. -4 . 70 
- 4.59, -4. 70 
- 4.87,-4.78 
- 4 . 76,-4.83 
-4.61,-4.78,-4.74 
-4.59,-4.54 

- 0 .12 
-0.40 
-0.06 
- 0.36 
-0 .16 

(+)0.11 
- 0.23, -0.33 
-0.17, -0 .28 
- 0 . 32,-0.39 
- 0 . 26 

1. 37 
0.·89 
0.55 

-0. 14 
-0.37 
- 0.01 
- 0, 40 
-0.15 
- 0.57 
-0.76 
-0 .97 
-0. 77 
-0. 73 
-1.01 
-0. 59 
- 0.39 
-0.44 
-0.44 
-0.20 
0.55 
1. 93 
2.49 

-7 .13 
-7 .76 
- 8.46 
- 8.98 
-9 .02 
- 8 . 74 

+::
Q\ 
0 

http:4.59,-4.54
http:4.61,-4.78,-4.74
http:76,-4.83
http:4.87,-4.78
http:2.49,-2.67
http:3.19,-3.23
http:3.63,-3.79
http:82,-3.92
http:3.72,-3.81
http:3.86.-3.79
http:4.00,-3.93
http:3.71,-3.92
http:3.28,-3.34
http:3.91,-3.66
http:3.80,-3.81
http:3.88,-3.97
http:3.72,-3.76
http:3.58,-3.60
http:4.24,-4.24
http:4.55,-4.60
http:4.55,-4.61
http:4.70,-4.71
http:4.58,-4.59
http:4.37,-4.38
http:3.90,-3.60
http:4.02,-3.99
http:3.72,-3.67
http:3.00,-3.07
http:3.46,-3.48
http:3.80,-3.91
http:3.31,-3.23
http:4.59,-4.68
http:4.53,-4.58
http:4.33,-4.37
http:4.18,-4.04
http:3.82,-3.87
http:3.98,-3.96
http:3.88,-4.08
http:3.56,-3.53
http:3.32,-3.47
http:3.43,-3.40
http:3.49,-3.49
http:3.58,-3.54


Speleothem 
No. 

Analysis 
No. 

Distance from 
base of block A 

180 
(~)DB 

13c 
(~)DB 

Speleothem 
No. 

Analysis 
No. 

Distance from 
base of block A 

180 
(~)DB 

13c 
( o,k~JPDB 

cm 
77151 151-7 3.0 --4. 12 '-4. 2 8 -8.74 77151 151-52 23.2 -4.70,-4.74 -9. 33 

- 8 
- 9 
-10 
-11 
-12 
-14 
-15 
-16 
- 17 
-18 
-19 
-20 
-21A 
-21N 

3 . 3 
3.7 
4.1 
4 . S 
5.0 
5.8 
6.1 
6.4 
6.7 
7 .1 • 
7.4 
7.8 
9.2 
8.7 

-4.42,-4.33 
-4.36, - 4.34 
-4.39,-4.43 
-4.34,-4.40 
-4.28,-4.32 
-4.19,-4.07 
-3.97,-3.88 

' -4.26,-4.18 
-4.38,-4.33 

·-4. 45, -4. 05 
-3.63,-3 . 77 
-3.81,-3.85,-3.52 
-5.10,-5 . 16 
-4.93,-5.06 

-9.29 
- 10.lS 
-10. 39 
-9,94 
-10. 39 
-10.13 
-9.89 
-10.44 
-10.55 
-10.10 
-9.59 
-9.30 
-9 .13 
-8.90 

- S3 
-49B 
-54 
-SS 
-56 
-57 
-58 
-59 
-60 
-61 
-63 
-64 
-65 
-66 

23. 7 

24.3 
2S.O 
25.6 
26.1 
26.6 
27.1 
27 .6 
28.0 
29.1 
29.5 
29.8 
30.3 

-4.7S,-4.71 
-4.54 
-4.60,-4.54 
-4.10,-4.48,-4.40 
-4.42,-4.12,-4.07 
-4.37,-4.45 
-4.23,-4.49, -4 . 41 
-5.09,-4.99, - 4.93 
-4.46,-4.37 
-4.25,-4.02,-4.25 
-3.51,-3.45 
-3.68,-3.81,-3.90 
-4.03,-3.87, - 4.03 
-4.29,-4.17 

-9.12 
- 7.12 
-9.32 
-9.62 
- 8.88 
-9.16 
-9.42 
-5.41 
-10.59 
- 9.75 
-8 . 78 
-8.90 
-10. 01 
-6.24 

-22 9.7 -5.19 -8.22 
-22N 
-23 
-24 
-25 
-26 
-27 
-28 
-29 
-30 
-31 
-32 
-33 
-34 
-35 
-36 
-37 
-38 
-39 
-41 
-42 
-43 
-44 
-45 

9.7 
10.4 
11.1 
11. 8 
12.3 
12.7 
13.1 
13.3 
13.8 
14.3 
14.9 
15.4 
16.1 
16.5 
16.9 
17.4 
17.8 
18.1 
18.8 
19.l 
19.5 
19.8 
20.2 

-5 . 15, - 5.14 
-5.41,-5.51 
-4.94,-5.02 
-4.39,-4.37 
-4.25,-4.29 
- 4 .16, -4. 2 2 
-3.93,-3.99 
-3.74,-3.59,-3.63 
-3.78,-3.84 
-3.33, - 3.39 
- 3.33,-3.41 
-3.12,-3.28,-3.51 
-3.90,-3.85 
-3.35, - 3.28, 
-3.51,-3.55 
-3.56,-3.56 
-3.61,-3.62 
-3.95,-4.01 
-3.98,-3.94 
-4.29,-4.32 
-4.33,-4.24 
-4 . 2 7 ' -4 . 2 6 
-4 . 08,-4.06 

-8.67 
-8.83 
-7.17 
-7.34 
-6.82 
-8.04 
-7.68 
-6.06 
-5.48 
-S.10 
-4 . 51 
-4. 72 
-6.04 
-4 . 08 
-5.01 
- 4. 93 
-4. 48 
-6.09 
-7.27 
-7.04 
-6.93 
-6.81 
-6 .15 . 

151-21N-1 
-24A 
-19-1 
-20-1 
-13 
-20-3 
-20-2 
-18 
-22A 
-62 
-SIA 
-59A 
-49A 
-SBA 
-50A 
-40 
-23A 
-67 
-68 
-69 
-70 
-71 
-72 

8.4 
11. 5 

7.4 
7.8 
5.4 
8.3 
8.0 
7.1 

10 . 0 
28.5 
22.9 
27.3 
22.0 
26.7 
22.S 
l 8 . 5 
10.9 
30.6 
30.9 
31.1 
31. 3 
31. 7 
32.3 

-4.90,-4.84 
-4.66, -4.71 
-3.64,-3.68 
-3.85,-3.80 
-3.99,-3.93 
-3.77,-4.05,-3.92 
-3.53,-3.48 
-4.37,-4.33 
-5.28, - 5.21 
-3.95,-3.87 
-4.78, - 4.75 
-4.49,-4.41 
-5.11,-4 . 93,-4.98 
-4.31,-4.25 
-5.43,-5.40 
-4.35,-4.33 
-5.52,-5.47 
-4.87,-4 . 76 
-4.56,-4.58 
-4.37,-4.43 
-4.25,-4.39,-4.32 
-4.33,-4.33 
-4.22,-4.24 

-8.91 
-7.67 
-8.98 
-9.65 
-9.93 
-9.38 
-8.97 
-10. 06 
-9.39 
-9.06 
-8.48 
-9.22 
- 7. 77 
-9 . 25 
- 8 . 39 
-8 . 55 
- 8.81 
-8 . 49 
-8 .19 
- 8.31 
- 8.82 
-8 . 31 
-6.64 

-46 20.5 -4. 31J-4.41 -7.47 
-4 7 21.0 -4. 34, -4. 38 -7.24 
-48 21.3 -4.14,-4.16 -6.78 
-49 21.8 -4.18,-4.29 -5.96 
-50 
-51 

22.3 
22.7 

-5.52,-5.75 
-5.56,-5.48 

- 8.28 
-7.99 

' +::
(}\ 
...... 
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APPENDIX 5 

a) Sample location, description : and radiometric age data 

for speleothems from Jamaica (described in Chapter 7) 

b) List of stable isotope data for speleothems from Jamaica 

and Bahamas (described in Chapters 7 and 6 respectively) 

c) Sample location, description and radiometric age data 

for speleothems from Grotte St-Elzear, Quebec (described 

in Chapter 7) 

d) 	 Sample location, description and radiometric age data 

for speleothems from remaining areas (eg. West Virginia, 

Canadian Rockies, etc.) 

abbreviations used : 

£/st = flowstone, stalag. stalagmite 

stalac. = stalactite, xilln crystalline 

g.l. = growth layer 

* = flowstone, growth layer analysed in two directions 



a) Location, description and a~e data for Jamaica spelcothcm 

Cave Name 
fr Location 

J acksons 

!lay 

Cave 

Goldings 


Cave, 


Auchtem 

beddie 

Oxford 

Ca ve, 

Auchtem
beddie 

Cave 

River 

Cave, 

St.Ann 

Coffee 

Riv er 

Cav e 

Speleo Location Speleothem Description Analysis 

thcm 
 No. t Location 

Number 

75300 In situ on wall 7cm deep dissected fossil f/st top lcm 
just beyond 

-3 
yellow clear calcite near top 


Lead-On crawl. 
 porous,macro-xilln calcite top lcm- 5 near base. 

ba sa l lcm- 7 

-8 top lcm 

75301 -1 basa l 5cm 
ber, on mud. 
Coliseum Cham- 157cm long loose stalag., well 

laminated in base and top, 
middle· is re-xi llised ? 

27-3lcm from 
base 

C-1 

top 2cmD-4 

75320 In entrance 29cm long loose stalag.showing basal 3cm 
passage 

-I 
re -solution features on outer 
surface. Contains several 

top 2cm-2detrital layers. 

-3 "' 16cm from 
base 

- 4 t"' 2lcm from 
base 

75335 Part of cave 7cm deep piece of f/st, deeply top 0.Scm 
wall, "' 200m 

- 3 
scalloped by re-solution. Non


inside cave. 
 ·P.orous texture. 
basal 0.5cm-4 

basa l 0.5 - l cm -5 

75341 I Gour Passage 23cm l ong loose stalag. with basal l.5cm 
surface re-solution features, 
some detrital layers. 

-2 

t op 2.Scm-3 

\-1\ I"' 14 cm from 
base 

75342 I Gour 25cm l oose contain~ -2 

u AGE (Ka) Corrected AgeYields c·•)I 234u 1(·234u) I230Th I230Th 
(ppm) :!: la :!: lau Th 238u ~ o 232Th 23'1u 

0.22 62 13 0.906 0.833 25 0.829 205 6+ 82 · 3 
. - 44.9 

0.28 27 25 0.966 0.926 9.1 0.913 278 2+ 57 · 31259 7+ 58 · 4 
. -37.0 . -38.2 

0.36 I 47 40 1.015 1.027 37 0.835 193 7+ 25 · 4 
. -2 0.6 

0.371 51 13 0.9891 0.981 I 69 0.823 189 2+ 30 · 2 
. -23.6 

o. 12 I 14 7 0.9881 0.9871 7.7 0.213 + 4 , 71 r26.0_ 4 . 5 21. 3±8. 5 

o. 13 I 36 11 1.0921 1.100 I 7 .3 0.227 +12 .0 +27 . 9_
10 

. 8 1 23.6_22.4 

+ 2. 90.201 37 6 I 0.9371 0.9361> 10001 0 . 017 1 9. - 2 .8 

2+25.9 126 5+32.20.081 60 26 1.034 1.051 8. l 0.735 142 . -2 0 .9 '-27.7 

7+ 8.8 60 8+12 . 4 0. 09 I 53 57 1.0841 1.1061 4.1 I o.547 84 . 8. 2 . - l l. 9 

2+ 105 6199 · 2 188 5+ 112 ·0.06! 65 25 0.9501 0.913 13.8 0 . 830 . - 51.5 ' - 59.5 

0.081 59 56 I 0.970 1.073 I > 350 2.7 

156 4+ 10 · 61.061 22 35 1.196 1.304 135 0. 788 . - 9 . 8 

74 0 83 10.271 27 11 187 ·3+ · 1180 4+ ·1.003 1.004 20 0.823 ,. -43.6 . -53.6 

8+ 15 4189 ·0.621 38 32 1.100 47 0.8431.170 . - 13.6 

18.7 ±2.I I 10.9±4.Io.321 15 361 o.9871 o.9861 3.4 I 0 . 158 

0.3 41 47 23 I.01~ 1.0161 5.3 I 0.046 5.I ±0.51 3 . 7:!:1.0 

+7.58.2 +3.20.311 17 16 1.01~ 1.0171 6.0 I 0.073 6.2 _7.6-3 .1 

Passage l ong stalag . 12. 2± 2.4 6 . 7±4 . 7 0.97ll 0 .9 70 I 3.3 I 0.106outer 0.5cm a~ 0. 27 1 25 12 
an inner stalag. tor I 

.j:::. 
as -2 I 0. 30 86 51-3 0.99~ 0.9891 3.0 I 0.1 29 15.0± 0. 7 7.9±1.4 0\ 

75350 I In roo f of -112 cm long .!:_~ si tu stalag . , - 1 basa 1 3cm 
s t ream passage contains 1 hi a tus 
on fallen block 

-2 top lcm 

VI 

56.4 + 4. 2 38.. 9+ 6. 81 .0560.131 75 48 l.066 4.1 0 .4 07 
- 4 . I - 6.7 

25 .5+ 7.1 8.7+15.0 
- 6 . 7 - 15 . l 

l . 00 3 o. os I 87 58 1.003 2.2 0. 210 



234234u 230Th 230ThLocation Corrected AgeCave Name Speleo- Speleothem Description AGE (Ka)Analysis u Yields (01) 0
(.~)o ± la ! l<JE. Location them No. Location (ppm) ll Th 238u 23'1lJ232ThuNumber 


4 9 
 2
70 5+6 ·84 3+ ·Coffee 75351 
 Attached to _ 90cm long stalag. containing 3cm above base 0.24 41 44 
 1.030 1.038 6.8 0.542A-2 
 . - 4. 7 
 . -6.0
fallen block many detrital layers near base. 


River 
 in streamway, White non-porous calcite, 65 o+ 7 · 627 21
5cm from base 0.21 0.989 0.986 7.0 0. 511
A-3 
 77.< ~:~ . -7.3 

Cave 


not in growth some re-solution holes near 
position. middle. 

6 0
52 4+ ·0.09 18 17 
 1.3951. 341 
 17.3 0. 390
C-2 
 "' 60cm from 48.8:~:~. - 5.7
base 


3 9
59 4+ ·0.10 1.106 1.125 25
61 58 
 0 .425-5 "' 45cm from . - 3.8
base 

58 3+11.6 48 3+18.548 28
top 2cm 0.16 0.898 0.880 7.2D-10 
 0.412 . -10.4 . -17.7 


75353 
 Top part of 16cm long piece of stalag., basal 3cm 1. 96 
 49 30 
 1.038 1.040 155
-1 0 .136 
 15. 8± 1. l 
longer stalag. dense white calcite. 

not in growth 
 . 1.117top lcm 78 77
-2 0.19 1.110 23 
 0.166 19.6± 1.6 
position in 
streamway 

Runaway 173.8+223.02.1 10
basal 5cm75371 
 Donated by J. 17cm long stalag.white-yellow 0.03 0.929 0.884 > lOOC 0.786-1 
- 91."iLewis, show cav calcite 


Bay 
 owner 


Cave 


flutchin 222 6+ 36 · 9-175390 
 basal 3-,.5cm 80 64
At entrance of 22cm long stalag. , in situ, 0.23 0.876 0.755 0.8589 .1 
 241.(;~:~ . -27.3
shows surface re-soTUtionside passageson's features, contains hiatusnear base of 87 8+23.3> 1000
top 2cm 0 .17 
 54 6 
 0.949 0.934 0.551-2 . -19 . 1 


Hole 

near top.hol,e: 

+:::
0\ 
+:::



b) Stable isotope data for Jamaica and blue hole speleothem 

Jamai ca 

18 013c
Speleothem Analysis Distance alo"~ ~ . ( · i5 O~-)DB( c 0 ·,( o,t;)DBNo. No. (cm) 

75351 

75341 

75300* 

Bahamas 

78033(g.l.) 

351B- l 
B-2 
B-3 
B-4 
B-5 

341A- 1 
A-2 
A-3 
A-4 
A-5 

300A-l 
A-2 
A-3 
A-4 
A-5 
A-6 

033-1 
-2 
-3 
-4 
-5 
-6 

0 
2.2 
5.1 
7.9 

11. 2 

0 
1. 7 
3.0 
4.0 
4.8 

0 
3.6 
7.5 

11 . 7 
2.4 
5 . 0 

0 
4.4 
9.0 

13.9 
17.8 
19.1 

from A- 1 
II II 


II ti 


from A-5 
II II 

from -1 

- 1.4 2 
-1.18 
-1.06 
-0.86 
-0 .60 

-4. 61 
-4. 52 
-4.10 
-4.48 
- 3.87 

-4.09 
-4.2 6 
-4.31 
-4.21 
-3.88 
-4.20 

-4.42,-4.55 
-4.4 1, - 4.40 
-3 . 99,-3.97 
- 3.88,-3.83,-3.78 
-4 .01,-3.92 
-3.68,-3.71 

-9 136 
- 9.16 
- 9 .10 
- 8.74 
- 8.38 

-11.65 
-11. 90 
-11.50 
-11. 35 
-10. 98 

-9.07 
-9 .13 
-9.38 
-9.17 
-8.66 
-9 .35 

-4.09 
-3.63 
- 2.94 
-2.63 
-2.88 
-2.27 

.j::::.. 

°'Ul 

http:3.68,-3.71
http:3.88,-3.83,-3.78
http:99,-3.97
http:4.42,-4.55


c) Location, description and a[ C data for lirotte oe Saint-Flzear sreleothem 

C::ive Name 
&Location 

Speleo
them 

Number 

Location Speleothem Description Analysis 
No. Location 

u 
(ppm) 

Yields(°;) 
u Th 

234u 

238u 

23·1 

C.238u)o 
u 

2.\1\h 

2.,2Th 

.dUTh 

23'1u 
AGE 

:!: 
(Ka) 
In 

Corrected Age 
.i lo 

Grotte de 
77023 Salle des Ours 

on surface of 
breakdown 

4cm long loose stalag. - 1 top lcm 0.06 59 49 2.130 3 .118 22 0.991 223.9:~~:~ 

Saint-

Elzear, 

Bonaventure 

Quebec. 

77024 

77026 

77027 

as 

as 

as 

77023 

77023 

77023 

3cm long stalag., cemented 
loose block, appe3rs to be 
growth position. 

4cm long loose stalag. 

6cm long loose stalag. 

on 
in 

-1 

-1 

-1 

top l.Scm 

basal 2cm 

basal 3cm 

0 . 10 

0.22 

0.41 

39 

76 

46 

28 

68 

65 

2.406 

2.289 

1.752 

3.120 

2.888 

2.332 

13 

14.8 

39 

0.844 

o. 783 

0.935 

154 7+ 12 · 6 
. . -11.S 

135 9+ 7· 6 
• - 7. 2 

204 8+ 13 · 2 
. -12.0 

146 3+ 14 •4 
. -13.S 

128.s: ::~ 

77029 Grande Salle 7cm long st~lag. cemented on 
block, in growth position (?) 

-1 top 3cm 0.07 31 44 l.914 2.218 5.9 0.650 102 s+ 
. -

7 ·6 
7 .1 

92 5+13.S 
• -12.8 

77030 as. 77029 ,Scm long stalag., 
fallen' block, not 

cemented to 
in situ 

- l top lcm 0.08 62 29 1. 981 2.506 37 0.826 152 8+ 20 · 8 
. -18 . 0 

77040 Salle des Ours 
in breakdown 

12.Scm long loose stala~. -1 basal 2cm 0.32 81 75 2.490 3 .146 65 0.766 129.9: ~:~ 

-2 top 3cm 0 .12 SS 38 2.215 2. 776 42 o. 779 135.s: ::~ 

+. 
(]\ 
(]\ 



d) Location j description and aee data for spc l eothcm from other areas 

Cave Name Speleo
f, l.ocntion th em 

Number 

Cast l eguarµ 77032 

Cave, Banfl 

National 

Park, Alt a 

B.C. 

Gargantua 
Cav~, 

Ptolemy 72025 
Plateau, 
Crows Nest 
Alta.-B.C. 

Norman NBL 

Bone Cave 

W. Va. 

NBS 


Canadian 78042 

Hole 

W.Va . 

Grotte 
75037Valerie 

Nahanni 

N.W.T. 

McFails 750.32 

Cave , 

N.Y. 75034 

MCFA 4 

Warm Mincra 
Spr ing, Fla. 78010 

South Norwa~ 78006 

78007 

Wind Cave 76020 
South Dakota 

Location 

On mud at base 
of 2nd pitch 

Speleothem Description 

~ 15cm l ong loose stalag, dense 
white-yellow calcite. 

Interprovincia~ 15cm piece of large l oose stala 
Way 

In stream near 
lfal£-\Vay Room 

as NB L 

On dried mud 
roof tube of 
Neasy Strole 
streamway. 

Buried in 
lacustrine 
sediment 

in 

In situ on f/ s 
covered by mud 
in s treamway. 

In situ on mud 
and gravels 2m 
above stream 

Loose on mud 
bank. 

At 15m depth in 
springs 

overlying clay 
breccia 

Bur ied in grave 

-


ctite, previously dated by 
R.S.Harrnon. 

49cm long loose stalag. White 
calcite with some re -solut ion 
holes •. 

24cm long l oose stalag., contai 
11s re-so lution holes and detri:tal 

layers. 

Short sta l agmite s howing much 

surface re-solution, clear 

amber calcite. 


brown laminated stalactite boss 

13cm long stalag., clear yellow 
calcite. 

29cm l ong s talag. , c l ear 
ye llow calcite i11 upper part, 
lower part contains de t ri tus. 

flows tone co ll ected and <lnt e~ 
by C.J. Yonge 

Massive f/st-stalactite, porous 
and tufa - like. 

thin f/st veneer . 


7cm thick f/st, white-yellow 


lcm thick pool encrustation 

No. 

- 1 

-2 

-5 

-Bl 

-Al 

- fl 

-B 

-1 

- 1 

-1 

- 1 

-

- 1 

-.2. 
-1 

-2 

- 1 

- 1 

An iil ysi s 
Locatio11 

basal lcm 

top 2cm 

central core 
c.f. Harmon 
analysis 

t op 5cm 

u 
(ppm) 

2.62 

2.51 

2.91 

3. 40 

basal 5cm 5.60 

top lcm 0.80 

basal 3cm O.RO 

composi t e pie::.E 3 . 33 
of f/st base. 

outer (=yomge 
lcm 

top lcm 

top 3cm 

a . piece 

a piece 

__a_pi~r~ 

several pieces 
" " 

basal 2cm 

lcm thickness 

27.8 

2.23 

4.22 

2.66 

3 .47 

1 q_i 

0.30 
0.28 

0 .11 

3.57 

Yields ('l ) 
u Th 

35 29 

71 63 

35 63 

40 51 

24 17 

19 43 . 

11 24 

41 14 

44 37 

71 51 

48 57 

36 42 

58 31 

52. _19 

37 77 

28 12 

43 37 

234u 

238u° 

1.401 

1. 362 

234 u 
(.238:":")0 

. u 

-

1.788 

1.057 

2.2601. 971 

1.917 2 .281 

2, 3071. 705 

1. 88 7 

1. 71. 2.101 

0.950 -

2.030 2 .139 

3.612 3 .672 

2.673 2.891 

0.99 2 0 .992 

l .006 1 .006 

1.179 1. 281 
1. 207 1. 211 

1 . 114 1.180 

230Th 

232Th 

202 

274 

77 

49 

23 

68 

69 

> 1000 

200 

233 

93 

38 

31 

..s. C) 

2.5 
0.9 

9.4 

2:rnTh 

23'1u 

1.080 

0.995 

1.007 

0.613 

0. 723 

0 . 961 

1. 14 0 -
0.82 2 

0.961 

0.289 

0.073 

o. 343 

0.110 

La. .12.1. 
0.058 
0 .069 

o. 791 

AGE (Ka) 
:!: Jn 

> 350 

277 8+26.1 
. -21. 6 

> 350 · 

93.5±4.(J 

121. 3±7. 7 

221.4± 14. 4 

> 350 

155 3+ 9 · 0 
. - 8.4 

> 350 

36. 0 ± 1. 0 

8 .2 ± 0.2 

43,6 ± l.2 

12.6 :t 0.3 

-11-4. + JL..U. 
6.5 ± 0.6 
7.8 ± 1.6 

162. 0 ~i~:g 

56 5 1 .568 - 33 1.099 > 350 

Corrected As:c 
:+. In 

leached? 

+:>
..lQ Q:!:_l .l 0\ 

2 . 6±1 .1 
-5. 2±4 .1 

148.2~~~:~ 

---.1 
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