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ABSTRACT 

Calcite speleothems, if shown to be formed under con

ditions of isotopic equilibrium with their parent seepage waters, 

can be used to determine relative changes in the past climates 

from measurement of 6 1 ~ of the calcite. Furthermore, if 6 1 ~ 

of the parent seepage water can be estimated and shown to be 

equivalent to meteoric precipitation falling at the cave site, 

then depositional temperatures can be recovered from the tern~ 

perature dependent oxygen isotope fractionation of the calcite-

water pairs. Cave temperatures generally reflect mean annual 

surface temperatures above the cave. Thus, should the deposi-

tional temperature accurately record the cave temperature, then 

analysis of successive growth layers in speleothems should pro

vide a direct measure of past temperature change at a given 

site. Estimates of 6 1 ~ of past seepage water can be made, in 

principle, because speleothems incorporate seepage water with-

in inclusions as they grow. However, since oxygen in the fluid 

inclusion water may exchange with that in the carbonate phase, 

hydrogen isotopes, which cannot exchange, are measured instead. 

61 80 of the original seepage water can then be inferred from 

on, if seepage water can be shown to be equivalent to included 

water, because meteoric relationships exist which link them. 

Work prior to this study suggested that, following the method 

outlined above, isotopic temperatures could be recovered from 
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speleothems. 

The early part of this study involved the construction 

and operation of a mass spectrometer and associated extraction 

line for oD analyses and some modification to existing appara

tus for o 1 U analysis. 

Water samples were then analysed from a number of cave 

sites, mainly in the Eastern U.S., to check the isotopic equiv

alence of seepage water to meteoric precipitation and observe 

seasonal isotopic variations in seepage and soil water with 

respect to meteoric precipitation. The general conclusion 

reached was that seepage water was equivalent to meteoric pre

cipitation and that no seasonal variation occurred in those 

caves studied in detail. Study of an Antarctic Ice Core 

showed that the o1 80-0D relation of meteoric precipitation 

during the Wisconsin Glacial Maximum was different from that 

at present. 

The latter part of this study was concerned with the 

systematics of water extraction and the isotopic measurement 

of water-calcite pairs from speleothems. A previously devel

oped technique, involving crushing of the sample in vacuum 

prior to freezing over the liberated water, was found not to 

be as reproducible as had been stated in the literature, and, 

as a result, an extraction method by heating was developed to 

replace it. Although great difficulty was encountered in get

ting this technique to function, it was found, eventually, to 
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save time in operation, to liberate up to 2.4 times more water 

and give greater reproducibility than the crushing method. 

Attempts to demonstrate the isotopic equality of the two 

methods was only partially successful however, but both methods 

seemed to yield water from speleothems that was isotopically 

depleted with respect to their parent seepage waters. 

For the latter reason, experiments were undertaken to 

characterize the water within the calcite because of the pos

sible presence of structural, isotopically modified water. 

Petrographic observations left no doubt as to the presence of 

fluid inclusions from SOwm down to unresolvable dimensions but 

it was questionable as to whether or not all the water lay in 

these sites. IR, polarized IR and neutron diffraction spectro

scopy of powders in the lOOwm range failed to reveal the pre

sence of oriented water in the calcite lattice although 'liquid' 

water was still observed. 

The isotopic depletion of calcite-bound water with res

pect to parent seepage water in modern' samples was found to be 

22.1 ± 3.9%o in oD. This value, when applied to oD profiles of 

six fossil speleothems to retrieve original seepage water o~aives 

rise to calculated calcite-water paleotemperatures that 

are above zero. Comparison of these modified oD and tempera

ture profiles with other records, such as deep sea and ice cores 

suggested that paleoclimatic information can be obtained from 

isotopic studies of speleothems. The mechanism(s) responsible 
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for the isotopic fractionation of calcite~bound water as it is 

incorporated into the speleothems during growth is speculated 

upon as an absorption~like phenomenon but no firm conclusions 

are reached. 
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CHAPTER ONE 

STABLE ISOTOPE STUDIES OF SPELEOTHEMS 

1.1 Geothermometr~ 

Speleothems are deposits formed within caves by 

chemical precipitation. Although a large variety of minerals 

may occur as speleothems, calcite is most frequently encountered . 

Deposition of calcite in caves occurs when dissolved co 2 

usually generated in the soil zone , outgasses as seepage 

water comes into contact with cave air at consiaerably lower 

PCO . If such deposits can be shown to have grown in isotopic 
2 

equilibrium with the seepage wat er, oxyg~ isotope ratios 

can be used to recover depositional temperatures. Criteria 

for recognizing a deposit grown in isotopic equilibrium have 

b een se t out by Hendy (1981). Calcite-water geothermometry 

was originally suggested by Urey (1947) and subsequently applied 

to marine biogenic deposits by Urey et al. (1947), Epstein et 

al . (1951) and (1953) and Craig (1965). Since speleothems 

can also be dated by various means, including U-series dis
/ ,. 

equilibrium methods (see Chapter 2), they have good potential 

as paleotemperature recorders (Schwarcz et al., 1976). 



2 

The paleotemperature scale proposed by Urey et al. 

(1951) is based on the fact that the equilibrium constant 

for calcite-water isotopic exchange (K ) is d e pendent on . cw 

temperature; the reaction establishing the constant being: 

l /3CaC 16 0 +H 16 
3 2 

l/3 1603 + H2 160 .................... (1.1) 

f or which 

or rewritten as 

Bec ause the reaction involves a one atom exchange, at equilibrium 

\I GL = a = R /R •••••.••.•....•••........•..•.•...... ( l • 4 ) \ cw cw c w 

wh e r e acw is the measured separation factor for calcite-water 

and R and R refer to the 16 0/ 16 0 ratios measured in calcite c w 

a nd wat e r phases r e spectively. 

oK) The relationship between a and~emperature (T 
CW I 

wa s e xpe rimentally determined by O ' ~eil et al . (1969) and 

modified by Friedman and O' Neil (1977) for co 2-H2o 

e xchange at 25°C , yielding the r~~ationship used throughout 



this work, namely 

3 6 -2 10 lna = 2.78(10 T l- 2.89 •...................... (~.51 cw 

If the del form (see appendix Cl)_ )_ is required then 

a ={ 1000 + o 18 0 (calcite)}/{ 1000 + o 1 8 0 (water)} ...... (_1. 6) cw 

or 

l0
3lna 'V o1 8 0(calcite) - o18 0(water) •.......•...... Cl~7) cw 

may be applied. Equation 1.7 can be used for convenience ~n 

reactions at ambient temperatures since the approximation 

results in very small error in estimating the fractionation. 

The problem almost invariably encountered with 

ancient deposits is that generally the water phase is absent 

J 

and assumptions have to be made as to its isotopic composition. 

Fortunately, speleothems always contain water and if this 

water can be shown to be an unaltered aliquot of the precip-

itating solution (an aliquot of the paleowater) then isotopic 

temperatures can be determined by the above method. However, 

a problem arises here , too, in that post-depositional exchange 
. 

of oxygen between calcite and water may occur as the site 

changes temperature with time. Since small quantities of 

water are involved (typically 0.03 wt.%), calcite oxygen 
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would essentially be unaltered but, conversely , the isotopic 

ratios of water would be radically changed . A way of avoid-

ing this prob l em is to measure the hydrogen isotope composition~ 

instead , because there is no hydrogen in the calcite . To apply J 
this , the relationship between 6D (appendix ( 1 )) and 6 1 8 0 must 

be known in order to infer oxygen isotope ratios of the water 

at the time of deposition. To a first order relationship 

6D = 86 18 0 + ctt . .... . . . .... . ... . . . ... . ..... .. ...... .. . (1.8) 

where dt is the intercept at time t . d
0 

= 10, the present day 

value, may be applied since it fits most data for modern 

meteoric waters (Craig , 1961 and Dansgaard , 1964). It is 

assumed above that cave seepage water is equivalent to 

meteoric water falling at that site. However, evidence is 

accumulating to suggest that dt varies both spatially (for 

example Evans et al., 1978 , Harmon et al ., 1978, Ambach et 

al., 1976 , Molinari , 1977.) temporally (see 3.2) . This 

subject will be discussed i n greater detail in Chapter 3. 

Wigley (1975) has shown that caves respond slowly 

to changes in external climatic conditions such that cave 

temperatures tend to b e one to two year aVerages of those of 

the surface above the cave. Speleothems thus respond to secular 

climatic changes as they grow .§nd in do}ng so are potentially effective as 
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paleoclimatic recorders. 

1.2 Paleoclimatic Interpretation based on Calcite only 

Having described the speleothem geothermometer and 

alluded to some of its associated problems, it seems approp

riate to review paleoclimatic studies based on the calcite 

phase only. Two approaches are possible with the measurement 

of both carbon and oxygen isotope ratios. If these are 

measured along a growth axis of a speleothem then profiles 

can be obtained which may be interpreted in terms of climatic 

change for the period of growth. Analyses along a growth 

layer are used to determine whether or not equilibrium depos

ition has taken place (Hendy, 1971). Figure 5.1 shows such 

profiles. Variations in o13 C (appendix (1)) may reflect 

change in vegetation type which contribute co2 to the system 

but this is further complicated by interaction between dis

solved carbon species and the bedrock before deposition (Wigley 

and Brovm, 1976). Variations in o180(calcite) for an 

equilibrium deposit are due primarily to two factors: 

1) change in cave temperature, 

2) change in o18 0(seepage). 

The first contributes about -0.25%o/°C at ambient temperatures 

whereas the second is variable both from site to site and 

through time at a given site. Factors affecting o18 0(calcite) 

have been described for example by Harmon et al. (1978) and 

more exhaustively by Gascoyne (1979). These are summarized 

below: 

i) temperature dependence of 6 18 0 of precipitation 
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(.IAEA, 1979) can yield values from +0. 9%o / 0 c for Antarctic 

snow to as low as +O.Ol%o/ 0 c for Bermuda. Continental sites 

tend to be around +0. 3%o/ 0 c which works in opposition to 

factor 1), the temperature dependence of a . 
C\v 

ii) effect of changing storm trajectory on 8 1 8 0 of 

precipitation. The values and sign of this effect are diff-

icult to assess but climatic modelling has been attempted for 

North America during the Wisconsin glacial maximum (Gates, 

1976). As a result, Harmon et al. (1978) have concluded that 

since the precipitation regime at the time is equivalent to 

winters of today in mid-continental U.S.A., then little 

change in o1 8 0(precipitation) would be expected. That is to 

say, winter and summer precipitation are separated only by 

factor i). Whether this situation exists for other parts of 

the world or applies during glacial/interglacial transitions 

remains to be investigated. 

iii) ice volume effect which causes the 1 3 0 content 

of the oceans to increase in proportion to the ice stored on 

the continents. The maximum enrichment of 1 8 0 in the oceans 

has been determined as +1.80 %. (Shackleton and Opdyke, 1973, 

Ninkovitch and Shackleton, 1975). Further uncertainty is 

attached to this effect since the correction depends on match-

ing speleothem dates to deep sea core records. 

Thus it may be seen that the uncertainty in magnitude 

and sign of the temperature dependence of o1 8 0(.seepage), and 

hence, subsequent determinations of o18 0(calcite) variations 

in terms of temperature only is complex and difficult. In 
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spite of this, considerable contributions to glacial chron-

ology have been made by many workers \ principally Hendy and 

Wilson (1968), Thompson et al. (1974 and 1976), Harmon et al. 

(1977, 1978ct. and 1978b), Gascoyne et al. (1978 and 1980) and 

Gascoyne (1979). 
0 

One further point should be mentioned; pbservations 

of 8 1 8 0 of modern calcite allow 8 18 0 profiles to be interpreted 

in terms of warming and cooling phases. This is possible 

because there is presently an interglacial maximum~ modern 

calcite 8 1 8 0 thus pertains to a warm period. Peaks and troughs 

of 8 1 8 0 along the axial profile can be compared to the modern 

calcite value and the sense of temperature change can be in-

ferred (see for example fig. 1.1). A general conclusion is 

that for most sites studied speleothems tend to be enriched 

in 1 8 0 with respect to modern and interglacial calcite and 

d o 1 BO/ dT < o7except for caves on Vancouver Island where the 

trend was found to be reversed (fig.4.4). This reversal of 

trends is probably due mainly to factor i) in which the high 

value of d o 18 0 / dT (temperature dependence of 8 18 0 of precip-

itation) causes the sign to change (Gascoyne, 1980). 

The analysis of "paleowaters" from speleothems does, 

1n principle, remove the need to apply factors i), ii), and 

iii) which lead to uncertainty in d o 1 8 0/dT of seepage. 

Extraction and analysis of fluid inclusions could be used to 

determine temperatures directly. This important approach and 

progress made to date is reviewed in the latter part of this 

Chapter. 



Figure 1.1 Variations in the 180/ 16 0 ratio of calcite 

speleothems from six areas of North America 

over the past 200,000 years. The curves were 

visually fitted to data points uniformly 

distributed throughout the measured intervals. 

Vertical arrows indicate 230 Th/ 234 U age 

control for each composite record. 

After Harmon, (1975). 
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1.3 Water in Speleothems 

1.3.1 Optical Observations 

10 

In thin section, water is observed to be trapped in 

cavities from 10-15 vn in diame t er (plate 1 . 1). Larger cavi-

ties appear to be elongate, tear-drop shape inclusions or 

n egative crystals. Inclusions are numerous in some growth 

layers and completely absent in others. Elongate inclusions 

are often oriented at right angle s to the growth layers and 

subparallel to the crystal c-axis suggestive of trapping at 

compromise boundaries as competitive crystal growth comme nced 

(Bathurst, 1974 and Schwarcz et al., 1976). Although most 

large inclusions are filled with water, some, when viewed 

microscopically in polished section, appear to be only part-

ially filled which may be due to leakage ~r trapping of air 

bubbles. Some appear to be anastamosing into channels 

that may account for leakage, should it occur . Cutting of 

sections may also result in leakage. 

Smaller inclusions are more common and tend to be 

linear (spindle-shaped) cavities (plate 1.2) often closely 

spaced and parallel to the crystal optic axis, even where the 

axis itself is not normal to growth layers. 

~' I 
Inclusions that are not resolvable by light micro-

scope are pseudo-pleochroic (w=mid-brown, E=colourless) 

and under SEM are seen to be similar to the linear inclusions 

described above. These are concave and triangular in cross-

section (plate 1.3) . 



Plate 1.1 Detail of large, thorn-shaped inclusions showing 

marked growth anisotropism and constrictions 

(arrowed) ; 

Host calcite grew towards the top of the 

photograph; 

After Kendall and Broughton, (1978). 
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Plate 1.2 Detail showing linear fluid inclusions. 
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Plate 1.3 Fracture surfaces of columnar calcite crystals 

in stalactites. 

A: General SEM view to show inclusion-rich layers 

(scale= 20~m); 

B: Detail of A (arrowed) ,inclusions appear as 

spindle-shaped depressions and are interpreted 

as parts of elongate cavities that lie between 

close-packed, partially coalesced crystallites 

(scale = lOO~m); 

C: SEM view of fracture surface oriented normal to 

that in A and B, and approximately parallel to 

a former growth surface; triangular pores 

(arrowed) are interpreted as remnants of former 

inter-crystalite spaces (scale = lO~m); 

After Kendall and Broughton, (1978). 
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Wate~ is also seen in thin section where rhom~ohedral 

terminations occur at growth layer boundaries and sometimes 

within growth layers themselves where abundant impurities 

exist . 

In hand specimens, only the larger inclusions have 

a milky-white aspect . Where micro-inclusions are present, 

speleothems may appear quite transparent. Growing stalactite 

surfaces are rough to the touch, indicative of crystal growth 

rather than to dissolutional processes. Thi s suggests that 

the inclusions probably result as crystal growth advances, 

trapping water between the crystallites. Genetic interpret

ations of speleothem fabrics will be discussed in Chapter 4 

1. 3 . 2 Extraction of water 

Water has been extracted from frpaleothems by crushing 

the sample under vacuum and transferring the released water 

vapour to a liquid nitrogen trap. The crushed residue is 

0 heated gently at about 200 C to remove any absorbed water 

(see Chapter 2 for details). 

In a pr e liminary study Schwarcz et al. (1976) made 

isotopic analys es of what they referred to as "fluid inclusions " 

in speleothems. They set out to demonstrate that these fluid 

~"' 
inclusions were aliquots of meteoric water, first, by showing 

that cave seepage water and local meteoric precipitation 
• 

had similar isotopic compositions /~t seven sites across North 

America, and, second, by looking at four modern deposits 

from Bone-Norman cave in West Virginia. 



Figure 1.2 D/H and 180/ 16 0 relationship for cave seepage and 

spring waters in study areas. Seasonal data from 

the Mammoth Cave National Park, Kentucky site are 

shown in the insert (after Harmon, 1975). 
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In the first case, considerable scatter about the meteoric 

water line was encountered Cfig. ~- 21. No regression line 

was calculate~presumably because of the tendency for each 

area to generate its own particular relationship. However, 
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their conclusions pointed generally to isotopic equivalence. 

The study of modern deposits suggested that trapped water was 

isotopically equivalent to heavier summer precipitation. They 

suggested that this is due to the tendency for calcite precip-

itation to take place during the warmer months. In retrospect 

though, this seems a little odd since subsequent work (see 

Chapter 3) indicates that at most sites, seepage water repre-

sents an integration of at least all annual meteoric precip-

itation and its isotopic composition does not change through-

out the entire year. They went on to study a site in 

Kentucky to attempt to establish its present day meteoric 

water line. Temperatures redetermined on the basis of 6 18 0 

inferred from this "new" meteoric line changed only a small 

amount (_l. 5 
0 C) as compared to those calculated from the 

global line given by d = 10. This amount is insignificant 
0 

since their claim of precision for the method was ±2 °c 

(ignoring error in the meteoric water line). 

At this point, no check of the integrity of ancient 

fluid inclusiorncould be made and post-depositional leakage 

remained a possibility. However, temperatures calculated 

from "modern" deposits ranged from 5. 4 to 14 .l °C)l yielding an 

average of 9.0±2.3 °c compared to 11 °c for the site today. 
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Studies of seepage-water soda-straw calcite pairs for five 

areas gave isotopic temperatures the same as cave temperatures 

within experimental error. 

Given the uncertainty of isotopic temperatures in 

modern deposits, their findings for old speleothems were 

roughly in accord with other glacial chronologies. They 

further observed that temperatures between cold periods rose 

to values greater than or equal to those today. Bermuda was 

problematic in that their interglacial temperature of 4 °c 

is extremely unlikely since evidence from coccoliths suggests 

temperatures in excess of 10 °c even during full glacials in 

the region (Mcintyre, 1967). 

In all the areas studied,except Mexico, the dominant 

effect on 8 18 0 of calcite was found to be a which in turn cw 

depended only on cave temperature, hence allowing a general 

interpretation of isotopic profiles in terms of warming and 

cooling events. 

In a further study, Harmon et al. (1979) considered 

the change in oD through time from five North American sites. 

A significant change in oD of around 12 %. from the Wisconsin 

Interstadial to Wisconsin Glacial Maximum was suggestive of 

the integrity of fluid inclusions. Had they leaked, some 

sort of homogenization of the record would have been antic-

ipated. Their conclusions pointed towards a depletion in 

deuterium during glacial periods by a maximum of 45 %o and 

an average of 12 %o compared to modern precipitation. 
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Enrichment in deuterium occured during the last interglacial. 

Th e y found trends to be the same in different areas and a 

correlation with foraminiferal r ec ords used for det e rmining 

past ocean water compositions (Ninkovitch and Shacklet on , 

1 9 75). Compar i son with the modern oD contour map of North 

Amer ica (Taylor , 1974) showed a southward shift in contours 

consistent with that det e rmined for ic e margine . In passing , 

it should be mentione d that a 1 2% decr e ase in oD during full 
0 

glacial stands is at odds with some records such as paleo-

wat ers from the London Chalk ( Smith et al. , 1976) and Floridian 

aquifers (back and Hanshaw, 1979) and ancient tre e rings 

(Yapp and Epstein , 1 977) , whil e agreeing with some other 

pal eowa t e rs (Sonntag et al ., 197 9 , Davi es et al., 1 968 ) . 

In a final contribution , Harmon and Schwarcz (1981) , 

u sing the data of Harmon et al . (1979) , tried tore-

concile the fact that 38 out of their 49 fluid inclu s ion 

anal y ses when combined with o 18 0 of their host calcites, 

yi eld n egative t e mperatures . Using the oretical calculati o n s 

(Merlivat and Jou ze l , 1979) and experimental data (Epstein 

et al. , 1970) , they ob t ained positive temperatures by a shift 

of the meteoric water line such that d 
0 

is reduced from 10 t o 
,~ 

0 (see equation 1 . 7) . In conclusion , the y suggest ed that a 

continuous change in d
0 

from 10 to 0 norma l ly o ccurs over 

/ 
glacial/interglacial transitions and that examination of appro -

priate ice cores should allow paleotemperatures to be corrected , at least from thE 
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last glaciation. 

1.4 Justification of the present study 

The possibility of direct determination of isotopic 

paleotemperatures potentially places speleothems high in 

importance amongst other Pleistocene paleoclimatic recorders. 

The need for further work from this point of view is obvious. 

However, it is not possible to say from the preceeding studies 

whether or not the method really works,although indications 

are that it has promise. Negative and variable temperature 

determinations are clearly a problem. Are these really an 

effect of past meteorological variations or due to some 

mechanism acting during or after speleothem precipitation? 

Perhaps such effects are experimental artifacts. 

In attempting to answer these questions work has 

centred on improvement of experimental techniques for extract

ion and analyses of water from speleothems. The research 

first required the construction of a mass spectrometer for 

measurement of D/H ratios. Subsequently, on-line extraction 

systems that could be modified were developed. New extract

ion techniques were also attempted and characterization of 

water within speleothems became an important part of the 

study. 

An initial study of cave seepage water was made to 

try to elucidate seasonal biases in precipitation and 

establish geographic variation in meteoric isotopic relation

ships. Furthermore, an ice core was studied to confirm 

meteoric isotopic relationships during the Wisconsin glacial 



stage. 

Given that systematic problems can be overcome, a 

wealth of knowledge can be obtained from these ubiquitous 

deposits. Not only could paleotemperatures be worked out, 

24 

but in addition, secular variations in meteoric precipitation 

over glacial cycles could be studied and rates of deglaciation 

assessed. A few temperature determinations made on a given 

speleothem would allow a detailed o18 0(calcite) record to be 

calibrated and variables affecting 6 18 0 of the calcite could 

be calculated. New extraction techniques could lead to the 

use of smaller samples thus allowing detailed oD(water) 

profiles to be generatedptoo. 

As an extra bonus, the new extraction system developed 

in this study was found to be applicable to other materials 

besides speleothems; namely to various types of hydrothermal 

and hydrous minerals. 



CHAPTER 2 

EXPERIMENTAL METHODS 

2.1 Dating of Speleothems 

2.1.1 Introduction 

A number of approaches to dating speleothems and 

travertines has been proposed but only uranium series methods 

have been widely adopted. Because all the dates referred to 

in the text were acquired using uranium series dating, it is 

beyond the scope of this work to go into the more or less 

esoteric methods or approaches other than to mention them 

out of interest with appropriate bibliography. They fall 

into two categories, those employing decay schemes and those 

utilizing correlative and/or extrapolative criteria. These 

follow respectively: 

i) Electron Spin Resonance (Karakastonoglou, l98l) , 

1 ~c dating (Hendy, l969), fission track (Truscott and 

Schwarcz, l978), and ~ 1 Ca (cosmic rays on travertines, 

Raisbeck and Yiou, l979). 

ii) Growth band counting (Broecker and Olsen, 1960), 

cave stratigraphy (Waltham, l970), deposition rates of modern 

deposits (Hendy and Wilson, l968), and matching of paleo

magnetic and stable isotope profiles (Latham et al., 1979 

and Harmon, l975 respectively). 

- 25 -



Figure 2.1 Decay chains of naturally occuring and 

artificial radio-isotopes of Uranium 

and Thorium. 
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2.1.2 Uranium Series Disequilibrium Dating 

Uranium series dating has generally been reviewed by 

Ku (1976). Of its application to speleothem dating, there 

has been a number of contributions: Schwarcz (1980 and 1978), 

Gascoyne et al. (1978), Harmon (1975) and Thompson (1973). 

The most exhaustive discussions, including detailed 

experimental procedures, are of Latham (1981) and Gascoyne 

(1979). With this comprehensive literature in existence, the 

principles of these dating methods will be described only 

briefly. 

Since the relev,ant daughter products, 230 Th and 231 Pa, 

of soluble uranium species (Figure 2.1) tend to be highly 

insoluble, only the parent uranium is transported as a 

complexed species in groundwater. Consequently, during 

calcite precipitation, only uranium is incorporated into 

speleothems, although in practice, some detrital thorium may 

also be trapped on the surface of the growing speleothem. 

After a time t , 230 Th and 231 Pa accumulate and may be used 

in conjunction with in situ uranium nuclides to determine 

the time elapsed since precipitation, providing that these 

daughters have not yet grown into equilibrium with their 

parent uranium isotopes. Thus, for a speleothem initially 

containing no 230 Th, after time t: 

2 3OTh 
( ) = 

l-e-A 2 3 o t 

e34U/238U) 
t 

+ __ A..:.2...::..3...::..o __ ) • ( l- • A 



Figure 2.2 a) Isochron plot of 234 U/ 238 U and 230 Th/ 234 U 

ratios. Isochrons are in years. 

b) Isochron plot of 234 U/ 238 U and 231 Pa/ 230 Th 

ratios. Isochrons are in years. 

Dashed lines show a typical channe in nucJide 

ratios as a0e increases, ~rith an initial 

234u; 238u ratio of 2. 
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where A= (1-e-(). 230 -A. 234 )t) •••.••••...............•.. (2.1) 

(see also Figure 2.2a) and likewise if no 231 Pa is present 

ini~tially then: 

231pa A. t 
( )t = (1- e- 231) .•..••.•...•••.•.•...•... (2.2) 
23su 

where 230 Th and 231 Pa are the daughter products of 234 U and 

235 U respectivelyr and 234 U the daughter product of 238 U 

(isotope abundances are in activity units). A234, A231, and 

A23o are the decay constants for 234 U, 231 Pa, and 230 Th 

respectively. The half lives for 230 Th and 231 Pa are 75.2 ka 

and 32.5 ka respectively and the activity ratio for 234 U/ 238 u 

is generally greater than one due to preferential leaching 

of the light isotope from damaged lattice sites during the 

initial dissolution of bedrock (Gascoyne, 1979). 

Equations 2.1 and 2.2 are combined to give: 

•••••••••••••••••••••••• ("2 • 3) 

where B 
234u 

= {(--
2 3 au 

where 21.7 is the activity ratio of 238 U/ 235 U. Equation 2.3 

is represented graphically in Figure 2.2b where it may be 

seen that the method is applicable back to about 350 ka. Age 

determination from equation 2. 3 may be made wi thou't the 
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addition of a radioactive tracer since the ratio of 

227 Th/ 230 Th can be determined directly and 227 Th is in 

equilibrium with 231 Pa. However, 234 U/238 U must be determined 

independently. 

As mentioned, in practice some detrital 230 Th may be 

carried into the system. Measurement of 230 Th/232 Th allows 

for corrections to be made as 232 Th is entirely a detritally 

derived component. Too much detrital thorium is,however, 

undesir able when one considers that typical uranium 

concentrations in speleothems fall in the range 0.1 to 2 ppm 

and uncertainty in the 230 Th concentration leads to larger 

systematic errors. 

The decay of 234 U excess into secular equilibrium 

with 238 U unfortunately cannot be used because of the 

uncertainty of initial 234 U/ 238 U in freshwater systems. This 

is regretable because dates back to 1.5 Ma could be obtained, 

in principle. A means of getting around the problems of 

initial ratios was conceived by Thompson et al. (1975) for 

samples whose age range fell on either side of the 231 Pa/ 23 QTh 

limit of 350 ka and using initial ratios determined from the 

datable portion of the sample. Unfortunately, 234 U/ 238 U ratios 

fluctuate too much in time and space for this approach to be 

tenable (Thompson et al., 1975a). An alternative approach 

suggested by H.P. Schwarcz is to leach 234 U, derived from in 

situ 238 U, from damaged lattice sites in hope that authigenic 

234 U is more retentive; but the effectiveness of this has yet 
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to be established. 

Preparation of samples for radiochemical analysis is 

undertaken as follows: Part of the speleothem required is 

dissolved in concentrated HN0 3 along with the tracer containing 

an equilibrium mixture of 232 U and 228 Th. Uranium and thorium 

are coprecipitated on Fe(OH) 3 , separated by ion exchange resins 

and then plated out by evaporation of a solution of TTA on a 

steel disc. Their alpha activities are counted on silicon 

barrier detectors and yields determined by isotope dilution 

methods. 

2.2 Stable Isotope Analyses 

2.2.l Preparation of Samples 

Isotope measurements were either made on samples of 

water or calcite. Bulk water samples needed no prior prep

aration since concentrations of dissolved salts were not 

sufficiently high to warrant purification. 

Speleothem samples were generally sectioned axially 

to reveal growth bands and then sketched or photocopied. 

Powders for oxygen and carbon analysis were obtained by 

drilling after the speleothem axis had been located and well 

delineated growth bands selected (see Figure 5.3). Drilling 

of these areas was carried out using drill sizes down to lmm 

in diameter, depending on sample size required and this, in 

turn, depending on the choice of temperature for subsequent 

acid reaction (25 or 50 °C; see section 2.2.2). Samples for 

water extraction, on the other hand, were cut from a 0.5 to 
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1 em thick slice taken parallel to the axis. Cubes or similar 

shapes typically from 0.2 to 0.5 g in weight were then cut 

from the same places as the powders had been obtained, using 

a diamond band saw. The band saw,designed to cut around 

corners,could be used to follow growth layers of quite complex 

shape (see Figure 4-.l., for example). 

2.2.2 Oxygen and Carbon from Calcite 

Two methods were adopted for measuring these isotopes 

in calcite involving the release of co2 on reaction with 

100% orthophosphoric acid at a given temperature. The first 

method requires about 25 rng of sample powder and reaction at 

25°C in an evacuated flask for 12 hours. The gas generated 

is dried via three passes through a Ccl 4/CHC1 3/dry ice trap 

and the yield checked manometrically before subsequent ' 

removal to the mass spectrometer for analysis (after McCrea, 

1950 and Craig, 1957}. The second method utilizes an on-line 

system, environmentally controlled at 50°C. Successive 

aliquots of sample powder are reacted for 15 to 20 minutes 

in small chambers that can be removed from the vacuum line 

following each injection and reaction of the acid which is 

delivered from an internal reservoir. Drying of the sample 

gas is done via one pass through the cold trap en route to 

the mass spectrometer (after Shackleton, 1979). This 

latter method requires some caution since calcites of radically 

differing isotopic composition, run one after the other, can 

be subject to some memory effect. co2 liberated from the 
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50°C reaction is 0.98%olighter in 18 0 than that from the 25°C 

reaction. Reaction temperatures are maintained to better 

0 
than +0.5 C. All results quoted are expressed with respect 

to VSMOW and PD~ standards for oxygen and carbon respectively 

(section 2. 3). 

2.2.3 Oxygen and Hydrogen from Bulk Water Samples 

2.2.3.l Oxygen 

Oxygen isotope ratios of meteoric precipitation, cave 

seepage, and soil waters (designated 1 bulk samples 1 ) were 

determined on co2 equilibrated with 2 ml of sample at 25°C. 

A drop of concentrated H2so4 was added to enhance the 

equilibration process (after Epstein and Mayeda,l953). 

The procedure adopted in this study was slightly 

modified from the above methods of Epstein and Mayeda in that 

all the co2 was removed from above the (frozen) water sample 

and taken via a spiral trap (CC1 4/CHC1 3/dry ice slush) into 

the mass spectrometer for analysis following 24 hours of 

equilibration in an agitated water bath. Such streamlining 

of procedure cut out the time-consuming operation of freezing 

all the co2 sample into a storage vessel from the reaction 

flask. Precision did not seem to be measurably affected. 

Agitation of the water bath speeded up the equilibration 

reaction but samples removed after 12 hours were found to be 

up to l%o lighter than those removed after 24 hours when the 

reaction had gone to completion. Each batch of l5 samples 

was checked by one standard (DTAP '78) (see section 2.4) and 



conversion to VSMOW calculated according to the procedure 

described by Schwarcz (.1971) with modifications by Knyf(1980). 

2.2.3.2 Hydrogen 

Water was reacted with depleted uranium in vacuo at 

800°C following the method of Bigeleisen et al. (1952). 

Large quantities of standard reservoir hydrogen released from 

DTAP '78 and SWISS/DEEP '79 wee generated using the design of 

line described by these workers. However, to improve the 

speed of analyses and reduce sample size, an on-line system 

was built (Figure 2.4). Here, a water sample is injected 

into the system via a microlitre syringe and frozen onto the 

U-tube T3 for ten minutes. The U-tube is then allowed to 

warm up to room temperature where it proceeds to the uranium 

furnace (Fl). The subsequently liberated H2 fills the 

system, including bulb X and is allowed to leak directly 

through to the mass spectrometer via VX3, VX, and N1. No 

attempt is made to collect the gas (normally, Toepler pumps, 

freezing on activated charcoal (Thompson, 1973) or forming 

hydrides (Friedman and Hardcastle, 1970) would be used to do 

this). A further advantage to the speed of analyses is that 

yields can be monitored on the mass spectrometer and 

comp letion of reaction observed. Water was found to be 

completely converted, following careful cleaning and packing 

of the uranium, to u2o4 and H2 and no water was observed to 

pass into the mass spectrometer. Five minutes is generally 

allowed for the reaction for 1 to 2 ~~ samples. Note that, 



Figure 2.3 Apparatus for crushing speleothem samples. 
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wherever water must pass through the system, V6 stopcocks are 

employed, and no heating of water carrying conduits is 

applied. Detailed operation procedures and calculation of oD 

is described in appendix II and section 2.4.2.3. 

2.2.4 Oxygen and Hydrogen from Water Extracted from Speleothems 

2.2.4.1 Extraction of Water from Speleothems 

In this study, two methods have been applied to the 

extraction of water from speleothems. The first has been 

described by Harmon et al. (1979) in which the sample is 

crushed and heated to 180°C in an evacuated, degassed stainless 

steel tube. The liberated water vapour is then frozen down 

into a pyrex finger with liquid nitrogen (Figure 2.3). 

An alternative method has been developed in which 

water is released by heating (Yonge, 1981 and appendix II). 

As yet, only hydrogen has been measured by this technique. 

Oxygen analyses of the water may not be possible because 

there may be isotopic exchange with calcite and co2 oxygen 

at the elevated temperatures used (850°C). Nevertheless, it 

is perhaps worth investigating because of the higher yields 

and precision resulting from the mode of extraction (sections 

2.4 and 4.4.5. 

Samples are cut from speleothems of a size such that 

they may contain 1 to 2 ~~of water. Clearly, initial tests 

are required to establish this but the range extends from 

0.1 to 1.0 g of sample. Water is released from them in a 

quartz furnace F2 in vacuo at a variety of temperatures but 



0 usually at 850 C, such that complete calcining takes place. 

Both water and co2 are then frozen onto a spiral trap T2 at 

liquid nitrogen temperatures (Figure 2.4). The furnace is 
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closed off when this is finished (~ hour is usually allowed) 

and liquid nitrogen replaced by a dry ice/methanol mixture 

which holds the water but releases the co2 to the vacuum 

pump R3. Eventually, the water can be transferred to the 

U-tube and handled in the usual way for oD analysis (section 

2.2.3.2). It should be mentioned, in passing, that several 

other methods of decrepitation were tried with a considerable 

lack of success. Thus, for example, pumping the sample 

co2;H2o mixture through the spiral trap directly at dry ice 

temperatures results in the lighter isotopic fraction of 

water being carried away to the pumps by the copious 

quantities of co2 produced. Replacement of the spiral trap 

by a one-stage diffusion pump, in which the water is 'pumped' 

by freezing at dry ice temperatures and made more efficient 

by cooling due to adiabatic expansion of the co2;H2o mixture, 

also results in a similar loss of water. Another technique 

was to allow the sample mixture to pass through the uranium 

furnace and freezing the co2 down the~~ter. Unfortunately, 

hydrogen condenses on the frozen co2 leaving the residual 

hydrogen isotopically light. 

The method of total freezing of the co2;H2o mixture 

with liquid nitrogen in a spiral trap (closed to the pumps) 

and subsequent release of co2 , although taking some half an 



Figure 2.4 System for extraction/collection of water from 

samples and its subsequent conversion to 

hydrogen for mass spectrometer analysis. 

V = valves, V6 = 6mm bore valves, 

P = pumping line, E = extraction line 

X = sample line, S = standard line 

T = cold trap, B = Pirani pressure gauge 

Nl = stainless steel valve to mass spectrometer 

D = diffusion pump, R = rotary pump 

vx and VS are solenoid valves 
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hour longer per extraction, was found to be the only 

technique that consistently gave reproducible oD's and water 

yields. A detailed account of the method may be found in 

appendix II. 

2.2.4.2 Oxygen from small water samples 

Since water extracted from speleothems by crushing is 

a:quired in small quantities (O.l to 0.01 wt%}, oxygen is 

released with BrF5 and subsequently converted to co2 by 

reaction with hot carbon at ll00°C (O'Neil and Epstein, 1973}. 

A detailed procedure has been written up by Yamamoto (1980} 

and the results quoted in appendix IV are taken from this 

contribution too. 

2.3 Standards 

A summary of the standards relevant to the present 

study is included in table 2.1. The international primary 

standard for reporting 8 13 C and 8 18 0 in calcite is the 

Chicago Standard PDB (.Epstein et al., 1951}. However, since 

this standard is not available, a series of secondary 

standards has been generated. Two are in current usage at 

the McMaster laboratory: GCS (a marble from the Grenville 

Province} and NBS 20 (a sample of finely ground Solenhofen 

Limestone}. The former has been used throughout this work. 

All values for 8 18 0 and oD from water samples are 

quoted with respect to VSNOW. However, a number of other 

IAEA standards were used to determine mass spectrometer 

corrections and calibrate laboratory working standard 



Table 2.1 Standards used for Stable Isotope Analyses 

STANDARD o~~BO ±(%o) o13C ±(%o) ORIGIN REFERENCE 

PDB 0 0 Cretaceous Belemite from Epstein et al., 1951 

~ 
the Pee Dee Formation 

H NBS20 -4.18 ± 0.08 -1.06 ± 0.08 Solenhofen Limestone Blattner & Hulston, 1978 
~ 

GCS -11.768 ± 0.050 +0.69 ± 0.08 Marble from the 

Grenville Province Gascoyne, 1979 

oD ± (%o) 

VSMJW 0 0 IAEA; Standard Mean 

Ocean Water 

NBSl -7.89 ± 0.12 -47 .l ± 1.2 Mid-Latitude River Water 

I NBSlA -24.29 ± 0.25 -183.2 ± 0.7 Greenland Ice Gonfantini, 1978 

SLAP -55.5 -428 Southern Latitude 

Antarctic Precipitation 

rJrAP'77 -42.8 ± 1.6 McMaster distilled water 

rJrAP'78 -7.63 ± 0.20 -51.7 ± 0.8 II II II This work, Appendix III 

SWISS/DEEP 37.05 ± 0. 73 283.5 ± 1.05 Mixture of SWISS and 

DEEP Antarctic Ice 
:g 



hydrogen samples (.see next section). These include NBSl, 

NBSlA, and SLAP (Gonfantini, ~978). H2 working standards 

were made up from DTAP '78 and SWISS/DEEP '79. The former 
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was used where groundwaters were being measured, and the 

latter as a standard for Antarctic ice. DTAP '78 and VSMOW 

were used as daily working standards for groundwaters 

whereas SLAP was used for the ice core. 

2.4 Mass Spectrometry 

2.4.1 602D Instrument for o13 C and 6 18 0 

The Micromass 602D has been specifically designed for 

stable isotope analysis. It is one of a family of Micromass 

6 spectrometers, all of which are 90° sector, magnetic 

instruments of 6 em radius. Ithas two thin bucket Faraday 

collectors coupled to a ratio recording output stage and a 

comparison of an unknown gas to the standard may be made via 

switching solenoid valves. As such, the construction is 

basically of the Nier-McKinney type (VG Micromass manual and 

McKinney et al., 1950). 

The in~ument can be tuned to 15 N and 34 S although 

its major use is in the analysis of co2 where enrichment of 

13 C and 18 0 are measured. The 602D is designed to run in 

the dynamic mode where the gases for comparison are bled 

from capillary leaks and are alternately admitted to the 

mass spectrometer source. Stable gas flow is achieved by 

pumping the gas stream not being analysed with a phenol

ether pump. The resulting ion beams are individually 



amplified and sent to a ratio integrator unit where the 

minor/major peak ratios are displayed and printed out. 

Subsequent o 13 C and o 18 0 values are calculated following 
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the procedure of Schwarcz (1971). which takes into account 

isotope abundance effects. Machine corrections such as 

tailing, discrimination, and valve mixing were found to be 

so small as to be considered negligible their correction 

factors being in the order of 1 part in 10 5 • Detailed 

procedures for calculation are from Schwarcz (1971) with 

modifications by Knyf (1980) • 

2.4.2 The D/H Mass Spectrometer 

2.4.2.1 Description 

Since this instrument is both 'horne made' and 

responsible for all the oD data presented in this dissertation, 

it will be described in some detail. The mass spectrometer 

was designed by C.E. Rees of the Chemistry Dept., McMaster 

University in 1973 and it was partly constructed at that 

time. Unfortunately, it fell victim t6 lack of funding and 

remained untouched until 1977 when R. Bowins commenced 

design and construction of the ratio integrator unit and 

other components, described later, became available. At this 

point the author took over. 

The instrument is a 90° sector type, of 6 ern radius. 

H2 gas is ionized by electron bombardment and accelerated at 

1845 V through a fixed magnetic field to two Faraday 

collectors. The collectors are spaced to collect mass 2 and 
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mass 3 components and repeller plates held at -90 V repel 

secondary electrons. The two beams are monitored by two 

Philbrick electrometer amplifiers. Voltages from the 

amplifiers are converted to frequency pulses. 10 6 of such 

pulses from each collector are counted on a time base. The 

ratio of the times (minor/major) are subsequently displayed 

on the DVM linked to a TI Silent 700/PDP8 system where the 

data are finally processed (Bowins, 1978 and Russel and 

Ahern, 1974). The inlet system of the instrument is a 

conventional Nier type (Haydon and Inghram, 1954 and Yonge, 

1976) set up for dynamic gas flow. Pumping, achieving 

minimum pressures of 10-8 torr, is stabilized by an Edwards 

phenol-ether Diffstak pump and Sargent-Welch Directorr SO~s-l 

rotary pump. The reliability of the former was exemplary, 

whilst the latter leaves much to be desired. The emission 

regulator and focussing unit were built following the design 

of Beaver (1974) and an accelerating voltage is provided by 

a Fluke 415B supply. Mass spectrometer pressures are 

monitored by a Veeco Ionization Gauge Control RGLL-7. Layout 

of the mass spectrometer inlet system isseen in Figure 2.4 and 

running characteristics in appendix II. 

2.4.2.2 Operation 

Hydrogen generated from the uranium furnace fills 

the bulb X (Figure 2.4). Similarly, the bulb S is filled 

with an aliquot from one of the two reservoirs (light or 

heavy) depending on the isotopic composition of the unknown 

gas. Hg from bulbs X' and S' is raised up into X and S 
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respectively by applying air pressure to X' and S' via a 

system of Fairchild regulators fed from a wall,compressed 

air supply. The fine tuning of the respective 2 lb/sq. ins. 

regulators easily brings pressures of X and S within 1% of 

+ one another thus ensuring the production of H3 to be the same 

for both gases (Beaver, 1974). Each gas is then bled via 

60 em crimped capilliaries to solenoid switches which admit 

each gas (standard and unknown) in turn, via a Nupro valve, 

into the mass spectrometer. In practice, prior knowledge of 

sample size meant that very little movement of the Hg was 

necessary to equalize pressures. Pressure equalization is 

achieved by monitoring the mass 2 peak , and with this done, 

the computer facility can be brought into play with the 

appropriate corrections typed in (described next) and data 

collection initiated. See appendix II for a more detailed 

account of the above. 

2.4.2.3 Corrections 

In the following discussion, possible corrections to 

the raw oD data are considered and their application explained. 

Possible corrections are: 

i) Solenoid Valve mixing; 

ii) Tail effects; 

iii) Fractionation of reservoir standard with time 

(in bulb S); 

iv) Periodic standard reservoir corrections; 

v) 



49 

i) Valve mixing: this effect was examined by removal 

of the sample gas (D/H ratios of standard and 

sample were large) and checking the change in 

ratio of the standard and vice versa. It was 

found to be negligible. 

ii) Tail effects : although the mass 2 beam is typically 

3.5 X 10 3 greater than mass 3 , the resolution at 

these low mass numbers is so great (~) that mass m 

3 is not effected by mass 2 tailing. 

iii) Fractionation of reservoir s tandard with time 

during a run: this was determined to be 0.08% /min . 
0 

when the capilliaries were crimped such that PH 2 

dropped to 60% of diameter. More crimping 

would have resulted in an unaccpetable l oss of 

sensitivity; therefore, a compromise was 

ac hi eved . However, aliquots of the standard gas 

were changed always within ~ hour of use. The 

maximum correction was then 2 .4 %
0 

and the 

residence time of the gas could be introduced 

into the computer pro gram at the beginning of 

each run. While crimping was undertaken, null 
~/ 

gas determinations were performed until no 

differences between X and S were observed . 

iv) Periodic standard reservoir corrections; DTAP'78, 
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VSMOW and SLAP were used on a regular basis to check 

the isotopic composition of the working standard and 

+ "b . H3 contr~ ut~ons. The aD (reservoir-VSMOW) was 

updated as experiments progressed although, in general, 

only small changes in the final aD were made (see 

appendix II) • 

v) H; correction; H; ions are generated through 

collisions between H; ions and neutral hydrogen 

molecules in the source (Friedman, 1953). Since 

the metastable H~ ion can survive long enough to 

be collected at the mass 3 Faraday cup, it is a 

source of interference. The first step is to 

reduce its contribution to the M/e = 3 ion beam 

to a minimum; less than 5% is somewhat arbitrarily 

taken as being desirable by most workers in the 

field {O'Neil, 1978). As the concentration of H; 
is directly proportional to pressure at low 

pressures {Friedman, 1953), there is a trade-off 

between sensitivity and H~ contribution. 

contribution was initially lowered by both drilling 

a matrix of holes in the case to allow faster 

pumping away of H2 , and applying strong source 

magnets so that a lowering of pressure in the case 

was offset by a rise in the ionization efficiency. 

Comparatively high accelerated voltage combined 

with a repeller electrode helps to draw ions out 
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of the source quickly thus reducing H; generating collisions. 

The second step is to determine what the magnitude of the 

contribution of H~ is and to what extent it changes with time. 

Although isotope ratios can be extrapolated back to zero 

pressure and hence the HD/HH true ratio obtained, this method 

is not very accurate because of non-linearity due to noise 

at pressures close to zero. A more desirable method involves 

the use of interlaboratory standards in which measured oD's 

are compared to the independently calibrated values and an 

H; correction is obtained from this comparison. It is 

calculated as follows: 

The measured mass 3/ mass 2 = ~ - (HD + H3) 

Hz 

whereas the true ratio 

•••••••••• (2.4) 

= {(HD + H3 ) - H} 
3 •••• (2.5) ----------------

and since the pressures are kept equal, the H
3 

value remains 

the same in all cases. 

Two interlaboratory standards were used, VS:t-iOW and 

SLAP, to establish the H3 correction because they represented 

the full range of oD values encountered. NBSlA was used as 

an intermediate to check the H3 value. 
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Thus: 

oDVSMOW(SLAP) 
Rt(SLAP) 3 = { ( ) - 1} ·10 = -428 .••....•.. (2.6) 
Rt(.VSMOW) 

(Gonfantini, 1978) 

Combining equations 2.4 and 2.5: 

••••••••••••••••••••••••••••••• ( 2. 7) 

Equations 2.6 and 2.7 combine to give: 

= H = 
{lOOO•R (SLAP) - 572•R ~VSMOW)} m m ...... (2.8) 

428 

Since D(SLAP) and D(VSMOW), from which Rm(SLAP) and Rm(VSMOW) 

are taken, are determined with respect to R (reservoir) then 
m 

the two values must be normalized to the single mean 

R (reservoir) value. H is then the value which is fed into m 

the computer program in appendix II where it corrects ratios 
~ ./· 

according to equation 2.7. The correction is normally 

-7 between 4 to 5% for a running pressure of 10 Torr (measured 

at the diffusion pump) and a PH2 ./equivalent to 8 X 10-9 Torr 

and does not seem to change significantly with time. 

A further measure to reduce the effect of this 

correction is the use of working standards whose composition 
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is close to that of the samples being run. It is for this 

reason that H2-standards were generated from DTAP'78 and 

SWISS/DEEP'79 for analysis of groundwaters and Antarctic ice 

respectively. 

2.5 Precision and Accuracy 

All o values given in this work are related to VSMOW 

(aD and 6 18 0) or PDB (o 13 C) standards (section 2.3). Table 

2.2 depicts systematic errors associated with the various 

isotopic methods. 

Errors associated with oxygen analyses on bulk water 

samples and hydrogen analyses on all water samples were 

determined during this study and are discussed in a little 

more detail. The error calculated for .- o r 8 0 o f bulk water 

samples is based on all the DTAP ' 78 standards run and 

represents an overall error including that due to the 

temperature of the water equilibration bath, that due to 

standard GCS preparation and that due to the mass spectrometer. 

As previously stated, tests were made to determine the time 

required for co2-sample H2o equilibration and the composition 

and volume of the co2 introduced taken i~~o account. With 

this and determinations of DTAP'78 made on the BrF 5 line, 

the accuracy of the method is reasonably assured (Table 2.2). 
/' 

The errors of aD analyses of waterhave been established 

with a number of interlaboratory standards (Table 2.2) and 

it too represents an overall error. Because standards can be 
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Table 2.2 Precision (at 1~) of replicate analyses of standards 
and samples (data from appendices). 

a) ll,nalyses of standards (injection of water samEle into an on-
line uranium furnace). 

Water No18analyses 518 + ( %) ~DSMOW :!:: ( %.~ 
period of 

sM8w -Standards h 0 ~D analysis 

VSMOW 32 0.0 2.4 1/79-9/80 
42 0.0 1.1 9/80-10/81 

SLAP 10 -429.1 2.4 9/80-10/81 

NBSlA 11 -180.9 3.0 1/79-9/80 
6 -181.7 1.1 9/80-11/80 

DTAP'78 34 5 -7.35 0.30 -51.7 1.1 5/81-5/81 

b) ReElicate analyses of the carbonate standard and waters 
Noe Anal¥ses 18 

Sample ~1. 00 hD :!::~ 0 :tSD (%~ Exp. Method 

Carbona~e std. 232 
(q c.s) 

* 
0.10 

** *** 

0 M
3
Po

4 
at 50 C 

* All H
2
o stds. 32 64/42 0.2/0.3 1.1/2.5 H2o injection 

Fluid Inclusions -
in calcite 23 

Fluid Inclusions -
in other minerals 

Hydrous Minerals -
in granite 

* From 1/79-9/ 80 

*** 26 
19 0.83 

**** 4 pairs 

**** 4 

** 0 Equilibration of sample with co2 at 25 C 
*** Reaction of water with BrF 5 **** See Appendix V. 

1.8 
8.3 

1.3 

0.9 

Decrepitation 
Crushing 

Decrepitation 

Decrepitation 
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analysed from time to time, and used to adjust measured oD 

values, all errors in standars can be corrected. Waters 

from speleothems, on the other hand, present a problem be

cause no two samples are know ~ priori to have identical 

oD values. Analyses of water of growt h layers from equil

ibrium deposits give surprisingly good replication by 

decrepitation but not so good by crushing, as shown in Table 

2.2b. The ac curacy of these determinations is quite another 

matter, inasmuch as no standard fluid inclusions exist. 

Seepage waters coexisting with modern speleothems do not 

possess the same oD~s as the speleothems and so precision 

of replication and yield are the only guide. This point 

is discussed further in Chapter 4. 

- . 



CHAPTER 3 

METEORIC PRECIPITATION AND RECHARGE WATER STUDIES 

3.1 Precipitation and Recharge Water at Cave Sites 

3 .1. 1 Rationale 

As alluded to in Chapter 1, a general equivalence to 

isotope ratios of meteoric precipitation to cave seepage water 

has been noted by Schwarcz et al. (1976), Harmon (1979) and 

Duplessy et al. (1971) for North American and ~lestern European 

sites. The nature of this equivalence is that precipitation 

and seepage water in a given area are not only isotopically 

concordant with the same meteoric water line but also fall 

generally on the same part of the line (see Fig.l.l). 

However, these studies only partly answer the question as to 

whether or not cave seepage water varies isotopically through

out the year in response to highly variable isotope ratios in 

meteoric precipitation. This is an important consideration 

for fluid inclusion studies because if calcite is precipitated 

at certain times of the year, the o 18 0 (and oD) of fluid 

inclusions, and concomi tantly, the o18 0 of calcite may record 

a seasonal bias, say, towards summer isotopic ratios. Should 

this occur, it would not affect isotopic temperatures because 

of the following argument: 

At any given site sufficiently deep within a cave, temperatures 

- ;6 -
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change by less than 1°C throughout the year (observations made 

in this study and White, 1977) ,and at any given moment, 

isotope partitioning is a function of temperature regardless 

of the source of water. It is assumed here that 8 18 0 can be 

inferred from oD of the inclusion water and temperature cal

culated from Equation 1.7. 

A serious flaw in this line of reasoning could arise 

in assuming that inclusion water represents the solution 

which generated the surrounding calcite. The trapped water 

may have indeed exchanged with. the cave drip water throughout 

the course of a year or more, and as such, be whol ly or 

partly homogenized towards mean annual compositions. Should 

this be the case then the heavier summer isotopic ratios of 

calcite would lead to temperatures that were too low. 

Conversely, if winter calcite precipitation dominated, temp

eratures would be too high. 

Paleoclimatic interpretation based on 8 18 0 of calcite 

alone (Chapter 1. 2) migh.t also be affected by seasonal 

variation although if seasonal biases are maintained over 

extended periods when secular variations occur, it would not 

matter. Should the seasonal periods of preferential deposition 

alter in length with time then the tendency towards smoothing 

out of secular variations would result. 

oD of fluid inclusions alone, should these record the 

same seasonal variation, would be likewise affected. However, 

their use in this way would be more limited; for example, one 
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could envisage application to non-equilibrium deposits in 

which_ hydrogen isotope ratios are less affected b y kinetic 

fractionation. In fact, where rapid outgassing of co
2 

in a 

cave atmoshere of 100 % humidity is the mechanism of deposition, 

hydrogen isotope ratios would not be affected at all. This 

point is taken further in Chapter 5. 

Fluid inclusion data from four modern deposits and 

limited accompanying summer and winter seepage measurements 

from Bone-Norman cave, West Virginia, hint at a summer bias 

towards calcite precipitation (Thompson et al., 1976). Based 

on the Craig-Dansgaard meteoric water line (with d
0 

= 10), 

they give inferred values of 6 1 8 0 for fluid inclusions as 

-8.9 ± 0.2 %Q while summer meteoric precipitation averages to 

-9.1 ± 1.0 %o. A criticism of their conclusion can be made 

because winter precipitation l .ies to the left of the meteoric 

water line (Fig. 1.1.) leading to the possibility of the line 

shifting during the winter period. In this case, new oxy gen 

values can be inferred from the 6D data which would compare 

fav ourably with the average winter precipitation values of 

-10.3 ± 1.0 %o. If the modern cave temperature is used with 

the oxygen isotope data from calcite to calculate seepage 

wate r o xygen v alues from Equation 1.7 and p l otting these with 

6D from the fluid inclusions, the Craig-Dansgaard line is 

implied. However, using this line, isotopic temperatures 

range from 5.4 to 14.1 °C which does not make the argument for 

summer calcite precipitation very compelling. Nevertheless, 
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two fluid inclusion analyses of roodern calcite from Cold 

Water Cave, Iowa, gave oD = -55.6%o against summer seepage 

values of -52. 2%o (Harmon and Schwarcz, 1981) . Temperatures 

calculated based on the fluid inclusion-calcite pairs and the 

meteoric water line (d = 101 are 9.0°C against 8.8°C for ·o 

measured cave temperatures. Furthermore, in excess of forty 

soda straw calcite-summer seepage oxygen isotope pairs from 

five North American sites, including Bermuda, yielded reason-

able cave temperatures. It should be stressed that oxygen 

isotope ratios from seepage water were measured directly. 

Whilst the work of Harmon and Schwarcz (1981) does not contra-

diet the supposition of preferential summer calcite deposition, 

no winter collections of seepage water. were made and it is 

therefore not known whether the seepage water in all these 

cases changes its isotopic signature during the winter or not. 

Ambiguity exists as to the presence of seasonal 

isotopic variations in drip waters and since knowledge of 

this is important, as argued in the beginning of this section, 

three cave areas in the Eastern U.S.A. were chosen for detailed 

water studies. Description of this work follows. 

3.1.2 Field Program 

Three sites were studied in detail: Tumbling Creek 

cave, Missouri (soil samples were taken in addition to meteoric 

precipitation), Indian Echo Caverns, Pennsylvania, and 

Shenandoah Caverns, Virginia. To add perspective, other sites 

were sampled too but not on an annual basis. These included 
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Friar's Hole System, W.Va., Bone-Norman Cave, W. Va., 

Marengo Caverns, Indiana, Wind Cave, South Dakota, McFail's 

Cave, New York, various caves in Alabama, Cumberland Caverns, 

Tennessee, various caves on Vancouver Island and a cave in 

South Georgia (appendix III). 

In all cases, except for some samples from Alabama 

and Vancouver Island, glass bottles were used to collect and 

store samples. Although plastic bottles are more convenient, 

glass was favoured because when two samples of the same water, 

one contained in a plastic bottle and the other in glass, were 

left for eight months on a window sill, the plastic bottle water 

:::hanged its hydrogen isotopic composition by -30%o whereas 

the glass bottle water remained the same. This is the 

opposite of what might be expected from membrane diffusion 

through the plastic container wall. An alternative explanation 

could be that sunlight, in tending to depolymerize the plastic, 

had allowed isotopic exchange to 'occur between the walls of 

the container and the water. Hydrogen in manufactured goods 

might be expected to be ligh_t due to kinetic fractionation 

taking place as the material is processed. Although the 

above depicts the worst possible storage situation, glass was 

used as a cautionary measure, and in addition, bottles were 

stored in the cave after sealing until final collection. 

After arrival in the laboratory they were stored in the 

refridgerator. 

Water from the three principal caves of this study was 
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collected from a number of drip stations within each cave, 

whereas other seepage water was obtained from milking clusters 

of soda straws (in preference to taking fast drips from a 

single straw) . In the latter case, bottles were attached 

carefully to straws as shown in Fig. 3.la and collected at 

intervals ranging from two weeks to two months (see appendix 

III and Figures 3.2, 3.3, and 3.4). When sufficient sample 

had been collected, bottle caps were sealed doubly with 

electricians tape. Mete oric precipitation was collected in 

the same ldnd af gLass bottles but some attempt was made to prevent 

evaporation during the period of collection (see Fig. 3.lb): 

Rain water passes through the funnel and pipette into the 

bottle, a further pipette allows air to pass out. This some-

what perfunctory system worked well en~ugh except the funnel 

pipe tte tended to become blocked and frosts were unkind to 

the apparatus. Fresh snow was simply scooped into the bottle 

and sealed on the spot. 

Unfortunately, to obtain a complete record of meteoric 

precipitation over the period June 1978 to August 1979 would 

have entailed more sophisticated apparatus or zealous sur-

ve illance of the researcher, neither of which was possible. 
/ 

Howe ver, a number of studies involving total precipitation 

h a ve been t: .te rtaken by other workers and t hese are discussed 

late r on in this Chapter. 

Soil water was taken from a depth of about 1 m 

adj a c e nt to the entrance shaft of Tumbling Creek Cave by 



Figure 3.1 Cave seepage and rain water collection apparatus. 
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tunneling the soil laterally and placing the bottle beneath 

drips in the roof of the tunnel. 

3.1. 3 Meteoric precipitation, soil and seepage water at Twnbling 

Creek Cave, Mo. 

Tumbling Creek Cave has been set up for scientific 

pursuit and designated the Ozark Underground Laboratory by 

its director Tom Aley. The cave is in the highly dissected, 

rolling hills of the Western Ozarks just south of the 

Springfield Plateau. Topographic relief ranges between 150 

and 300 m. Genetically, the area is in late youth to early 

mature stage of fluvial development; original plateau remaining 

at the higher elevations. The hillsides immediately above 

Tumbling Creek Cave are forested. 

The host rock in the cave is the..- Qrdovician Jefferson 

City formation, a light brown to brown, medium to finely 

crystalline dolomite and argillaceous dolomite. Exposed 

outcrops show vertical solutional enlargement of fractures 

and joints. Regional bedding is essentially horizontal. 

Wi t hin the cave 19 lithologic sub-units have be en identified; 

dolomite, chert, shale and sandstone, comprising a thickne ss 

of around 15m (Thomson and Al e y, 1971). Seepage sites were 

situated at about lOrn below surface. 

Some 10 drip sites were sampled, 6 of them on a 

r egula r basis. Because of the u iforrnity of the data, 

(a ppe ndix IIIl no attempt was made to discriminate be twee n 

sites. Instead,an average of all the drip sites sampled 



has been used to represent average recharge water. In 

figure 3.2, the points marked "drip" depict the average 

data of periods from day l54, l978 to day 257, l979. Soil 

and precipitation points are based on single analyses. The 

ordinate of the graph is scaled so that 6D and 6 18 0 profiles 

represent departures from the meteoric water line (equation 

1. 8, d
0 

= 10) . 

Figure 3.2 exhibits isotopic fluctuations in 

groundwater and soil moisture as a response to seasonal 

variations in meteoric precipitation. Meteoric precipitation 

is quite variable and Dansgaard (1964) describes several 

factors which influence this isotopic variation: 

i) Degree of evaporation from falling raindrops, a function 

of temperature and humidity, (o's rise with increased 

evaporation) . 

ii) Condensation temperature (6's fall with falling 

temperature). 

iii) Amount of precipitation formed (o's fall with increased 

rainfall). 

iv) Seasonal shift of precipitation source area. 

The above factors appear to be responsible for the 

precipitation profile of figure 3.2 but to varying degrees. 

The condensation temperature is almost certainly responsible 

for the January/February minimum (snow sample) and the 

general swing to heavier values in the summer months. The 

summer values may also be influenced by fronts derived from 



Figure 3.2 Yearly isotopic profiles for soil and cave seepage 

water and meteoric precipitation from Tumbling Creek 

Cave, Mo. 
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the Gulf of Mexico as well as from evaporation of falling 

raindrops occuring preferentially in the warmer period. The 

light pulse around October may reflect the "amount effect" 

following a heavy thunderstorm. April and May have the 

heaviest rainfall (Thomson and Aley, l97l), but the amount 

effect is not seen due to insufficient collection. Harmon 

(l979) and Sears (l976) however, report large negative 

pulses for these months but do not observe an amount effect. 

If isotopically heavy summer samples had been affected by 

evaporation then departures to the right of the meteoric 

water line should be seen. The scatter of precipitation 

data about the meteoric water line (Figure 3.5) is 

suggestive of evaporation but this could be due to collection 

procedures (fresh snow lies close to the line) • It should 

be noted, for the moment, that soil values are less 

scattered and are close to the line characterized by 

d = 7.8 + 1.5 and mean seepage data, with very little 
0 

scatter, defines this line. The fact that mean seepage 

data also lies to the right of the meteoric water line may 

be due to a net evaporation effect. This point will be 

returned to. Both Sauzey (l974} and Dansgaard (~964) also 

report scatter of precipitation data about the meteoric 

water line. 

The soil data is scarce due to the budgetary 

contraints on the use of Lysimeters. However, the results 

are interesting and require some discussion. The soil 



profiles in figure 3.2 seem generally to follow those of 

precipitation insofar as the data permit interpretation, 

but consi.derable damping of the signals has taken place. 

Most importantly, damping seems. to be complete at the drip 

sites within the cave. 

Zimmerman et al. C~967) have shown that isotopic 

mixing through diffusion is very rapid and fast enough to 

produce equilibrium at any one point in the soil. 

Re-equilibration of soil water takes place very quickly 

compared to downward flow rates. For example, they found 

the top few ems of soil labelled with HTO remained as a 

distinct layer for up to six months after application, 

reflecting extremely slow downward infiltration. Foster 

{_~975) proposed a similar mechanism for recharge in chalk 

in which high levels of thermonuclear tritium were not 

reflected in the groundwater. Loss of tritium was 

attributed to diffusion to stationary water in smaller 

pores whilst infiltrating water moves downward to the 

water table. Sears (_1976)_, working on soils in Pennsylvania, 

found recharge water to represent less than 1% of the total 

water present. He further reports that only a small 

proportion of total precipitation reaches the water table 

(in this case a dolomite aquifer) by supposing that 

groundwater represents a weighted average of all precipitation 

reaching the aquifer. If complete mixing in the soil zone 

takes place, then the groundwater will be constant and 
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equal to the weighted average. However, a total of 106 em 

precipitation for the year 1973/74 gave a weighted average 

heavier than that for groundwater by 1. 6%o in oxygen and 

10%oin hydrogen. Sauzey (1974) reports the same effect in 

Illinois and suggests the dominance of autumn and winter 

recharge. Sears (1976) finds that 65-70% of precipitation 

is lost by evapotranspiration. Of the remaining 30-35% 

getting to the aquifer, most is during the cooler months 

where such effects are minimal and even complete loss of 

summer precipitation may occur on occasions. The latter 

is difficult to accept although, for if ground waters do 

lie on the meteoric water line, then partial evaporation 

effects cannot be severe. Drip sites are observed to dry 

up completely at the height of summer. Alternatively, 

transpiration may be a non-kinetically fractionating 

mechanism. All cave seepage waters in general lie to the 

right of the meteoric water line (Figure 3. 6) defining a 

line corresponding to d = 7.8, and as mentioned, may be 
0 

due to a net summer evaporation effect. Again an 

' 
alternative may be that such a line more closely resembles 

continental conditions in general. For example, Taylor 

(l974) chooses an intercept d = 5 as being representative 
0 

of Western U.S.A. groundwaters. 

The observation that drip waters in this study 

were seen to increase in flow rate almost concurrently with 

the onset of heavy precipitation but with no isotope effect 



observable requires some· explanation. Reeves Cl979} 

working on chalk aquifers: proposes a piston flow mechanism 

in which hydraulic conductivity increases with increased 

saturation of the aquifer. This mechanism could be 

operating in karst terrains too. Thus, saturation of 

increasingly large microfissures may Dccur until the 

vertical unsaturated hydraulic conductivity is sufficient 

to match the rate of inflow. As explained, inflow water 

will constantly exchange with pore water maintaining a 

composition almost identical to adjacent pores. This 

process is known as piston displacement through pores and 

further explains the coincidence of observed tritium 

migration rates and pore piston rates (Zimmerman et al., 

1967). However,purepiston flow cannot be operating and 

must be co nbined with some vertical mixing in order to 

smooth the isotope record observed. As cave drip rates 

were seen to increase with increased infiltration, so 

copious amounts of calcite were precipitated around 

sample containers, suggestive of resident saturated 

groundwater moving in response to surface water injection. 

3.1.4. Meteoric Precipitation and Seepage Water from Two 

Other North American Sites 
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Two other sites were studied on an annual basis; 

these were: Indian Echo Caverns, Hummelstown, Pa, and 

Shenandoah Caverns, Shenandoah Valley, Va. Indian Echo 

Caverns are formed in the Conococheague limestone, subgroup 



of the Conestoga formation of Cambro-Ordovician age, 

situated on th.e eastern side of the Valley and Ridge 

structural unit. Shenandoah_ Caverns are formed in the 

Newmarket limestone within the Appalachian Basin and are 

of Lower to Middle Ordovician in age (Fisher et al., l975 

and Eardley, 1962). 
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The isotopic records from both areas (Figures 3.3 

and 3.4} appear very similar to that of Tumbling Creek Cave 

(Figure 3.2). The essential difference is that both sites 

tend to be isotopically lighter than Missouri which is not 

surprising as they are further north and experience lower 

mean annual temperatures (See factor (ii) in 3 .1.3 ) . The 

altitude of all the caves is similar at about 200m. Again, 

lack of precipitation data does not allow a very close 

comparison to be made between the three sites. Worth 

mentioning,is that higher snowfalls at the more northerly 

caves may dominate their ultimate groundwater values to a 

greater extent than at Tumbling Creek Cave. 

All three drip water isotopic profiles (Figures 

3.2, 3.3. and 3.4) indicate a lack of seasonal variation. 

None of the records appears to respond to, for example, the 

very light isotopicinput in winter. Indeed, from the 

preceeding arguments in section 3.l.3, it seems unlikely 

that a seasonal variation is likely to occur. It would be 

highly speculative to ascribe even a year to year variation. 

However, the Missouri data hint at this possibility with a 



Figure 3.3 Yearly isotopic profiles for cave seepage water 

and meteoric precipitation from Indian Echo Caverns, 

Pa. 
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Figure 3.4 Yearly isotopic profiles for cave seepage water 

and meteoric precipitation from Shenandoah Caverns, Va. 
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O.S%o and 5%o difference in 8.1 8 0 and oD respectively for the 

summer data of l978 and l979. These are reasonable values 

for yearly mean variations in precipitation at many sites 

CIAEA, l979)_. It is also worth remembering that l977 was 

an unusually cold winter and that the record may be 

responding to this. Such differences are not seen at the 

other two sites whose drip sites were situated at around 

the same depth (about lOrn), but without the tortuosity of 

groundwater flow that Tumbling Creek Cave must experience 

from several thin aquitards within the cave's lithology. 

Indian Echo lies within flat lying, massively bedded 

limestone whereas Shenandoah Caverns are formed on steeply 

dipping beds; both should allow a relatively more direct 

passage of water. Perhaps these latter caves had already 

responded to the lighter l977 water. 
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The extensive isotopic data (appendix III) that 

lead to the conclusion that the isotopic composition 

recharge water is contant and essentially equal to the 

weighted mean annual precipitation, stands in contrast to 

the findings of Harmon (l979). The Kentucky cave seepage 

data from this study are variable and suggest a two week 

isotopic response to meteoric precipitation Co 18 0 measured 

only}. One criticism of this work is that this conclusion 

rests on three or four of the nineteen points plotted. The 

drip sites in Great Onyx Cave were 20m below a surface that 

admittedly has a "thin veneer of soil" but these sites are 



Figure 3 . 5 8 1 ~ versus 8D for soil and seepage water and 

meteoric precipitation for four Eastern U.S. cave sites. 

Single or filled circles are precipitation and double 

circles are mean seepage water values (see Appendix 

III) . 
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at twice 1:he depth of the three caves reported in this 

study. It: is tempting to conclude that further measurements 

might have~ smeared out isotopic troughs that perhaps 

appeared fortuitously after pulses of isotopically light 

rainfall. 

3.1.5 Seepage Water from Caves in Other Areas 

If one accepts the tenet of 3.1.3' that the constancy 

of isotopic ratio in cave drip waters reflects weighted mean 

precipitation over a period of at least one year, then it 

would be generally applicable to all cave sites. Figure 

3.6 is a plot of all drip water data (the mean for each 

area; see also appendix III) including the three locales 

already discussed. All data lies to the right of the line 

defined by the intercept d = 10 with the exception of 
0 

various data from Alabama. The line defined by d
0 

= 7.8 

calculated for the three closely studied caves, does not 

change significantly if all (weighted) data is taken into 

account except values for Wind Cave and McFail's cave. The 

6 18 0 values for these latter sites are difficult to interpret. 

The hydrogen values seem to compare favourably with expected 

meteoric precipitation but the oxygen values do not 

(Friedman et al., 1964). Failure to fully equilibrate the 

co2 for analysis generates more negative values (see 

Chapter 2). Evaporation leads to heavier 

values but along a slope of about 5 rather than 0. The (Ia) 

Marengo Cave water, on the other hand 1 is displaced along a 



Figure 3.6 8 1 ~ and oD for mean cave seepage of eleven North 

American sites and one site from South Georgia. (x, y) 

represents the number of analyses of 8 180 and oD res-
s s 

pectively. 
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line of slope 4.7 which is probably due to evaporation 

resulting from enhanced air circulation due to the 

construction of a second entrance to the cave. 

The general trend of seepage water being slightly 

heavier isotopically than meteoric precipitation is 

suggested for the majority of sites studied and the reasons 

for this have been discussed in section 3.1.3. There is 

also geographical consistency in the data, particularly 

with regard to hydrogen measurement which plot conformably 

on the hydrogen isotope contour map of Taylor (1974). 

The seepage water data also permits the calculation 

of d 8 1 8 0/dt (factor (ii) in section 3.1.3) for regions of 

North America (See Figure 3.7). Discounting the results 

from Belize, the value obtained for the~emaining drip 

water is 0. s8 + 0. 01 %o /°C. If data from six North 

American IAEA precipitation sites is included this figure 

changes by only a small amount to 0. 57 + 0. 05 r .. /°C 

(Veracruz data exluded). These values are quite different 

f rom those publishe d by a numbe r of workers (See Tables 3.1 

0 and 3.2) who cite values of around 0.3%o/ C for continental 

U.S.A. However, it is important to realize that these 

' l a tte r values have been obtaine d quite differently from the 

me thod adopted by Dansgaard (1964) for middle to high 

latitude, essentially marine, environments. In this case , 

mean annual rainfall is plotted against mean annual 

t e mperature for a number of site s, for which the value 



Figure 3.7 6 180 versus temperature of cave seepage water and 

meteoric precipitation for 20 North American sites. 

Data is weighted least squares fitted (see also Table 

3 • 2) • 
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Table 3.1 Measurements of the Temperature Dependence of o 0 of Precipitation 

AREA STUDIED 

Antarctic snow 

N. Atlantic precipitation and 
Greenland ice 

Seasonal Chicago precipitation 

Seasonal West Virginia pptn. 

Chicago and Edmonton pptn. 

Arizona, Texas & Mexico pptn. 

Yukon and N.W.T. Canada pptn. 

Bermuda pptn. 

Kentucky pptn. 

Maritime Europe pptn. 

1 8 

do 0/dT ( %o/°C) 

0.9 

0.70 

0.30 

0.28 

0.39 

0.30 - 0.33 

0.17 - 0.18 

0.01 

0.38 

0.22 - d.23 

* using IAEA World Precipitation Survey data for 1969 

REFERENCE 

Picciotto et al. (1960) 

Dansgaard (1964) 

Stuiv;er (1968) 

Thompson (1973a) 

Harmon et al.* (1878a) 

Harmon et al.* (1978a) 

Harmon et al.* (1978a) 

Harmon et al.* (1978a) 

Harmon et al.* (1978a) 

Evans et al. (1978) 

1970 

~ 
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1 8 
Table 3.2 a) o 0 of Seepage Water and Mean Annual Meteoric 

Precipitation for 20 N. American Sites 
1 8 

AREA STUDIED 0 0 (%o) REFERENCE 

Texas - 3.4 20.0 Harmon et al., 1978 () 

West Va. 8.0 9.5 Harmon et al., 1978 OJ - <: 
Iowa - 7.8 8.8 Harmon et al., 1978 rD 

Bermuda - 2.1 21.0 Harmon et al., 1978 (/) 

Kentucky 6.0 13.5 Harmon et al., 1979 rD 
- rD 

Vancouver Is._ -11.0 7.0 This study OJ 
New York - 9.7 8.5 This study 
Pennsylvania 7.8 11.1 This study rD -
Virginia - 8.3 10.8 This study ~ 

OJ 
Missouri - 6.4 14.4 This study rt 

Tennessee 6.5 14.2 This study rD - t-1 
Alabama - 4.7 13.7 This study 
Belize* - 3.5 25.0 This study 

3: 
rD 

Chicago - 6.4 10.5 IAEA, 1979 rt 

Waco 3.8 19.7 IAEA, 1979 rD 
- 0 

Hatteras - 3.6 16.8 IAEA, 1979 t-1 
1-'-

Santa Maria - 4.9 13.9 IAEA, 1979 () 

Ottawa -10.7 5.8 IAEA, 1979 '0 
Flagstaff - 8.6 7.6 IAEA, 1979 rt 
Veracruz* - 2.7 25.1 IAEA, 1979 ::s 

* Influenced by the "Amount Effect" (Dansgaard, 1964) 

b) Weighted Least Squares Fitting of Data From a} 
1 8 

DATA SET do 0/dT ± ( %o /°C) CORRELATION COEFFICIENT(R) 

A\1 except *s 0.565 ± 0.054 0.93 

An 0.448 ± 0.051 0.90 

Cave Seepage 0.578 ± 0.068 0.94 

Meteoric Pptn. 0.500 ± 0.082 0.95 



obtained is 0.695 %0 /°C whereas the workers cited in Table 

3.1. take spot measurements of 8~ 8 0 (precipitation) and 

temperature over a given period, usually of one year, for 
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a single station. Plotting cave seepage water versus cave 

temperature for a number of sites is analogous to the 

Dansgaard (1964) approach and considerably higher figures 

are obtained than those seen in Table 3.1 for continental 

North America. This has important implications with regard 

to previously interpreted records from speleothem. Why 

this discrepancy occurs, may be due to the fact that the 

Dansgaard (1964) approach, in taking means, incorporates 

a weighting factor (amount of precipitation) which the 

other method, by taking spot measurement of temperature 

and precipitation does not. In fact, it would be difficult 

to accomplish this, particularly say, during an intense 

storm where both temperature and 8 18 0 are likely to vary 

considerabley (Friedman et al., 1964). The justification 

for the exlusion of Veracruz meteoric and Belize seepage 

data stems from the observation of Dansgaard (1964) that 

high temperature low latitude regimes are subject to the 

amount effect (factor (iii), section 3.1.3) y ielding 

isotopically lighter values than expected. 

The lower gradient of d o 18 0 / dt for continental 

environments is mainly due to participation of light 

re-evaporated fresh water from the land surface. However , 

how much lower is the gradient than the gradient of 



0.70 %ol 
0 c published for the middle to high latitude marine 

envirortnents? Which approach should be taken to calculate it? 

Gray arrl Tlr.mpson (1974) report intersite correlation of c5 18o 

(cellulose) and mean annual ~rature for tree rings of 0. 5 %o~C 

for the Western Cordillera fran the Yukon to california. Gray (1979) 

reports similar correlations for peat and aquatic plants of 

0. 52 %ol 0 c fran widely distributed sites in North .1\roorica. However, 

five-year growth rings fran single trees fran F.dnnnton and Fort 

Vermillion give d cS 18ol dT of l. 2 arrl l. 0 %o I °C which he attributes 

to local envirol'llental factors or even microclimatic effects. 

Epstein et al. (1977) question this conclusion stating that kinetic 

isotope effects associated with evapotranspiration fran leaves play 

a daninant role in determining 518o of cellulose. It is true that 

these values are higher than any reported elsewhere (Table 3 .1) . 

Nevertheless, the intersite gradients are very similar to the value 

of 0. 56 %ol °C obtained for cave seepage water arrl precipitation 

(Figure 3. 7 and Table 3. 2). 

Finally, it should be noted that Gray (1979) finds that 

d s I dT at a site is always ~ d S18ol dT(determined between sites) 

arrl other data, for example (see Table 3.1), tend to confirm it. 

The question ranains whether ~1801 dT chapges at a site, 
~ · 

as it passes into periods of distinctly different climate in response 

to changes in the local envirorm:mt, or a shift in geographical 
/ 

position? The latter possibility is rrore consistent with the 

previous argunents but rec:ourse to measurement of water in 
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speleothems 1 assuming it to be representative of past seepage water 1 

should provide a convincing answer. This is discussed further in 

Chapter 5. 

3.2 Antarctic Ice Study 

In Chapter 1 1 the \\Drk of Hamon and Schwarcz (1981} was 

reviewed. In their study 1 38 out of 49 paleotanperatures fran fluid 

inclusions were unacceptably low 1 sanetirnes below zero. Inasmuch as 

oxygen isotope ratios had been inferred fran the rreasurement of c5D 

values using a meteoric water line with d =10 1 it is suggested that 
0 

the value of d
0 

may have been different in the past. By reducing dt 

to zero they fou.rrl that "sensible" temperatures resulted. ~ zero 

intercept was taken to be a maximl..ITl change. This parallel shift of 

the meteoric water line with time is supported by the \\Drk of others. 

Epstein et al. (1970} 1 \\Orking on Wisconsin ice fran the Byrd Core, 

Antarctica 1 published the following line: 

D = 7. 9 I &18o + 0 •••••••••••••••••.••••••••••••••• ( 3 .1) 

forcing their data to lie on a line of slope 8 1 yield a dt (see 

Equation 1. 8) value of alx>ut 4. 0 %o. Merlivat arrl Jouzel (1979) 

derive a theoretical nodel which relates d to hunidity over the 
0 

oceans. A rroisture deficit of the 

90 



Figure 3.8 8 180 and dt versus depth/age of the Dome C Antarctic 

Ice core (after Lorius et al., 1980). 
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air oye.r the ocean, equal to lO %, in comparison to 20 % 

for .modern conditions was deduced from Saharan groundwaters 

older than 20ka (data of Sonntag et al., l979)_. 

found from the Dome C Core in East Antarctica; a record of 

more than 30ka (.Figure 3. 8) . dt is clearly seen to change 

as 61 8 0 decreases from lOka back to 30ka and varies from 

present day values of around 9 %0 to minimum values of 

about 4%o. 

Prior to the work of Lorius et al. Cl980) and 

wi thout the raw data of Epstein et al. (l970) a plot of 

dt versus time could not be made. Thus a study of the 

Antarctic Ice Core, stored at SUNY, Buffalo was initiated 

and is in progress at the time of writing. Results 

obtained so far are presented in Figure 3.9 and appendix 

IIIc. A distinct change in d from a value of about 8%0 0 

for modern ice to a value (dt) of about l %0 for Wisconsin 

ice is observed. The latter value is somewhat lower than 

t hose of Lorius et al. (l980). It is worth noting that 

dt might vary globally more smoothly than 8D or ,8 1 8o of 

ice alone since it doesn't depend on temperature at _the 
. 

site of pre cipitation, only at the source and that will 

b e essentially uniform whether water falls in Arctic or 

Antarctic. The refore, dt might allow more precise 

c o rre lation between ice ~ores. Further measureme nts 

along the core should generate an interesting comparison 

of the s e two records. 



Figure 3.9 6 1 80 versus 8D for Wisconsin and Modern ice from the 

SWISS/DEEP Antarctic Ice core. Lines are not fitted 

through the points but represent the range of dt indi

cated by Harmon and Schwarcz (1981). 
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3.3 Concluding Remarks 

From the preceeding discussion, the following 

observations can be made: 

l. 618 0 values from modern calcite-seepage water pairs 

yield temperatures close to cave temperatures. 

2. variations in the isotopic composition of meteoric 

precipitation is explainable in terms of factors 

proposed by Dansgaard {_l964) although no '"amount" 

effect is observable (except for samples from 

Belize)_. 

3. The isotopic variability of soil water is less than 

that of precipitation and is intermediate between 

those of meteoric and cave seepage water. 

4. Cave seepage water does not vary significantly on a 

seasonal or annual basis and its constancy is 

explained by extremely slow downward infiltration 

compared to lateral equilibration rates. Water may 

take more than one year to reach drip water sites. 

5. Seepage water from the eastern United States conforms 

to a line described by oD = 8 6 18 0 + 7.8. This 

departure from d = lO may be due to local evaporation 
0 

during summer months. 

6. Seepage water flow is highly variable but the flow 

rate does not correlate with_ isotopic composition. 

This can be explained by a piston flow mechanism 

operating in the vadose zone. 



7. The isotopic ratio in cave seepage waters reflects 

the mean annual weighted average of meteoric 

precipitation over a period of at least one year, 

making them very useful for determining intersi te 

dependence of 618 0 on mean annual temperature. 
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8. The dependence of 618 0 of seepage water on temperature 

0 
from site to site is around 0.56%c/ C and does not 

differ significantly from the value for IAEA North 

American precipitation data. This gradient is close 

to those obtained by other workers for tree rings, 

peat and aquatic plants but is different from the 

0 middle to high latitude value of 0.695%0 / C for 

marine stations obtained by Dansgaard (1964). 

9. d6 18 o/dT values for single sites are quite different 

from the intersite dependence and may have important 

repercussions on previous interpretations 6 18 0 

(calcite) records from speleothems. 

10. Most seepage water conforms to the isotopic contour 

map published by Taylor (1974), particularly for 6D 

values. 

11. Previously observed low fluid inclusion isotopic 

temperatures can be explained by a shift in the 

meteoric water line in the past to lower intercepts 

(dt values) during glacial periods. Results from 

the Antarctic ice core support the experimental and 

theoretical work of others that the line was subject 



to such a shift during the Wi.sconsinan Glaciation. 

~2. dt, being independe.nt of temperature may allow a 

more precise correl.ation between ice cores than 8D 

or 6..1 8 o of ice from both. the Arctic and Antarctic. 



CHAPTER 4 

STUDY OF WATER IN SPELEOTHEMS 

4.1 Introduction 

In .Chapter 1 it was argued that depositional temper-

atures can,in principle, be determined from isotopic measur e -

ments of oxygen in both calcit e and the water from which the 

calc ite formed. Portions of this wat e r are trapped within 

speleo thems as fluid inclusions. Schwarcz et al. (1976) 

measured hydroge n isotope ratios of the fluid inclusions 

because it was suspected that the oxygen in them could ex-

change with the comparatively large calc~te reservoir. Hydro-

gen isotope ratios of the fluid inclus i ons can be used to 

infer the original oxygen compo s ition providing that the 

iclusion water is identical to the s eepage water that was 

originally trapped . This and the equivalence of seepage 

water to precipitation is discussed in Chapter 3 . 

What follows is a prese ntation and discussion of 

r esults obtained on water extracted from speleothems by the 
~/ 

two me thods, crushing and decrepitation , discussed in Chapter 

2. The water samples obtained by both are generally isotopic-

/ ally too light in oxygen and hydrogen, when compared to accomp-

anying seepage water or with respect to the paleotemperatures 
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which they yield. This, and other char~teristic~ suggest that 

not all the water is present as trapped droplets of seepage 

water. 

Possible sites of hydrogPn 

sidered to be: 

in speleothems are con-

i) in fluid inclusions; both macro- (tear-drop shaped) 

and micro (linear, spindle-shaped), 

ii) within growth layers, 

iii) at crystal terminations (as fluid inclusions), 

iv) in anastamosing channels, 

v) adsorbed, 

vi) coordinated within the calcite crystal 

lattj.ce, 

Vii) from hydroxyl groups, 

viii) associated with organic or inorganic impurities trap

ped in speleothems. 

Mobility of water in sources (i) to (iv) and mechanisms 

associated with the formation of sources (v) to (viiDallcould 

lead to isotope effects. The following sections attempt to 

investigate these possible sources. 

4.2 Petrology of Speleothems 

4.2.1. Speleothem Morpholo~ 

A substantial and informative study has recently been 

made of the fabrics of stalactites, in which 174 thin sections 
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were examined (Kendall and Broughton, 1978). Prior to this, 

only perfunctory studies have been undertaken with little 

thought given to the fabrics observed (Moore and Sullivan, 

1978). More recent work has focussed on unattached deposits 

suc h a s cave pearls (Hahne et al., 1968) and popcorn (Thrail-

k i ll, 1976). One Holocene stalagmite has been studied in some 

detai l by Folk and Assereto (1976). All these more recent 

stud i es of carbonate rock fabr i cs aim at seeking explana tions 

based on complex diagenet i c proces ses; for example, histor i es 

wh ich encompass marine and freshwater environments. In con-

tras t, speleothems are supposedly simple and subject to rela-

t ive ly unchanging conditions. 

Speleothems are almost always cqrnp2sed of calcite, 

wh ich h a s precipitated from groundwater solutions derived from 

the s o i l zone wi th Pea 
2 

values some 10-100 times that of the 

c a ve a i r. The resulting out~a ss i ng of co2 prov i des the 

mechan i sm for deposition (Pick~ ett et al., 1976). Many mor-

phologies can result depending on phys i cal cond i tions but four 

major types will be considered here: 

i) Soda-straws are an in i t i al tubular form result i ng 

.... fr om d e pos i t i on at the upper surfa ce of drlps where they a re 

in conta ct with the cave roof or prev i ous ly deposited calcite. 

Late r, water may flow down the out~i de due to some blockage and, 

ii ) sta lact i t e s of a c a rrot shape are formed (continuous 

l a t e r a l mi g r ation of the dr i p l ea d s to "curtain" formation s ). 
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As the drip leaves the roof pendant it is still saturated be

cause outgassing of co 2 is too slow for the drip to attain 

equilibrium with the cave air (Rocques, 1969). As the drip 

splashes against the floor, subsequent deposition may form 

stalagmites or flowstone. 

iii) stalagmites; ideally, flat-topped, cylindrical 

formations The shape is indicative of the _constancy of the 

growth rate, different shapes can arise under conditions of 

varying growth. rate (White, 1976). 

iv) Flowstone may result if lateral growth from thin 

water films takes place. Growth layers accumulate sub-horizon

tally or as incliried sheets and appear to be unrestricted in 

lateral extent. 

Stalagmites and flowstones lend themselves well to 

paleoclimate studies and it is their petrology that will be 

considered here in some detail. 

4.2.2. Crystal Morphology 

Speleothems increase in size by the accretion of 

successive growth layers. Elongate crystals of calcite within 

speleothems propagate parallel to the growth direction (Plate 

4.1). Growth layering is discernible by zones containing 

impurities or, as discussed later, abundant fluid inclusions 

which record periods of slower, or cessations of, carbonate 

precipitation (Plate 4.2). 

The elongate crystals of calcite that radiate normally 



Plates 4.1 and 4.2 Mirror Lake #1 under crossed Nicols and in 

plain light respectively. Three distinct sections ~re 

seen:the base, fragments of limestone (gravel) in a 

dirty calcitematrix is separated from upper , more mas

sive, unit by radially oriented columnar crystals that 

extend, in some cases, fully across the unit as well as 

transcending easily observable growth layers. The up-

. permost portion (restricted to the left and r ight flanks 

of the specimen) is composed of a somewhat randomly 

oriented microcrystalline mosaic. This fabr i c may be 

a function of a splash effect following the collision 

of drips with the middle unit. 

Growth layers appear to be sets of linear inclusions. 

Field is 2 x 4 em. 
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from growth layers form the massive fabric of speleothems. 

Their size ranges from a few microns to a few em in length. 

Crystals with widths less than S~m that are markedly elongate 

and pointed are referred to as acicular whereas those with 

widths greater than S~m are described as columnar or palisade 

after Kendall and Broughton (1978). Columnar crystals are 

marked by jagged boundaries with complex and irregular re

entrants (Plate 4.3). Crystals often widen at the expense of 

neighbours along parts of their length but are elsewhere en

croached on by these ·same neighbours. Crystal size is to some 

extent dependent on the distance from marked growth bands in the 

direction of growth advance. 

Breaks in growth seem to afford seeding sites for sub

sequent calcite precipitation and this leads to the deposition 

of innumerable tiny crystallites on ~he speleothem's 

growing surface. 

Subsequently, a range of columnar crystal sizes typic

ally of the dimension already given,buila up a calcite mosaic 

that is dominated by elongate, palisade crystals having their 

~-axis oriented normal to the growi~g surface (Plate 4.1). 

Small changes in crystal orientation give rise to a systematic 

and uniform brush e~tinction within colonies of approximately 

homoaxial orientation. This, with an apparent curvature of 

cleavage, testifies to the lattice deformation that cannot be 

due to external stress. Cleavage traces can readily be seen at 



Plate 4.3 View of flowstone 73107 under crossed Nicols. Colum

nar crystals are seen to be large (>2 em long by 0.2 to 

1 em wide) displaying characteristic jagged boundaries 

and complex reentrants. Abundant fluid inclusions, 

oriented parallel to the C-axis, linear to bulbous

shaped, less than lOO~m long, are seen throughout the 

fabric. Some porosity is apparent too but randomly dis

tributed and generally of a larger size than the bulbous 

inclusions. 

Plate 4.4 View of flowstone 76010 under crossed Nicols. Rhom

bohedral cleavage traces with slight curvature are 

noted here. More detail is given opposite Plate 4.11 

with the enlarged view. 

Fields are 2 x 4 em. 



107 



108 

rhombohedral angles to the growth bands (Plate 4.4). 

SEM micrographs (Plate 4.5) indicate that so-called 

single columnar crystals are, in fact, crystal aggregates of 

numerous parallel crystallites of shape depicted in Figure 4.1. 

These are discussed next with respect to the origin of speleo

them fabrics. One further fabric should be mentioned, that of 

the randomly oriented calcite mosaic observed by Folk and 

Assereto (1976). In thin section, this is seen as an inclusion

rich, length-slow calcite mosaic. These authors ascribe its 

origin to aggrading neomorphism of an earlier acicular aragonite. 

Only one sample of this texture, 75350 from Jamaica (Plate 4.6), 

was encountered. 

4.2.3. 

shapes 

them. 

Fluid Inclusions 

Fluid inclusions occur in speleothems in a variety of 

and sizes and are inhomogeneously distributed through 

They are gradational in form between elipsoidal, sausage 

ortear-drop shapes and linear, spindle shapes. The former var

iety are the largest being between 5 and 50~m long and are 

readily observable in the light microscope (Plate 4.7). Often 

they display growth anisotropism (as previously shown) being 

tapered towards the growth direction and may occasionally be 

partially filled with water. Although they are inhomogenously 

distributed, zones occur where they can make up ffimuch as 

5% of the rock. These zones tend to parallel the growth surface 

and hence delineate growth bands. As mentioned, shape and, 



Figure 4.1 (After Kendall and Broughton, 1978) 

a) Diagram illustrating the effect of lateral crystal

lite growth culminating in imperfect coalescence which 

allows entrapment of water between crystallites. This 

mode of entrapment gives rise to linear inclusions. 

b) Interpretation of the regular inclusion array seen 

in Plate 4.5 by a process in which crystallites pro

gressively merge to form columnar crystals. Former 

positions of crystallite terminations on earlier growth 

surfaces are shown as dashed lines. Intercrystallite 

spaces (linear inclusions) are shown as solid lines. 





Plate 4.5 (also Plate 1.3) Fracture surfaces of columnar c.al-

cite crystals in Stalactites. 

A: General S.E.M. view to show inclusion-rich layers 

(scale = 2011m) . 

B: Detail of A (arrowed). Inclusion appears as spindle

shaped depressions and are interpreted as parts of elong

ate cavities that lie between close-packed, partially 

coalesced crystallites (scale = l0011m). 

C: S.E.M. view of fracture surface oriented normal to 

that in A and B, and approximately parallel to a former 

growth-surface. Triangular pores (arrowed) are inter

preted as remnants of former inter-crysiallite spaces 

(scale = 101-lm) . 

Plate 4.6 View of stalagmite 75350 reveals a length-slow mosaic 

of the type described by Folk and Assereto (1976). Thes 

authors ascribe such an origin to aggrading neomorphism 

of an earlier acicular aragonite. 

Field is 2 x 4 em. 
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to some extent size, of fluid inclusions are gradational between 

the bulbous and the linear types. The linear variety are nega

tive crystals, with their boundaries defining crystal faces. 

The size range extends from a few mm in length to around 10~ 

or less and around 10~ down to l~m or less in width. This 

type of inclusion can be seen in the SEM micrograph (Plate 4.5) 

and thin section (Plate 4.7). The lower limit of linear in

clusion size is not distinguishable with the SEM but, in thin 

section in some zones where inclusions are not seen to be 

present, the calcite displays a pseudo~pleochroism (light-brown 

to colourless) interpreted as being due to microinclusions 

(Kendall and Broughton, 1979) . Linear inclusions very 

markedly delineate growth bands (Plate 4.4) and are otherwise 

seen as a series of mutually interfering, spindle-shaped de

pressions in the SEM (Plate 4.5). The pores are roughly 

triangular in cross-section with concave sides and are aligned 

in the direction of the crystal's £-axis. Fluid inclusion 

density tends to correlate with the intensity of "milkiness" 

seen in hand specimens and this is often most marked on the 

outer parts of stalagmites (Figure 4.2). The tendency for 

linear inclusions to mark out growth bands provides clues as 

to the mode of formation of speleothem calcite and the fluid 

inclusions themselves. This is considered next. 

4.2.4. The Origin of Fluid Inclusions 

Fluid inclusions occur by entrapment of water as spel-



Figure 4.2 A cross-section through a stalagmite (797MP1) from 

McFail's Cave, N.Y. Numbered areas indicate where 

samples were removed for isotopic analysis. Clear re

gions indicate the presence of milky-white calcite due 

to dense populations of fluid inclusions. Speckled 

regions are areas of clear calcite. The distribution 

of milky and clear calcite is typical of many stalag

mites. 
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Plate 4.7 (also Plate 1.1) Detail of large thorn-shaped in-

elusions showing marked growth anisotropism and con

strictions (arrowed). Host calcite grew towards the 

top of the photograph (After Kendall and Broughton, 

1978) . 

Plate 4.8 View of stalagmite (top) 807CH1 under crossed Nicols. 

Columnar crystals are highly elongate (3.4 mm x 0.2 mm) 

and formed in a stellate array exhibiting brush extinc

tion. Growth bands are observable in the centre of the 

section characterised by smaller, less well oriented, 

crystals. In plain light, there is a marked graininess 

that corresponds to crystal boundaries. Such observa

tions indicate that these boundaries may contain water 

although no sets of individual inclusions can be seen. 

Some porosity is seen to the right of the section cor

responding to the junction with another adjacent stal

agmite. 

Field is 2 x 4 em. 
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eothem growth advances. However, entrapment seems to be great

est following times when according to Kendall and Broughton 

(1978), the rate of water supply changes or ceases altogether 

or when impurity absorption impedes the growth of prior columnar 

crystals. These authors, as a result of the observations des

cribed above, propose a model for the origin of columnar crys

tals and hence fluid inclusions contained within them. This 

model is outlined below. Firstly, they argue that previous 

interpretation of fabrics being largely as a result of an 

acicular precursor recrystallizing to form columnar calcite 

crystals is not correct. Columnar crystals are primary and 

develop as a result of numerous small syntaxial overgrowth 

crystallites accumulating on the growing surfaces. During 

growth, partial coalescence takes place and the resulting 

inter-crystallite spaces trap water forming linear inclusions 

(see Figure 4.1). The strongest argument for the primary 

nature of the fabrics is the observation that columnar crystals 

extend all the way to the surface of actively growing speleo

thems (Plate 4.1) and that this growing surface is rough to 

the touch due to the presence of a multitude of (crystallite) 

projections. The density of linear inclusions at growth hori

zons may be due to interruptions in the degree of perfection 

of crystallite growth and hence the reduced tendency for coal

escence. Subsequently, lateral growth of crystallites behind 

the growing surface, as it advances further, would cause re-
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generation of columnar crystals. However, complete coalescence 

does not occur here as evidenced by the presence of fluid inclu

sions and shown by the SEM view (Plate 4.5). The triangular 

cross-section of the inclusions indicate the arrangement of crys

tallites as they grew. Linear inclusion size is a function of 

crystallite size which, in turn, may be determined by the 

thickness of water films. Large projections would disturb the 

water flow, diverting it around them, thus inhibiting their 

growth. Bulbous-shaped inclusions are of a different origin 

as evidenced by the tendency of some of them to be only par

tially filled (linear inclusions appear to be completely filled 

in thin section) . Almost complete or complete cessations of 

water supply and hence episodic growth is implied. Revitaliz

ation of the water flow would then seal over rugosities and air 

bubbles adhering to the growing surface by the growing together 

of adjacent columnar crystals of slightly different orientation. 

The latter mechanism would also explain the narrowing of the 

type of fluid inclusion towards the growth direction. 

One further observation of Kendall and Broughton (1978), 

which is worthy of note, is the surprising lack of impurities 

in the deposits they studied. This lends weight to the supposi

tion that visible growth layers are usually generated by 

changes in the rate of water supply rather than more catastro

phic occurrences which bring in detrital or organic material. 

Furthermore, complete dissolution of calcite from speleothems 
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in HCl results in very little insoluble material. Thrailkill 

(1976) argues against the presence of living bacterial matter 

and further remarks on the lack of organic material in most 

samples studied. However, the role of humic and fulvic acids 

may be important in determining crystal fabrics as suggested by 

Schwarcz (1981) and the colour of speleothems may be due to' 

organics (Gascoyne, 1977). This subject remains to be investi

gated more fully. 

Of importance to fluid inclusion stable isotope studies 

is the relative proportion of inclusion types. The observations 

of Kendall and Broughton (1978) suggest that liquid water is 

both dispersed throughout the columnar crystal fabric, predom

inantly in microinclusions, and within marked growth horizons. 

4.2.5. Description of Speleothems Analysed in This Study 

4.2.5.1. Modern, Active Deposits 

Bone-Norman (SSl): A 5 em x 0.5 em soda-straw taken 

with accompanying drip water from Bone-Norman Cave, W. Va. 

(Thompson, 1973). As implied, the deposit was actively growing 

at the time of collection generating a clear, colourless cal

cite. 

Friar's Hole (SSl): A 4 em x 0.4 em soda-straw taken 

with accompanying drip water from Friar's Hole, W. Va. (Yonge, 

1979). This actively growing deposit is clear and translucent. 

Mirror Lake 1: Nubbin of calcite actively growing on 

gravel in Indian Echo Caverns, Hummelstown, Pa., 7 em across 



the base and 1.5 ern in height. The samples taken for stable 

isotope analysis are from the 0.5 ern thick milky-white top 

layer. The basal layers composed of limestone gravel in a 

dirty calcite matrix were avoided. 
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In thin section taken at right-angles to the growth 

layers (Plates 4.1 and 4.2), 3 distinct sections are seen. · The 

base, fragments of limestone in a dirty calcite matrix is sep

arated from the upper, more massive unit by an impurity layer. 

The central portion is characterized by radially oriented 

columnar crystals that very often extend fully across the unit 

as well as transending easily observable growth layers. The 

uppermost portion (restricted to the left and right ends of 

the specimen) is composed of a somewhat randomly oriented 

microcrystalline mosaic. This fabric may be a function of a 

splash effect following the collision of drips with the middle 

unit (seen to extend to the top of the deposit along its axis). 

Growth layers appear to be sets of linear inclusions. 

807CW3: Actively growing nubbin from Cold Water Cave, 

Iowa, (Harmon 1975) , 4 ern across by 1 ern deep. The sample, 

cut from the centre, was of a clear to brown translucent cal

cite devoid of visible growth layers. 

Wind Cave 1: 5 ern long by 0.8 wide soda-straw taken 

from Wind Cave, S. Da. (White, 1976). This deposit is coated 

in chalk-white porcellanous rind but the inner layers are 

milky white concentrically alternating with clear calcite. 
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Alternate layers are about 0.3 mm thick. The sample was found 

dry and broken , close to other similar looking deposits that 

were actively growing. 

807CH1-l: Two actively growing amalgamated stalagmites 

15.5 and 8 em high with a basal diameter of 14 em from Canadian 

Hole, W. Va. (Yonge, 1979). This deposit is characterized by 

an unusual purity and is thus completely white save for a 1 em 

thick brown layer at the base. Both stalagmite portions are 

typical in that interior calcite is clear whereas the outside 

assumes a milky-white texture. The sample (1) was taken from 

the axial top of the smaller stalagmite. The junction between 

the two stalagmites is marked by a porous region. 

The thin-section (Plate 4.8) is taken normal to the 

growth layers from the smaller deposit. Columnar crystals 

are highly elongate (3.4 mm x 0.2 mm) and formed in a stellate 

array exhibiting brush extinction (The former observation is 

consistent with the fibrbus debris seen after the sample has 

been calcined ). Growth bands are observable in the centre of 

the section, characterized by smaller less-well oriented 

crystals. In plain light, there is a marked graininess that 

corresponds to crystal boundaries. Such observations indicate 

that these boundaries may contain water although no sets of 

individual inclusions can be seen. Some porosity is seen to 

the right (towards the junction of the two stalagmites) of the 

section. 
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Llano Chiquita 1: Calcite was found coating a number of 

rotting trees in Sumidero del Llano Chiquita, SLP district, 

Mexico (Fish, 1978) . The source of water responsible for these 

precipitates appeared to be anplet in the roof of the cave. 

The cave is liberally decorated. The deposit is layered, up to 

a few em thick and deeply buff-coloured leaving the sample bare

ly translucent. 

Bugaboo 1: While this is not a speleothem, it has been 

included in this study because it was formed below ice at 

0°c giving it a good temperature control. It is an impure 

calcite, coating a glaciated rise of granodiorite over an area 

of several square metres in the Bugaboo Mountains, B.C. Since 

the margin of an ice field was located a few metres from the 

deposit it was taken to be sub-glacially precipitated. The 

formation of these interesting deposits has been described by 

Hanshaw and Hallett (1978). Growths layers are marked by 

detritus and intervening calcite is buff-coloured and translu

cent. 

4.2.5.2. Ancient, Inactive Deposits (See Table 4.1) 

73107: Part of a massive flowstone from Government 

Quarry Cave, Bermuda (Harmon, 1975) topped by 0.5 em buff

coloured translucent rind. Below the rind, unvarying in ap

pearance, the speleothem is composed of a creamy to milky

white calcite with prominent sets of growth layers. San~les 

were cut from a 1 em band immediately below the rind. In thin 
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section (Plate 4.3), columnar crystals are seen to be large 

( 2 em long by 0.2 to 1 em wide) displaying characteristic jag

ged boundaries and complex reentrants. Abundant fluid inclu

sions, oriented parallel to the £-axis, linear to bulbous

shaped, up to lOO~m long, are seen throughout the fabric. Some 

porosity is apparent too but randomly distributed and of a 

larger size than the bulbous inclusions or greater than 50~m. 

75350: A 12 em long stalagmite (in situ) from Coffee 

River Cave, Jamaica (Gascoyne, 1979). The deposit is almost 

pure white in appearance when cut axially. Three very notable 

growth horizons contain buff-coloured detrital grains of fine 

sand size and are probably hiatuses. Intervening calcite is 

clear-translucent to slightly milky except in the second from 

top layer (0.5 to 1 em wide) where it is milky-white and 

opaque. The outermost layer is composed of a 1-2 mm, light 

brown coloured, translucent rind. A sample was taken from the 

second layer on the growth axis. The thin sections (Plate 4.6) 

reveal a length-slow mosaic of the type described by Folk and 

Assereto (1976) . Individual growth layers grade upward in 

crystal size from lO~m up to 0.3 x 0.3 em sized crystal domains. 

The growth layers contain linear inclusions. 

77151B: The central part of a large flowstone block 

from Victoria Cave, England (Gascoyne, 1978). Within the flow

stone massif is a stalagmite about 8 em high and conical,taper

ing to a l em diameter point composed of visibly layered milky-



white calcite. Samples were taken from the top layer of this 

stalagmite 5 em to the right of the axis. 

12.5 

The thin section (Plate 4.9) is taken from the position 

described above. Highly elongate columnar crystals exhibiting 

brush extinction extend fairly regularly across N 0.5 em growth 

bands. The sample is quite fissile at these terminations as 

shown by a crack in the lower part of the photograph. (It is, 

in fact, possible to cleave portions of this sample along these 

prominent growth horizons.) Ends of columnar crystals, where 

they coincide with growth bands, tend to form rhombohedral 

terminations. Pseudo-pleochroism associated with these termin

ations may be due to rnicroinclusions. 

South Georgia 1: From South Georgia,Grid Reference: 

53S, 36W, this pure milky-white 15 ern long stalactite was grow

ing in a cleft cave, formed in greywacke. The deposit tapered 

from a base 2 em in diameter to a tip 0.5 ern in diameter, the 

latter reminiscent of a soda-straw. The upper part of the 

stalactite was partially covered by popcorn of the same texture 

as itself. A sample was removed from the tip for analysis. 

797MP1: Actively growing stalagmite, 12 em long by 7 

em wide, from McFails' Cave, N.Y. It is quite cylindrical and 

flat-topped making it ideal for study. As depicted in Figure 

4.2, the axial portion is essentially composed of clear, slight

ly brown calcite except where it is transected by quite detrit

ally-rich narrow growth bands or wide (0.5 ern) zones of milky-



Plate 4.9 View of Flowstone 77151B under crossed Nicols (see 

text). Highly elongate columnar crystals exhibiting 

brush extinction extend regularly across 0.5 em growth 

bands. Crystals tend to form rhombohedral terminations. 

Pseudo-pleocroism associated with the terminations may 

be due to microinclusions. 

Plate 4.10 View of stalagmite 797MP1 (near base) under crossed 

Nicols. Well defined growth layers give rise to 

nucleation of randomly oriented crystals, sometimes 

microcrystalline. These resolve upwards into highly 

elongate columnar crystals exhibiting brush extinction 

due to slight changes in orientation. Linear inclusions 

are rich in layers towards the top of the plate. Some 

cavities are filled with sparry calcite. 

Field is 2 x 4 em. 
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white calcite. One growth band at 3.5 em from the top is quite 

dirty, 1 mm thick, and may represent an hiatus. As typical of 

many stalagmites the axial core is composed of relatively clear 

calcite while the flanks of the stalagmite are composed of more 

milky calcite that grades into clear calcite where growth layers 

turn downward (Figure 4.2). 

A thin section was taken from close to the base of the 

deposit (Plate 4.10). Well defined growth layers give rise to 

nucleation of randomly oriented crystals, sometimes microcrys

talline. These resolve upwards into columnar crystals highly 

elongate (3-4 mm x 0.2 mm), and exhibiting brush extinction due 

to slight changes in orientation as crystals build up on a curv

ed surface. Some triangular to tear-drop shaped inclusions 

(0.03 mm) are apparent in some layers whereas linear inclusions 

are rich in others. Detrital grain can be seen toward the base 

of the section. 

75125: In situ stalagmiteiflowstone forming remnants 

of a fake floor from Cascade Cave, Vancouver Island (Figure 4.3). 

Massive white calcite alternating between slightly milky to 

transparent in a 0.5 em periodicity is sandwiched between a 

porous overgrowth layer on top and a detrital layer beneath. 

In thin section columnar crystals extend through growth 

bands thems e lves defined by concentrations of 10-50 ~m linear 

inclusions. Columnar crystals can be quite large (1 em long by 

0.5 em wide or larger). Growth layers exhibit small depressions 



Figure 4.3 A schematic showing the relationship between the 

samples 75125 and 76013 from Cascade Cave, Vancouver 

Island. Roman numerals and letters refer to samples 

taken for deuterium isotope analysis, otherwise in

tegers refer to samples removed by drilling and anal

ysed for oxygen and carbon isotope analysis. 
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("dips") (0.1 mm deep) that propagate up through 1-2 mm of de

posit (Plate 4.11). 

76013 (A, B and C): Three layers of granular calcite 

underlying 75125, separated from it and from each other by 

layers of sand to silt size detritus up to 1 ern thick. (C is 

the youngest layer, followed by B then A). Textures identical 

to 75125. 

7Sl23: 112 illJd yellow stalagrni te, 7 em high from Cas

cade Cave, Vancouver Island. Somewhat like 75125, layers 

alternate on a 0.3 em periodicity between milky to clear cal

cite. The base is marked by a compacted sandy horizon and 

flanks are milky. 

The thin section reveals columnar crystals 2 em long 

by 0.3 em wide. Bands of fine layering (20~ m spacing) resemble 

a wood-grain texture. Very fine striations cross layers at 

right-angles. The junctions of striations and layers are 

marked by dips as described in 76010. Margins of columnar 

crystals often define edges of these dips. (Also seen in 

76010; see Plate 4.11) 

76010: Although no data is presented for this deposit 

due to some early problems with experimental method, it has 

features referred to in the thin sections of samples 75125 

and 75123 and general features relevant to others. 76010 is 

also a flowstone deposit from Cascade Cave, Vancouver Island 

(Plate 4 .11) . 



Plate 4.11 (as in Plate 4.4) Enlarged view of 76010 under 

crossed Nicols. Large columnar crystals transcend 

finely resolved growth layers. Rhombohedral cleavage 

with some curvature is evident forming 60° and 30° 

angles with the layering. Dips are seen in growth 

bands and these often correspond to crystal margins. 

Dips occasionally penetrate downwards via lineations to 

cavities containing detrital grains. Growth bands are 

made up of dense linear inclusions oriented parallel 

to columnar crystals. 

Field is 2 x 4 em. 
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Slight curvature of cleavage is evident as described 

by Kendall and Broughton (1978) and forms rhombohedral angles 

(roughly 30° and 60°) with growth layers. Dips are seen in 

growth bands and these correspond to crystal edges. Also 

noted are occasional detrital grains as thin cavities joined 

by lineations to these dips (top l/3 of photograph in the mid

dle) . Some dips in growth bands appear to be relict rhombo

hedral (perhaps scalenohedral in some cases) tops to columnar 

crystals as they were building upwards. Most, however, appear 

to be rounded in appearance. Dense linear inclusions mark 

these regions and delineate growth horizons. 

74017: Strongly tapered, irregular stalagmite, 54 em 

long from Coldwater Cave, Iowa (Figure 4.4 and Harmon et al., 

1979). It is massively crystalline and non-porous, well lamin

ated with thin alternating translucent-brown to opaque whitish

brown layers. Major growth layers are l to 5 em thick at base 

becoming less distinct towards the top. Minor growth layers 

are l-3 mm thick. The deposit was in situ when collected but 

covered by breakdown slabs and the base was covered by 7 to 8 

em of sediment. 

77162: Flowstone, 16 em thick from Lost John's Cave, 

U.K. (Waltham, 1974). Massively crystalline and porous. Dark

er growth bands are more porous, up to 0.5 em thick occurring 

at 2 em intervals. Texture is milky-white to buff coloured 

with no clear calcite visible. Porosity is of the form of 



Fiaure 4.4 Schematic of the 54 cro long stalagmite 74017 from 

Col~water Cave, Iowa. 8am~Jes ta~en for stahle 

isotone analysis are shown as hatche~ rectangles ane 

lin8s indicate prominent ~rowtr. layering. 
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negative crystals on a millimetre scale. 

76501: Stalagmite, 83 em long and 7 em in diameter 

from Tumbling Creek Cave, MO (see Chapter 3.1.~ for cave loca

tion). First 22 em of the deposit is dark brown in colour, 

whereas upper portions are white. The outside 3-5 mm is defin

ed by a calcite porcellanous rind. The remaining interior is 

massively crystalline (domains are 1 to 2 em in length) with 

almost all calcite being transparent. Large cavities are noted 

in the axial portion particularly in the top 6 to 8 em. 

4.2.5.3. Age Data 

Tables 4.1 end 5.5 show age data for all the samples des

cribed in the previous two sections. Where appropriate, refer

ence to the date is given or, in the case where (modern) dates 

have not been determined radiometrically, justification for 

considering them to be modern is given. 

4.3 Water Content of Speleothems 

4.3.1 Review of Previous Work 

The first attempt to extract H2o from speleothems was 

undertaken by Thompson (1973). Unfortunately, water content for 

only some of the samples, which were further analysed for iso

topic composition, are described. He does indicate, however, 

that 5g was considered a minimum weight for D/H analysis and 

explores the way in which water is lost from 10 cube-shaped 

pieces of calcite of side 1.2 em from Grapevine Cave, Va. 



Table 4.1 Age Data of Samples Studied 

SAMPLE NJI.ME 
WITH PORTION 
OF DATED 
ALIQUOT 

Bone-Norman (SSl) 
Friar's Hole (SSl) 
Mirror Lake 1 
807CW3 

Wind Cave 1 

807CH1 

Llano Chiquito 1 

Bugaboo 1 

73017 
75350 Top 

Base 
77151B Top 

Base 
South Georgia 1 
797MP1 Top 

Base 
75125 Top (0.5 em) 

Top (1.5 em) 
upper middle 
Base ( l. 5 em) 
Base 

75013 c 
A 

75123 Top 
Base 

76010 
74017 Top 

Middle 
Base 

77162 Base 
76501 (6-9) 

*Modern 

AGE 
(Ka) 
B.P. 

M* 
M 
M 
M? 

M? 

M? 

M 

IIC 
8.7 
38.9 
264.5 
250.4 

M? 
l-1 

4.6 
34.3 
32.1 
44.9 
43.3 
52.7 
48.7 
60.8 
50.5 
56.1 
55.5 
27.0 
36.0 
76.6 

101.2 
74.3 

ERROR 
IN JIGE 
+/-

none 

none 

10 
15.0/15.1 
6.8/6.7 

29.1/23.1 
28.9/23.0 

1.4 
6.6/6.3 
1.7 

20.8/17.6 
3.0 
6.8/6.4 
8.5/8.2 

10.6/9.8 
6.9/6.5 
3.8/3.7 
8.2/7.7 
1.0 
2.0 
6.0 
3.1/3.0 

16.9 

REFERENCE/REMARKS 

-actively growing soda-straw 
-actively growing soda-straw 
-growing on gravel laid 1946 
-actively growing nubbin grow-

ing on post-Wisconsin sediment 
-similar to actively growing 
soda-straws growing close toit 

-both (amalgamated) stalagmite 
actively growing 

-actively growing on rotting 
wood 

-found close to retreated ice 
margin 

-Harmon ( 1975) 
-Gascoyne (1979) 

-Gascoyne (1979) 

-actively growing stalactite 
-actively growing stalagmite 
-Gascoyne (1981) 
-Gascoyne (1980) 

-Gascoyne (1980) 

-Gascoyne (1980) 

-Gascoyne (1979) 
-Gascoyne (1981) 

-Gascoyne (1981) 
-Gascoyne (1981) 
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These 4.7g aliquots were taken from successive layers in a 

stalagmite and placed in a vacuum oven and taken to various 

0 
temperatures up to 110 C. After each temperature step, the 
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cubes were reweighed and the experiment was terminated at ll0°C 

after 116 hours when the water was assumed to have been totally 

removed. An important question arises here; was the included 

water completely removed during the extended heating period? 

It is unfortunate that the samples were taken from vertical 

locations along the axis rather than attempting replicate runs 

with cuts adjacent to one another along the same set of growth 

layers. Nevertheless, average cumulative weight losses are 

0.251 ± 0.056 or 0.053 ± 0.012 wt%. This figure falls within 

the range published for crushing extraction experiments of 0.01 

to 0.10 wt% (Schwarcz et al., 1976) but falls well below that 

for decrepitation as will be seen later. Thompson, in light 

of these investigations recommends dropping or severely reduc-

ing the initial heating step, which is intended to remove ab-

sorbed water from the sample, prior to crushing and subsequent 

analysis. 
0 

Above 60 C, serious loss of water results (25.4 ± 

0 
9.0%oof the water ultimately collected at 110 C). Finally he 

concludes that anomalous results (described later) are probably 

due to extraction procedures. 

Beyond the heating experiment of Thompson (1973), little 

has been written with respect to the systematics of water ex-

traction from speleothems although much apparently has been 
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done. Harmon (1975) alludes to 31 fluid inclusion analyses but 

does not give water yields or aliquot size for individual samp

les. However, based on the samples of Thompson (1973) and 

Harmon (1975) the range of water contents is stated by Schwarcz 

et al. (1976) to be between 0.01 to 0.10 wt%, as already men

tioned. In contrast to Thompson (1973), their sample size 'is 

given to be from 1 to 4g. Presumably, Thompson's conclusion 

as to the minimum sample size of about 5g was subsequently found 

~o be excessive. With some additional data on deposits from 

Iowa and Missouri, Harmon et al. (1979) publish yields from 

crushed calcite of between 0.003 and 0.099%. This range of 

water contents is consistent with their use of sample weights 

of between 1 and 20g to obtain enough water for analysis. 

Water was assumed to come from fluid inclusions and the appar

ent water loss encountered by the heating experiments lends 

weight to this assumption. The question of impurities, detri

tal or organic, was touched on briefly by Schwarcz et al. (1976) 

because of its possible contribution to the water content of 

speleothems but it was not investigated beyond cursory observa

tion of the hand specimens and thin sections. 

Harmon (1979) noted an order of magnitude increase in 

water production from speleoth~when heated to 700°C over an 

initial heating at 200°C. He further noticed a depletion in 

deuterium content of the water in the higher temperature frac

tions over the lower temperature fractions by as much as 20% •. 
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4. 3 . 2 . A Comparison of W~ter Content of Speleothems by 

Crushing and Decrepitation 

The results of these two modes of water extraction are 

given in Table 4 . 2 . The range of water contents obtained by 

crushing is between 0 .0 09 and 0.412 wt%. With the exception 

of 73107 from Bermuda , the range is within that published by 

Schwarcz et al . (1 976). Decrepitation (undertaken at calcining 

temperatures of ~850°C ; see Chapter 2 ) increase s yields to 

between 0.237 and 1.010 wt% , 3 to 7 times those obtained by 

crushing . However , there are notable exceptions , such as 

individual samples of 807CHl and 77151B (6D analysis only) 

wh ere crushing yields were very low. Since 77151B gave larger 

yields during independent preparation fo~ 6 18 0 analyses , it 

may be that in the cases where yields were very low , crushing 

of a given set o f inclusions and their subsequent extrac tion 

were not being e f fectively carried out . An important question 

arises h e re: are the waters obtained from each method of 

extraction of th e same origin or does decrepitation re l ease 

water from other sites in addition to trapped liquid water, 

such as coordinated water or hydroxyl groups? Alternatively, 
/ 

crushing releases wa ter from only th e larger inclusions and 

not smaller ones, depending upon the fmeness to which the 

sample is crushed . Also, when the sec tioned sample is evac-

uated at room temperature , the larger inclusions connected to 

the surface or to incipient fracture s , may partially release their water (see sec 



Table 4.2 A Comparison of Water Yields from Speleothems Using Crushing and 
Decrepitating Modes of Extraction 

SAMPLE 

771518 

73Ql7 

797MP1 

807CHl 

Llano 
Chiquito 1 

Mirror 
Lake 1 

NO. of 
ANAL. 

1 
1 
3 

2 
15 
18 

6 
2 
2 

2 
2 

1 
1 

3 
2 

AVERAGE 
SAMPLE WT(mg) 

750 
l, 071 
8,022 

295 
377 :!: 69 

1,527 ± 243 

478 ± 93 
2,200 
5,720 

790 
2,980 

439 
637 

402 
848 

D = Decrepitation; C = Crushing 

YIELD WT. (%) 

M.Y. 
CRUSHING 

(THIS 

- -
- 0.009 

0.053 ± 0.016 -
- -
- 0.412 ± 0.083 

0.359 ± 0.015 -
- -
- 0.059 ± 0. 027 

0.060 ± 0.015 -
- -
- 0.018 ± 0. 005 

- -
- 0.047 

- -
- 0.026 ± 0. 50 

DECREPITATION 

WORKJ 

0.358 
-
-

1.010 
-
-

0.361 ± 0.011 
-
-

0.237 
-

0.336 ± 0.047 
-

0.555 ± 0.304 
-

M.Y. =Water extracted for 6 1 80. analyses (after M. Yamamoto, 1980) 
l 

YIELD RATIO 
D/C 

M.Y. 

-
6.75 

-
2.81 

-
6.02 

-

-

-

THIS 
WORK 

39.78 

2.45 

6.12 

13.17 

7.12 

4.40 

..... z 
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tion 4.2), leaving smaller, isolated inclusions intact. Crush-

ing would then liberate water from some of the remaining smaller 

inclusions where they are intercepted by resultant cleavage 

planes b u t others might be untouched and a considerable reser

voir of water could still remain. Data is presented later in 

section 4.3.6. in which calcite, ground and sieved to 80 mesh) 

is shown to contain quantities of water in excess of 50% of 

that of t he original sample. Whatever the mode of storage of 

water in the sample, complete calcining should release all the 

available water. Water release as a function of temperature is 

described next. 

4.3.3. Water Yields from Partial Extraction by Decrepitation 

Partial extractions of replicate aliquots of 77151B 

were undertaken to try to ascertain the kinetics of water re

lease from calcite and determine whether more retentive sites 

are compositionally different. The object of the experiment 

was to remove water from populations of fluid inclusions of a 

given size range. At successively higher temperatures, it was 

expected that progressively smaller fluid inclusions would be 

released since the stress acting on the enclosing calcite should 

be proportional to the pressure and volume of the water vapour 

in the inclusions. The experiment was performed so that yields 

were the result of cumulative fractions. After a sample had 

been taken to a given temperature and sufficient time had pass-

ed to permit liberation of the water, it was discarded. Samples 



1~ 

were heated for 1 hour, although in practice, the water release 

seems to occur very quickly, in a few minutes. However, after 

the initial pulse, it is possible to collect small quantities 

for up to 24 hours afterwards. The results of the experiment 

are shown in Table d.3 and Figure4.5 where yield is plotted 

against temperature. The release of water is somewhat linear 

up to 650°C. Above this, calcining takes place and the yield 

is increased by a factor of 2.4. The approximate linearity of 

the low temperature end of the curve perhaps suggests the rup

turing of increasingly smaller inclusions yielding the same 

volume of water from each successive population. The sudden 

increase in water content associated with the high temperature 

datum suggests that a good deal of the total water is associated 

with very small inclusions or a distinct, more tightly bound 

water site. The yield is not seen to tail off at lower tempera

tures but this decline probably does not occur until below 50°C 

as already described from the work of Thompson (1973). 

One further experiment was conducted to study water re

lease from speleothems. The apparatus employed was a gravi

metric and differential thermal analysis (DTA) instrument. 

Unfortunately, weight loss at lower temperatures is masked by 

sample bouyancy as surrounding air heats up. The facility to 

do the experiment in vacuum was not available at the time. At 

higher temperatures, calcining takes place resulting in a 40% 

loss in sample weight, swamping any signal associated with loss 



Figure 4.5 A graph of oD. versus water yield (oD. I Y) and 
l l 

temperature (oD . T) and temperature versus water yield 
l I 

(T, Y) for cumulative fractions of water extracted from 

77151B by decrepitation. 
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Table 4.3 

SAMPLE 

77151B(ix) 

( x) 

(xi) 

(xii) 

(xiii) 

#1 

Isotope Data for Partial Extractions of 7_7_1_5:113_ }:)y Decrepitation 

SAMPLE Y(wt.%) oD. (%.) EXTRACTION 
oD~(%.) Y' (wt.%) WT. ( thg) l TEMP (° C) l 

987 0.054 - 23.2 280 - 23.2 0.054 

1070 0.061 - 40.2 400 -171.3 0.007 

1327 . 0. 076 - 52.6 450 -103.0 0.015 

1170 0.085 - 67.0 500 -188.6 0.009 

1092 0.131 -109.5 650 -188.0 0.046 

750 0.314 - 76.9 850 - 53.6 0.183 

...... 
+" 
-o,J 
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of wate~. The DTA s~gnal shows only the phase change due to 

caco
3 

being converted to CaO and co 2 • 

4,3,4, Variations of Water Yield Within Speleothems in 

~elation to Textural Milkiness 

The degree to which calcite takes on a milky-white 

appearance in hand specimens is considered here because of 

its possible relation to the presence of fluid inclusions. 

Schwarcz et al. (1976) report that where fluid inclusions 

are extremely abundant, the speleothem appears milky in aspect. 

This is especially noticeable in coarsely crystalline variet-

ies or speleothem . Those regions containing no observable 

fluid inclusions under the light microscope, were transparent. 

As described previously , milky white calcite tends to be 

restricted to the periphery of stalagmft~s whil st interiors 

are composed of clear calcite domains. 

The first question that arises is as to whether or not 

water is restricted solely to the observable fluid inclusions 

associated with milky retions of the speleothem . A second 

question arises if water is found in all parts of the deposit 

regardless of appearance. If it is , the question is how 

water is stored within the calcite; i.e. is milkiness a function 
··' 

of fluid inclusion density of those fluid inclusions over a 

given size (say, those that are observable under the microscope) 
/ 

or is water in the clearer regions stored in sites other than 

fluid inclusions? 
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The following observations address these questions. 

Stalagmite 797MP1 is useful for investigation of the 

above questions because it exemplifies we ll the association of 

periferal milky-white calcite and axially clear calcite, al-
-

though some milky areas extend completely across growth bands. 

Milky-white domains and a water yield profile can be seen in 

Figure 4. 2 I 4. 6 and Appendix rr(h i;)_samples taken from the grow-

th layer were cut such that the sample volume was the same in 

each aliquot with the shape varyin g because growth bands thin 

towards the outside. Water yi e lds from samples along the grow-

th layer are~ constant (0.36 ± 0.03 wt%), with the excep-

tion of #8, yet samples taken from clear calcite #-2 and #-5 

do not appear to contain less quantities o£ ~ater. These ob-

servations stand in contrast to the axial data (Figure 4.6). 

Large yields here correspond with regions that are milky-white; 

ayield of one of these aliquots, #50, being higher by almost 

a factor of two than the average value. The regions of milky-

whiteness at the axis, however, are not as continuous as those 

on the flanks of the deposit and are oft e n interstratified with 

clear calcite. As d e scribed earlier, few or no fluid inclusions 

are observed in these clear regions. 

These observations suggest that regions of milky white-

ness are not necessarily areas which/ contain greater quantities 

of water but are perhaps indicative of the presence of visible 

fluid inclusions which give· rise to this textural property. 



Figure 4.6 Plot showing water yield, oD., o13 C and 8 180 along 
l c 

the axis of stalagmite 797MP1 from McFail's Cave, N.Y. 

Solid curves refer to the left hand and dashed line to 

the right hand axes. 

Shafi~0 TPfers to thA orPcisioP nf isotnoic 

ceterrniflation at lC". 
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If microinclusions exist within the areas of clear calcite then 

their presence was not revealed in this study. Pseudopleo

chroism thought to be due to microinclusions, observed by 

Kendall and Broughton (1978), was not encountered. A further 

attempt to observe microinclusions involved the immersion of 

the sample sieved to 80 mesh in oil of the appropriate refrac

tive index (n = 1.662) such that microinclusionswould be ob

servable as relief forms under the microscope. However, none 

were observed yet the sample powder retained in excess of 58 % 

of its original water (see section 4.3.6.). 

Speleothems75123 and 75125 (from Cascade Cave, Vancouver 

Island) are milky white and quite similar in appearance. 75125 

is nevertheless slightly more transparent than 75123 and does 

indeed contain less water by a factor of 2.3. 75125 and 75132 

contain on average 0.4000 ± 0.075 and 0.178 ± 0.014 wt% of 

water respectively. 

74017 (from Coldwater Cave, Iowa) is translucent but 

its colours are brown to red-brown rather than milky-white. 

Some of the axial portions tend towards a clear calcite; in 

particular, samples 8 to 12 are of this type but the yield pro

file (Figure 4.7) gives no indication of lower water content 

when these samples are encountered. Rather, the yield seems 

to decrease steadily downwards from 0.86 to 0.59 wt%. 

In summary, there appears to be little correlation 

between milkines s and water content, even though microscopical-



Figure 4.7 Plot showing 8 1 ~ 8D. 8 13 C and water yields for c' 1' 

stalagmite 74017 from Coldwater Cave, Iowa. Solid 

curves refer to the left hand and dashed curves to 

the right hand axes. 
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ly milkiness is associated with the presence of abundant fluid 

inclusions. The conclusion therefore, is that not much of the 

total water bound in speleothems is in the form of microscopic

ally resolvable fluid inclusions. 

4.3.5. Variations in Water Content of Speleothems and Relation 

to Growth Rates 

A histogram of water contents shows a tendency for the 

majority of samples to group around the 0.3 to 0.4 wt% interval 

(Figure 4.8). The single sample plotted at the 1.4 wt% (cross

hatched) interval is the sub-glacially precipitated calcite re

ferred to earlier in the sample descriptions. However, the 

mechanism of deposition is quite different from that of cave 

deposits (Hanshaw and Hdllet, 1978). 

Water content displays a weak correlation with growth 

rate of stalagmites (Table 4.4 and Figure 4.9). Water content 

appears to increase with growth rate extrapolating to zero at 

zero growth rates. Faster growth may be associated with thick

er water films allowing individual crystallite growth to con

tinue unobstructed to larger proportions. The effect of this 

would be to generate larger negative crystals which in turn 

could carry increased quantities of trapped water. An alter

native and more logical explanation would be that an increase 

in degree of supersaturation in the water leads to a greater 

seeding of crystallites and a concomitant rise in the number of 

intercrystallite spaces. The outcome would be faster growth 



Figure 4.8 Histogram of water contents for the samples studied. 

The double cross~hatching refers to the sub

glacially precipitated sample (Bugaboo #l). 
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Figure 4.9 Plot of water content versus growth rate of stalag-

mites for which oD. analyses were made. 
l 
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Table 4.4 Growth Rates and Water Contents for Various Samples 

SAMPLE 

75125 

75123 

797MP1 

76013 

77151B 

74017 

75350 

WATER YIELD 
(wt. %) 

0.178 

0.400 

0.859 

0.243 

0.314 

0.830 

0.178 

TIME DIFFERENCE BE- LENGTH OF GROWTH RATE 
TWEEN BASE & TOP (Ka) DEPOSIT (rnrn) (rnrn/Ka) 

25.0 60 2.4 

6.0 55 9.2 

4.6 120 15.7 

6.0 30 5.0 

14.1 107 7.6 

42.0 540 15.2 

30.2 120 4.0 

~ 
0 



due to greater calcite precipitation and an increased storage 

of water within the greater number of pores. This idea would 

be in accord with the weak or apparent lack of correlation be

tween milkiness and water content in that increased growth rate 

does not necessarily lead to the production of microscopically 

resolvable fluid inclusions. Since the larger inclusions tend 

to be formed on the flanks of stalagmites, their development 

may be a function of increased or laminar water flow away from 

the drip source at the stalagmite's axis. 

4.3.6. Characterization and Quantification of 0 and H in 

Speleothems by IR and Neutron Diffraction Spectroscopy 

So far, this chapter has concentrated on the water ob

tained from speleothems with the general assumption that the 

water liberated from them resides as liquid water within the 

deposit. The possibility that oxygen and hydrogen could orig-

inate from lattice or coordinated water, or hydroxyl components, 

in addition to fluid inclusions, was investigated using neutron 

diffraction and infrared spectroscopy. Clearly, if water is 

bound up in the calcite structure it will have important bearing 

on the observations previously described. An attempt was made 

to correlate the water absorption peak, observed in the IR 

spectra, with the water content of various calcite powders. 

Whilst such a correlation does not prove that water is in lat

tice sites but rather that liberated water from extraction ex

periments can be identified from the spectra, a lack of carrel-
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ation would indicate, that sites other than liquid water are 

not being revealed by IR. 

4.3.6.1. Neutron Diffraction Spectroscopy 

Neutrons are strongly diffracted from ordered hydrogen, 

so it was felt that small quantities of bonded hydrogen would 

be revealed in this way. Three samples were chosen for study: 

73107 (0.893 wt% water), 797MP1#2L (0.361 wt% water) and GCS 

(0.080 wt% water). These samples were ground to less than 64 

mesh. The resultant spectra were generated from a triple axis 

system situated in the McMaster reactor building by Mr. J. 

Cooper. 

In no cases could any of the peaks generated be ascribed 

to ordered hydrogen although a slight shift in the baseline was 

probably due to a background of water. All spectra were gath-

ered quite quickly, but all appeared essentially identical. 

The above interpretations were made by Professor M.F. Collins 

of the physics department and the spectra are retained by him. 

4.3.6.2. Infrared Spectroscopy 

Infrared spectra were run on several samples of differ-

ing water content. Raman spectroscopy was attempted on 797MP1 

#2 (64 mesh, 0.2llwt% H
2
o) but no peaks due to water were ob

served. In fact, only the v
1 

and v4 carbonate vibration modes 

at 1087 and 714cm-
1

, and not the v 3 at 1432 cm- 1 , were observed 

-1 in addition to librational modes below 600cm . The rationale 



behind using Raman stems from the possibility of its use in 

reflected light. In this way it was hoped to compare finely 

ground powders to cut slices of the sample so that the differ-

ence between trapped and bound water might be observed. As it 

was, the cut slice gave a poor spectrum in which smaller peaks 

were swamped by intrinsic noise. 

Conventional and Fourier Transform IR (designated IR and 

FTIR respectively) utilize transmitted radiation. This neces-

sitated using around l% sample to 99% matrix (KBr was used in 

this case because the water backgrounds were found to be low) 

finely ground and pressed into a clear pill at about 5 tons/ 

sq. ins .. A significant portion of the spectrum between 4000 

-1 and lOOOcm was also observed when a cleavage slice of ice-

land spar about 0.5 mm was placed in the beam but unfortunately, 

speleothem calcite is too cloudy and results in nearly complete 

absorption of the IR beam and was thus subsequently not used. 

In using the KBr technique considerable care was taken 

to remove absorbed water. As recommended by J. Delderfield 

(1978), the KBr and sample were dried overnight at ll0°C be-

fore manufacture of the pill. The resulting pill was then 

dried again under the same conditions and placed in an atmos-

phere of dry nitrogen during the experiment. 

Although the spectrum for calcite shown in Figure 4.10 

is that generated from FTIR, very little difference is observ-

ed using IR; therefore the latter, being cheaper, was used 



Figure 4.10 FTIR spectrum for calcite. Absorption peaks 

(numbered) are described in Table 4.5 and text. 
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subsequently. The spectrum is typical of calcite (White and 

-1 Scheetz, 1977) with the exception of the broad peak at 3445cm . 

The calcite peaks are described in Table 4.5. The peak at 

-1 3445cm is thought to be unstructured water since pure water 

absorbs at this wave number (Nakamoto, 1963). Unfortunately, 

-1 the bending mode at 1630cm which should be present, is com-

pletely masked by the broad co3 assymmetric stretch. Should 

the water be coordinated, then rocking, wagging and metal-

oxygen stretching vibrations should appear at 900, 768 and 

-1 673cm . These are not apparent or they are masked by the v 2 

and v 4 co 3 vibrational modes. Coordinated water should also 

show a downward shift from the pure water peak to as low as 

-1 3000cm (Jones, 1953). This is seen, for example, in water 

of hydration of gypsum. The presence of hydroxyl groups should 

-1 also be marked by a sharp absorption peak above 3600cm . OH 

peaks are in similar positions for LiOH.H 2o (Jones, 1953) and 

clays (Roy and Roy, 1956) ~see for example, figure 4.11). 

Since evidence was shown for the presence of hydrogen 

-1 other than the 3445cm peak of liquid H2o, it was considered 

important to try and correlate this broad absorption peak for 

water with the water content of the samples. Various samples 

of different water contents were run in the quantitative ab

-1 sorption mode between 4000 and 2000cm (Figure 4.12). A 

working curve (after Schwarcz and Speelman, 1965) was generat-

ed from three different weights of 797MP1 (Figure 4.13 and 



Table 4.5 Vibrational Modes for Calcite 

WAVE NUMBER 

600 

710 

872 

1480 

VIBRATION 

\)4 

\)2 

\)3 

VIBRATIONAL 
MODE 

Librational 

Planar bending of CO) 

Out of plane bending of CO) 

Main co) assymetric stretch 

1800~ 
2460 Other complex co) vibrational mode 

2860 

REFERENCE 

White and Scheetz (1977) 

Adler and Kerr (1963) 

Adler and Kerr (1963) 

Adler and Kerr (1963) 

White (1979) 

~ 
~ 



Figure 4.11 Partial IR spectrum of slightly calcined calcite 

which has been allowed to absorb water. The sharp 

OH absorption is superimposed on one side of the 

broad absorption peak for water. 
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Figure 4.12 IR absorption spectra for various speleothem 

samples and varying sample quantities. KBr blank 

spectrum is also included. 
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Figure 4.13 Absorption peak heights for ~ater (centre~ at 

-1 
3445 c~ ) per saronlP weight versus water content for 

various (powdered) calcite materials. 

Pee Tahle 4.6 for oata. 
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Table 4.6 Compilation of Water Yield Data from Calcite Powders by Decrepitation 
and Their IR Absorption Spectra (see Figure 4.13) 

SAMPLE WT. KBr WT. SAMPLE H 0 CON'T'ENT ABSORPT~PN PEN< HEIGHT AT Peak height (mg) (mg) (wt%) 3445 em (arbitrary units) 
corrected for KBr blank ** Sample weight 

N.Y. #1* 365 3.43 0.211 3.6 1. 04 
#2 500 8.31 0.211 8.6 1. 03 
#3 236 1. 98 0.211 2.0 1. 01 

Mirror Lake#l 280 2.90 0.158 1.3 0.45 

73017 260 3.76 0.146 4.2 1.12 

G.C.S. 250 3.46 0.040 1.3 0.38 

Hyd. 235 3.86 0.037 1.3 0.34 

KBr (Blank) 320 0 - 0.9 

*N.Y. = 797MP1 
Pa = Mirror Lake 
Bermuda = 73107 
G.C.S. =Grenville Calcite Standard 
Hyd. = Hydrothermal calcite (iceland spar) 

** zero base line drawn from 3710 to 3000 cm-l (see Figure 4.12) 
I-' 

~ 
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Table 4.6). It is important to note that the water being observed 

is that from a crushed residue and is therefore either bonded 

or contained in micro-inclusions. 

As can be seen from figure 4.13 there seems to be a con

siderable difference in the proportionality between absorption 

and water content between different samples. Thus it does not 

appear that a single mode of entrapment as, for example, liquid 

water inclusions, can account for all the water observed in these 

calcites. However, such a conclusion must be viewed cautiously 

since it assumes that the water content determined on other crushed 

aliquots of each sample are equivalent to the water content of the 

sample included in the KBr disc. The constancy of water content 

of these powdered samples has not as yet been established and hence 

possible errors in wt. % H2o cannot be ascribed. Furthermore, 

there is some uncertainty in the amplitude of the water absorption 

peak with respect to both how the baseline should be drawn and how 

the blank correction is to be applied. 

Observations made using polarized IR on one speleothem 

at Caltech by G. Rossman (1981) indicate that water in the calcite 

is unoriented. 

4.3.7 The Size and Size Distribution of Fluid Inclusions 

Based on Observations of Water Yields 

Petrographic microscope and SEM observations indicate a 

range of fluid inclusion size from around lOpm down to sub-micron 

sizes. There seems no reason why, with varying degrees of crys

tallite coalescence, the intercrystallite pores should not extend 

down to Angstrom dimensions. Each subsection of 4.3 
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is examined for its contribution to ascertaining the dimensions 

of these pores. 

Thompson (1973) suggests that a good deal of the water 

is released in vacuo at temperatures around 100°C from aliquots 

of speleothems. However, he did not proceed to higher tempera

tures, especially to those where calcining would occur and 'it 

seems likely that he was unaware of the presence of remaining 

water. Yields, in particular, are commensurate with those ob-

tained for crushing. It appears therefore possible, that water 

was released only from the larger inclusions without much hint 

of a contribution from the smaller sites. Alternately, per

haps water is released along prominent lineations, such as 

those seen in Plate 4.11, from inclusions distributed locally 

around them. 

Comparing water yields from crushed samples to decrep

itated samples, from 2.5 to 13.2 times as much water is collect

ed by ~he latter method (Table 4.2). 71.4% or more of the 

water is thus coming from these higher temperature sites, or, 

if structural water is assumed to be absent; the smaller in

clusions. Partial release experiments by stepwise heating 

with temperatures higher than those used by Thompson might sug

gest a multi-site disposition of the water in populations of 

different sized inclusions. However, a simpler explanation 

for the yield data alone would be a gradual increase in release 

of water with temperature as water is mobilised along pore.s 



177 

rather than the progressive rupturing of sets of fluid inclu

sions of a given size. More data would substantiate the fine 

structure of the temperature versus yield correlation. What is 

noted nonetheless, is the marked increase in yield (2.4 times) 

above calcining temperature indicating a surprising reluctance 

of the water to move. Again if this water is not chemically 

bound to the calcite lattice then it is probably trapped in 

the smallest pores. 

Unfortunately, textural studies are inconclusive. One 

generalization that appears from these studies is that, for a 

given speleothem, the water content is surprisingly constant, 

even crossing textural domains. Given high yield ratios (as 

defined in Table 4.2) and that crushing liberates water from 

visible inclusions seen as a cloudy fabric in hand sample, then 

a possible explanation is that because most of the water is 

coming from microinclusions, it may be difficult to discern 

the contribution from large inclusions. For example, variation 

in yield of the 797MP1 samples (Table 4.2) of ± 0.027 wt% is 

quite similar to the total amount of water contributed by 

crushing, that is, 0.059 wt%. Even given that crushing only 

liberates water from large inclusions, which is most unlikely, 

the "crush" component could easily be masked by the microinclu

sion component. Complementary to this last remark, is the fact 

that the same speleothem gave 58% of its average water content 

when water was extracted from it by decrepitation after it had 
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been ground and sieved to 80 mesh (180pm opening). Clearly, 

this is a lower limit to the water contained in microinclusions 

since some of that component is also lost during crushing. 

Nevertheless, we can inquire what size of microinclusion could 

be present inside a grain that is less than 180prn in diameter 

to provide this water content. 

The upper limit of fluid inclusion size can be calculated 

approximately, assuming that the average grain is a lOOpm-sided 

cube containing one fluid inclusion. The cube will weigh 

-6 approximately 3 X 10 g. We can take the water content of this 

cube to be approximately 0.2 wt%. From Plate 4.5, a very crude 

estimate can be made of linear inclusion proportions of 10 to 

100 units of length to one square unit of cross-sectional area. 

The lenqth of the inclusion comes out to he l::etween 100 and 400pm 

which means that it is longer (or nearly longer) than the 

dimension of the enclosing calcite. However, it should be re-

emphasized that these values are based on an upper limit 

controlled by the unlikely assumption that each grain contains 

one fluid inclusion. However, even if each grain contained 100 

fluid inclusions, which at 100:1 length to width ratio, could 

easily be accommodated,such inclusions would;nevertheless, be 

observed under the light microscope. It may be recalled from 

section 4.3.4 that the oil iw~ersion experiment revealed none. 

Considering the resolving power of the microscope to 

be about 3pm then, at the dimensions stated above, the 

minimum number of fluid inclusions to remainl~isible must be 
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between 10 7 and 109 • 

In section 4.4 we shall consider the implications of 

the size of fluid inclusions to the interpretation of isotope 

data. 

4.4 ~ 18o and SD of Water Extracted from Speleothems 

4.4.1 Introduction 

Chapter 1 reviews the isotopic studies of fluid inclusions 

to date. Two important points arise from the review: firstly, 

that isotopic paleotemperatures, when calculated assuming the 

present day deuterium excess (d = 10%o), are a little too low 
0 

and secondly, that few analyses of modern deposits have been 

made. The paper of Harmon and Schwarcz (1981) essentially 

utilizes most of the data generated from past work (all are 

measurements of 5D.) and attempts to reconcile it by invoking 
~ 

the change in dt to lower values than 10%o in the past to 

recalculate isotopic temperatures. Paleotemperatures rede-

termined in this way yield reasonable values. The fluid in-

elusion data from 5 modern deposits, although somewhat sparse, 
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suggest that isotopic temperatures are recoverable from fluid 

inclusion water and host calcite because they agree in general 

with thermometrically measured temperatures. However, the 

variability of these isotopic temperatures, as mentioned, is 

quite large being ± 4.0°C for the 4 West Virginia deposits 

analysed (Schwarcz et al., 1975). This leaves some doubt as to 

the validity of the remaining 47 paleotemperatures although 

large temperature changes should be discernable. Their cor-

rection of these paleotemperatures is justified since it has 

been shown by other sources that the meteoric relationships 

have changed in the past (see Chapter 1). Nevertheless, des-

pite the variability of the data from modern deposits, the 

isotopic paleotemperature data looks surprisingly convincing 

when the deuterium excess is reduced to zero. 

A critical appraisal of the past fluid inclusion data 

is extremely important because neither the fluid inclusion 
1 8 

data for o 0 (Yamamoto, 1980) nor oD (this study) agree with 

these findings. In fact, the precision of replicate oDi analys-

es given by Harmon and Schwarcz (1981) and Harmon (1981) as 

± 3%o and ± 3 to 4%o respectively was found to be greater by 

more than a factor of 2 than that achieved during this study 

or Yamamoto (1980) for crushing extractions. Admittedly, the 
18 

latter precision was inferred from 0 0. analyses. The present 
l 

work is described in the following sections. 



4.4.2. Isotopic Testing of the Samples for Equilibrium 

Deposition 
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Where possible, the criteria of Hendy (1971) have been 

followed to determine isotopic equilibrium fractionation of the 
1 B 1 3 

samples. That is, o 0 and o C have been measured along 

growth bands. This data has been compiled for the samples in 

Tables 4.2, 4.9 and 4.10 and is included in Appendix IV. Where 

complete axial isotopic profiles are presented, the growth 

layers are included in tables accompanying the text, as in 

Figure 5.1 for example. 

Where equilibrium deposition has not been determined 

unambiguously is in the soda-straw samples, in which growth 

layers are not very extensive. These samples comprise Bone 

Norman #1, Friar's Hole #1 and Wind Cave #l.Justifying use of the 

former two samples, is replicate on. analyses and the fact that 
1 

accompanying seepage water lies close to the meteoric water 

line. Such evidence, of course, does not guarantee that oO 
c 

is in equilibrium but lends assurance that at least the cal-

cite-forming water is not fractionated. Thus evaporation ef-

fects can be ruled out but not necessarily kinetic fractionation 

effects produced by rapid outgassing of co
2 

during deposition. 

The soda-straw from Bone Norman Cave was collected from well 

within the cave in a draught free zone (as indeed were all the 

deposits with the exception of two to be mentioned below ) , in 

the same area from which modern equilibrium calcite had been 
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collected previously (Thompson, 1973) and is therefore likely 

to be in equilibrium. The stalactite from a short 9reywacke 

cave from South Georgia (#1) has been shown to be out of 

equilibrium (Knyf, 1980) but is included because it neverthe

less gave reasonable results. The sub-glacial precipitate 

from the Bugaboo Mountains, B.C. has not been tested for equil

ibrium and its somewhat high isotopic temperature may be a 

function of this. 

With the exception of the samples described above, 

equilibrium deposition has been encountered for the samples 

used in this study. It is therefore expected the seepage, 

hence deposition, water is unfractionated and isotopically 

equivalent to corresponding meteoric precipitation. The 

isotopic correspondence of seepage water and average meteoric 

water has also been demonstrated in Chapter 3. 

4.4.3. Comparison of Isotope Ratios of Water from Crushing 

and Decrepitation Extraction Methods 

Whilst water yields from the two modes of extraction 

are distinctly different, with much higher yields coming from 

decrepitation, isotope ratios are not significantly different 

by contrast. 

Firstly, the precision of the two methods is considered. 

Samples were assumed to be replicate having been cut from the 

same set of growth layers (section 4.2 and Appendix IV). The 



precision of analyses from all the crushing data are ± 0.83%D 
1 8 

for o 0. and ± 8.3%o for oD. whereas for decrepitation, oD. 
l l l 

precision is ± 1.8%o. Given that the McMaster apparatus for 

18J 

crushing extraction may be more problematic than those used in 

the published work and given that the published values of 

± 3%o are more representative, the precision for decrepitation 

is still greater by a factor of 1.7 to 2.2. The lower pre-

cision encountered for analysis by crushing may stem from the 

fact that not all the water is liberated and partial rupturing 

of remaining inclusions could result in a diffusive loss of 

water with a concomitant kinetic fractionation effect. If 

decrepitation can be shown to give the same results then the 

method is more appropriate to the study of paleotemperatures; 

it is faster, uses smaller samples and is more precise. 

Now let us consider the comparison of oD's. Table 4.7 

illustrates that for 3 of the 6 samples water liberated by cnwhing 

is identical to that from decrepitation within error. Of the 

remaining 3, 77151B, as already mentioned, was suspect because 

of an abnormally low yield associated with the oD. analysis 
l 

by crushing. It seems likely some of the sample was lost 
1 8 

during extraction since the crushing yields for o 0 analysis 

were considerably higher. Two values from Llano Chiquita #1 

are different by 30.7%o but no explanation can be offered for 

this discrepancy. 807CH1 has already been noted in the petro-

logy section (4.2) as being somewhat unusual in appearance and 



Table 4.7 A Comparison of oD. and 01 so. in Water Extracted from Speleothems by 
. l l 

SAMPLE 

77151B 
Victoria 
Cave, U.K. 

73017 
Bermuda 

797MP1 
N.Y. 

807CH1 

Llano 
Chiquito#l 

Mirror 
Lake #1 

Crushing and Decrepitation 

EXTRAC. ANAL. 0 1 so. %o* 0 1 so %o 
MODE NO. l c 

D 1 
c 1 {-14.10 +27.00 
c 3 :t0.77 

D 2 
c 15 .[- 5.34 +27.54 
c 18 :t 0.79 

D 6 
c 2 [ -10.71 +23.13 
c 2 .:!:1.32 

oD. %o 
l 

-76.9 
-41.8 

-41.1±0. 1 
-43.2±9.2 

-89.9±1.6 
-90.8±3.8 

D 2 25 16 -109.6±0.1 
c 2 + . -70.1±7.3 

D 1 +24.05 -59.2 
c 1 -89.9 

D 3 +24.06 -72.4±1.8 
c 2 -71.0±6.9 

D = Extraction by decrepitation 
C = Extraction by crushing 
oD., o 1 so. =Isotope ratios from included water 

l l 

( o 1 so i) %o To D oC 

-11.19 -12.6 
- 6.10 + 4.9 

- 7.55 + 3.3 
- 7.90 + 3.7 

-12.49 - 5.3 
-12.60 - 5.7 

-14.95 -18.8 
-10.01 - 2.7 

- 8.65 + 6.5 
-12.49 - 7.5 

-10.30 + 0.2 
-10.13 + 0.8 

(o1 so.) = 01 so inferred from oD. by the given meteoric water line 
l l 

T~D o1 sO= Temperatures determined from oD. and 6 1 so. respectively 
u , l l 

*data after Yamamoto (1980) 
± = 10 for 6 or more points otherwise the range is given 
6 1 ~ = o1 ~of host calcite 

To1 eooC 

-21.0 

+ 5.8 

+ 2.1 

METEORIC 
RELATIONSHIP 

oD = 6. 9 o 1 so+o. 3 
(Evans et al., 1978) 

oD = 6.0o 1 so+4.2 
(Harmon et al.,l978cl 

oD = 8o 1 so+lO 
(Dansgaard, 1964) 

oD = 8o 1 SO+lO 
(Dansgaard, 1964) 

oD = 8o 1 so+lo 
(Dansgaard, 1964) 

oD = 8o 1 8o+lo 
(Dansgaard, 1964) 

1-' 
co 
+=" 



gives rise to very light ~D. values compared to other samples 
1. 
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in the vicinity such as, for example, Bone Norman S.S.l seen in 

Table 4.8. The results of isotopic comparison between crushing 

and decrepitation can be seen in Table 4.7. Thus, while isotopic 

eauivalence between crushing and decrepitation yields is well 

established for half the samples studied, the results for the 

remainder contradict this conclusion. However, these latter data 

should be viewed with caution. The difficulty of achieving rep-

lication for the crushing method both in this study and that of 

Yamamoto (19 80) has heen mentionefl_. Therefore, for those sa.rrmles, 

in which isotopic equivalence appears not to occur, more ex-

tractions need to l::e undertaken as in h-1 0 of the three cases 

only one crushin~ extraction has been performed and in the re-

maining case only two replicate extractions were carried out. 

The crushing extraction associated with 771518, as mentioned 

above, lacks precision because of t~e apparently small proportion 

of sample collected. Nevertheless, the above data do suggest 

some inconsistency that requires further investigation. 

Of the remaining three samples, replicate data are more 

numerous and isotopic equivalence between the bm extraction 

methods seems convincing. 

From the above discussion, it is not possible to say 

unequivocally that bDi from crushing equals that from decrep

itation but the evidence for this isotopic equivalence seems 

more for than that against it. Further support for this vievJ 

is provided in the next section where water extracted from 



Table 4.8 Com:Qarison Between Isoto:Qic Com:Qosi tion of See:Qage Waters and Calci~tg-;I3ound Water in 
Modern and Interglacial De:Qosits 

cSD cSD. (%o) 
l:lcSD . cS 1 so ISOTOPIC CAVE 

AGE METEORIC 
SAMPLE l 

TEMP (° C) TEMP RELATIONSHIP (%~) CR us S-l c 
(Ka) (%o) (%o) 

A B c oc 
SLOPE d o't 

Bone-Norman(SSl) - 55.0 - - 78.3 25.0 24.41 3.2 6.5 7.8 10.0 M 8 10 1 

Friar's Hole(SSl) - 55.1 - - 69.7 15.6 23.81 4.6 13.3 14.6 9.5 M 8 10 
Mirror Lake #1 - 52.0 - 71 .. 7 - 72.4 21.8 24.06 0.2 9.7 11.0 11.1 M 8 10 
797MP1 - 67.0 - 95.6 - 89.9 24.9 23.13 - 5.3 5.5 6.8 8.0 M 8 10 
807CW3 - 59.0 - 83.1 - 80.7 23.3 24.58 - 5.4 4.5 5.8 7.8 (M?) 8 10 
Wind Cave #1 -102.0 - -127.1 28.2 20.22 -10.2 - 0.9 0.4 ,...., 5. 0 (M?) 8 10 
807CH1 - 55.1 -109.6 -109.7 59.5 

- 25.3 5 
25.16 -18.8 - 8.3 - 7.0 9.5 (M) 8 10 

Llano Chiquita #1 - - 54.2 
75350 - 4.3 3 - - 30.7 
Bugaboo #1 -106.0 3 - -160.7 
South Georgia #1 - 70.0 - - 77.0 
73107 - 18.0 - 41.0 - 41.1 
77151B - 52.0 - - 76.9 

M = Modern 
(M) = Samples not used to determine L'lcSD . 

S-l 
(M?) = Questionably modern 
CR = Crushec residue 

30.1 24.05 6.5 20.4 
26.9 26.30 10.9 24.3 
0.7 12.26 3.0 13.8 
7.6 26.00 - 4.3 5.5 

23.8 27.54 3.3 11.0 
26.6 26.22 -12.6 0.3 

US = Uncrushed 0amp1e D 
l:lcSD . = 10 3 lna . where a . = (cSD + 10 3 )/(cSD + 10 3

) = 22.1 ± 3.9 
S-l S-l S-l S . 

~ SD -SD. 1 

s l 

A = Determined using equations 1.3 and 1.8 
B = Determined applying L'lcSD . to recover oD and equations 1.3 and 1.8 
c =Determined as in B but ~sing d = 7.8 assdetermined for cave seepage 

in the Eastern U.S. (Chapter 3? 

21.7 ......., 19.0 (M) 8 
-
-
-
-
-

24.0 (M) 6 
0.0 (M) 8 
3.8 (M) 8 

>10.0 6 162.0 6 
,.., 0. 07 257.4 6.9 

1 Dansgaard (1964) 
2 Harmon et al. (1978) 
3 IAEA (1979) 
4 Evans et al. (1978) 
5 Harmon (1975) 
6 Mcintyre (1967) 
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speleothem powders is shown to be isotopically the same as 

water extracted by decrepitation and hence, in some cases, 

crushing. 
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If isotopic equivalence exists between the two methods 

then this would be evidence that water liberated by decrepita

tion does not contain structural components chemically bound 

to the calcite lattice but is being released entirely from 

fluid inclusions. In other words, crushing and decrepitation 

would be releasing water from isotopically equivalent sites. 

However, it will be shown subsequently that this water is iso

topically fractionated with respect to parent seepage water 

from which the calcite grew. 

4.4.4. Isotopic Composition of Water Extracted by Decrepitation 

of Crushed Samples 

Because comparisons of two methods of extraction seem 

largely to yield water whose OD is the same, a complementary 

experiment was undertaken to see if calcite powders would also 

give the same results. Of the 6 samples chosen for the study (Tarle 

4. 8 an~ AppencHx IV, b (ii)) only 797MP1#-5LD seems to fall out-

side the range of experimental error but even then it is only 

3.2%o heavier than the mean of the growth layer value from 

which it was taken (Figure 4.2). The discrepancy is explainable 

perhaps because calcite powders are difficult to handle in 

the furnace. Powders generally need to be dried overnight at 

temperatures usually close to l00°C and with the findings of 
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Thompson (1973) such temperatures would involve considerable 

loss of water. At high temperatures the powders are particu-

larly difficult to handle because co
2 

released during calcining 

causes the grains to go into frenetic activity with some es-

caping the glass wool cover and coming to rest in the spiral 

trap. This situation has to be avoided because the CaO grains 

could react with water when the trap warms up to room 

temperature. Sample 797MP1#1 has previously been noted to yield 

isotopically equal water whether crushing or decrepitation 

extraction have been undertaken. The decrepitation 

of the crushed residue also gives the same oD value as crushing. 

In summary, water extracted by decrepitation from cal-

cite powder was found to yield the same results as that extract-

ed from cut samples. 

4.4.5. Decrepitation of Hydrothermal Minerals as a Test of the 

Method of Extraction 

Coexisting hydrothermal minerals from the Taulin Ore 

Deposit, China were decrepitated according to the procedure 

described in Chapter 2 and Appendix II and oD. was analysed. 
l 

The reason that this experiment was undertaken, apart from the 

interest in a geochemical study of the ore body (Ding et al., 

1981) , was to see if different coexisting minerals, including 

calcite and quartz, were isotopically equivalent. 

Although the equivalence of crushing and decrepitation 

methods of extraction is suspected, some concern was felt 



that oD from decrepitation of calcite might be an experimental 
i 

artifact. The reason for this suspicion is that during decrep-

itation, copious quantities of co2 must be separated from 

relatively small amounts of water, and this might result in 

small quantities of water being carried away with co2 as co 2 

is removed by the was~pump. Since quartz does not break down 

during decrepitation and if coexisting quartz and calcite are 

found to be isotopically equivalent, then concerns that water 

was being lost in this way would be unfounded. 

The coexisting quartz (004) and calcite (004) gave oD. 
l 

values as -46.1 and-47.6%orespectively (Appendix V). Although 

somewhat limited, this experiment lends some assurance to the 

fact that the isotopic fractionation of water extracted from 

speleothems with respect to their parent solutions is probably 

due to some natural process and is not an artifact of the 

experiment. 

4.4.6. Decrepitation Temperature Versus oD. 
l 

The experiment done on 77151B to study this relation-

ship is described in section 4.3.3. and the results are shown 

in Figures 4.5 and 4.14 and Table 4.3. In Figure 4.5, the 

points represent oD. of cummulative fractions as the tempera-
1 

ture (or yield) is increased. In Figure 4.14, the data is re-

plotted such that theW. of each fraction is correlated with 
l 

yield. The correlation is somewhat surprising as isotopically 

heavy water is being released at the lowest temperature step 



Figure 4.14 8D. versus fractional water yields from 77151B 
l 

at various decrepitation temperatures. Data is from 

Table 4.3 
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(280°C). At the next step, very light water is released and 

thereafter, subsequent fractions are light, although not as 

light as this, until 650°C when calcining starts and the re

maining 58% of water returns to an isotopically heavier value. 

This latter value (-50.9%.) is in fact heavier than the total 

decrepitation value of - 77%. . The justification for the 

curve shape in Figure 4.6 stems from the observation that once 

calcining commences, complete release of water takes place. 

The calcining temperature of 850°C is used merely to improve 

the rate of analysis and is normally employed for all decrepi

tation extractions. 

The low temperature po~tion of the curve is hard to 

explain because a straightforward diffusive process would re

sult in the loss of light isotopes preferentially. One pos

sibility is that the low temperature fraction is due to con

tamination such as absorbed water but steps are taken (Chapter 

2) to remove this possible component. Apart from this, ab

sorbed water might be expected to be present in variable amounts 

and yet generally the consistency of replication argues against 

this. Another explanation that might account for the low tem

perature end of the curve could be that water is being liberat

ed from isotopically distinct sites accounting for at least 

42% of the water. Suppose, for the moment, that at low tem

peratures the larger fluid inclusions are being released and 

that progressively smaller ones are released subsequently until 
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finally lattice water is released at high temperatures. How 

plausible is this model? The fact that supposed 'lattice' 

water is heavier in isotopic composition than the high tempera-

ture inclusions is the reverse of that expected since deuterium 

does not concentrate in the mineral phase (Hoefs , 1980). It is 

perhaps consistent with the low temperature extractions. This 

multi-site model is unlikely because of the evidence presented 

for the isotopic equivalence of crushing and decrepitation 

methods of extraction. Furthermore the occupation of the many 

sites would have to be repeatable from calcite aliquot to cal-

cite aliquot, sample to sample and geographical locality to 

geographical locality in order to demonstrate the interval 
1 8 

consistency of 6D and 6 0 results depicted in Tables 4.7 and 

4.8 and Figures 4.6 and 4.7. 

Without further evidence, a simpler way out of the 

dilemma is to accept that water is liberated from many fluid 

inclusion sites of different sizes that are isotopically equiv-

alent. The curve in Figure 4.14can then be explained as follows: 

The low temperature end of the curve (up to 280°C) represents the 

release o~ larger inclusions although if this is a diffusive pro

cess then at lower temperatures one might expect to see light 

fractions appearing. In the second fraction the water might be 

being released diffusively from a new, tighter set of fluid 

inclusions. Subsequent fractions then get progressively light-

er from the third step because of further diffusive loss of 



water from still ~ighter sets of inclusions. Once the sample 

starts to calcine at 650°C, then the remaining water is releas-

ed which is heavier than the total decrepitation water because 

of the earlier diffusive losses. 

Whilst the above model is itself somewhat speculative 

and simplistic, in the absence of a number of definitive and 

careful experiments, it is presumptuous to seek more complex 

explanations even though it is acknowledged that the system is 

unlikely to be a simple one. 

4.4.7. A Comparison of Isotopic Ratios in Cave Drip Water(SD
9

) ano 

Decrepitation Water from Modern Speleothems(6Dil 

As described in Chapter 1, earlier studies suggested 

that oD. was equal to oD although reconsideration of some of 
l s 

this data reveals an important exception which will be discuss-

ed in Chapter 5. Nevertheless this study was undertaken be-

cause of the importance of examining and establishing the re-

lationship between oD. and oD . Furthermore, it should be 
l s 

reemphasized that results presented in Chapter 3 indicate that 
1 8 

oD and o o are constant throughout a period of at least a s s 

year and represent the mean annual precipitation. Thus any 

differences between oD. and oD cannot be attributed to short-
1 s 

term fluctuations of oD . All the deposits considered in the 
s 

section designated 'modern' are, in fact, Holocene and appear 

to represent no more than 1 to 2Ka based on average growth 

rates and some are demonstrably younger (see Table 4.1). An 
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assumption, which can be substantiated from ice cores (for 

example; Dansgaard et al., 1969) is that there has been no 

great change in the isotopic composition of mean annual pre-

cipitation. 

A comparison between oD of waters extracted from modern 

deposits is given on Table 4.8. Calcite-bound waters are 

lighter than accompanying seepage by an average of 22.1 ± 3.9%o 

in oD (the fractionation is designatedAoD . and the fractionas-l 
. f D tlon actor 0< . 

S-l 
(see Table 4.8)). Tentatively, a similar ob-

1 8 

servation can be made for o 0 too but with only the data from 

797MP1 to go on. The value obtained is 3.14%o (Table 4. 9); 

1 8 0 
the notation is likewise 66 0 . and a . • Clearly, the seep-

s-l s-l 

age water is modified isotopically during or after entrapment. 

Since neomorphic effects are not observed (see section 4.2), 

isotopic fractionation of the water does not appear to be a 

result of recrystallization. Isotopic data from 6 samples in 

Table 4.8 have not been used to calculate 6oD . . These follow: 
S-l 

Wind Cave #1, which is a soda-straw, was found on the ground 

and was dry. Seepage water was obtained from similar soda-

straws growing in the proximity. Unfortunately but under
' 

standably, the Park authority forbade removal of these growing 

deposits. The age of the Llano Chiquito #1 sample is not in 

question since it was actively growing o~wood washed into the 

cave but coeval water was not collected. oD is an average 
s 

of 3 determinations from another cave (Del Arroyo, see Harmon, 



1975) that is situated some 700 m lower. LoD . in this case 
s-~ 

could be lower than the 30.1%o calculated as lighter average 

precipitation would be expected at the higher site. 807CH1#1 

does not conform to the general pattern (LoD . = 59.5%o). The 
s-~ 

age of the deposit is in doubt, because although it appeared to 
1 8 

be actively growing, o 0 does not seem to reflect present day 
c 

values in the area. The trapped water may reflect periods of 

lighter precipitation although it is even too light to be ex-

plained completely by this. It is anticipated that more work 

will be undertaken to resolve the problem of this interesting 

stalagmite. 75350#1 was not used because there is uncertainty 

as to oD at the cave. The value given, -4.3%o, is that for 
s 

mean meteoric precipitation for San Juan, Puerto Rico (IAEA, 

1979). Finally, the last two samples: Bugaboo #1 and South 

Georgia #1 are not strictly Karstic cave deposits. The former 

formed under ice and the latter in a cleft cave composed of 

greywacke. Bugaboo #1 contains a great deal of water and, as 

mentioned in 4.3, results from a different mode of formation. 

It appears, and rather interestingly so, that ice or regelation 

water is being preserved without modification within this, and 

perhaps other, sub-glacial precipitates. oD of coeval ice was 

estimated from Hislop (1979). The deposit from South Georgia 

was not included because it was found not to be an equilibrium 

deposit. Nevertheless, it has been p~ented because its isotop-

ic te mperature resembles the summer cave temperature. However, 
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the oD is different from that expected at that latitude. The 
s 

IAEA (1979) data for Stanley Island, close to the South Georgia 

latitu de suggest that the mean annual precipitation of this 

site should be closer to -58%o rather than -70%o . 

Two other speleothems, 73107 and 77151B which have been 

included in Table4.8 are interglacial deposits and if ~oD . 
S-l 

is calculated for them, both values fall within the 22.1 ± 3.9%o 

value determined for modern deposits. An important consideration is 

whether or not A~D,_t is temperatu..""E: dependent, but no co~rclation is noted. 

The data used to determine ~oD . are mostly too close in tem
s-l 

perature to permit a sensible correlation. Before ~oD . can 
S-l 

be considered further as a possible means of recovering tempera-

tures from fossil deposits some discussion of the depleted 

nature of oD. is required and now follows. 
l 

4.4.8. Some Speculation on Isotopic Composition of Fluid 

Inclusions 

This study and the work of Yamamoto (1980) has shown 

that water in speleothems is isotopically lighter than seepage 

water from which it was deposited. Because this anomalous 

isotopic depletion was found in some modern, actively growing 

speleothems, changes in past meteorological regimes cannot be 

sought as a means of explaining the phenomenon. The possibil-

ity that experimental artifacts could affect all the fluid in-

elusion data is constrained by the observation of similar find-

ings ~sing different techniques of extraction, preparation 



and analysis. Infrared and Neutron diffraction methods fail 

to reveal the presence of structural or oriented water, al-

though their presence remains a possibility. Isotopic compari-

son of water extracted by crushing versus decrepitation further 

argues against the presence of structural water components. 

Therefore, we must now ask how water can be unstruc-

tured and unoriented and yet fractionated? One possible 

mechanism is that water is fractionated by adsorption onto 

crystal surfaces. Unfortunately, very little has been written 

about isotope effects during adsorption of liquids. However, 

Stewart (1974) found adsorbed water in clays to be strongly de-

pleted in deuterium, occasionally by as much as 130%o The 

effect in calcite may appear to be weaker because of the ad-

sorption of only some of the water within the fluid inclusions. 

Thus the electrostatic or Van de Waals forces may be strong 

enough to produce an isotope effect between the hydration 

layers and the bulk solution. The isotope effect should fall 

off in magnitude away from the crystal surface. This, the 

Stern double 1ayer, is known to extend outwards for around 

2 10 Ahgstroms thus placing some limitation on the cross-section-

al dimensions of the intercrystallite pores for the isotope 

effect to be measurable. 

In section 4.3.7 a very crude calculation was made as 

to the upper limit of intercrystallite pore diameter of between 

1 and lO~m. These were based on 10:1 and 100:1 length to 
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width ratios of pores respectively and the condition that they 

just fit inside the (lOOwm) grains. However, it seems hardly 

likely that fluid inclusions could remain intact when their 

dimensions are equal to that of the grain containing them. 

Microscopic observations of grains in immersion oil should re-

veal inclusions down to a few microns in length, yet none have 

been seen. Inclusions of lwm in length will have diameters of 

10 2 to 10 3 a~gstroms which is within the range of the Stern 

Double Layer. If the inclusions are generally of this size, 

each lOOwm grain would contain 10 6 to 10 8 of them; a density of 

12 14 3 10 to 10 per em . 

Assuming that the Stern Double Layer is containing 

isotopically fractionated water then a problem arises because 

in order to produce the same fractionation in all samples re-

gardless of age and locality, the same size and range distri-

bution of fluid inclusions would have to occur. Be that as it 

may, in the absence of a more plausible explanation, the mech-

anism of adsorption is proposed for the isotope depletion noted 

in water extracted from speleothems. 

In summary, it appears that the possibility exists for 
1 8 

using 66D . , and, possibly even 66 0 . , to calibrate fossil 
S-l S-l 

speleothems such that isotopic temperatures can be recovered 

from them. Application of the fractionations to accomplish 

this is examined hereinafter. 
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4.4.9. A Comparison of Isotopic Temperatures Using oDi and 

Cave Temperatures 

Isotopic temperatures calculated using equations 1.5 

and 1.8 are too low to be acceptable, many falling below zero. 

Changing oD. by application of 6oD . brings almost all tempera-
1 S-1 

tures to more acceptable values (Table 2.4 and Figures 4.6 'and 

4.7). Even then, some of the temperatures appear still too 

low. Of the isotopic temperatures calculated for the 5 modern 

samples used to determine 6oD . , 4 out of the 5 are low by up 
S-1 

to 3.3°C whereas the fifth, Friar's Hole (SSl), is too high by 

4.4°C. The inconsistency of the latter is due to its low 6oD . 
S-1 

of 15.6%b which, at the moment remains unexplained, but may be 

analytical. The other 4 temperatures are low for perhaps two 

reasons: firstly, that the 6oD . used may be too small be
s-1 

cause of the inclusion of the lower value of 6oD . Friar's 
S-1 

Hole (SSl) in the data set used for the calculation of 6oD . ; 
S-1 

secondly, the meteoric water line determined for a number of 

cave sites in the Eastern U.S. has a lower intercept (d = 
0 

7.8 ± 1.5) than that published (d = 10.0 ± 1.0 (Chapter 3)). 
0 

Applying the former value (d = 48) raises all the isotopic 
' 0 

temperatures by about 1.3°C and, ignoring Friar's Hole (SSl) in 

the determination of 66D . , the temperature is raised by a 
S-1 

further 0.5°C. 4 out of the 5 modern isotopic temperatures 

are then much more acceptable. Of the 5 paleotemperature pro-

files (Figures 4.6, 4.7 and 5.5), perhaps only 797MP1, the 
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Holocene stalagmite from N.Y., can be subjected to the 1.3•c 

change because of the meteoric water line determined from cave 

drip waters. The other profiles might also be subject to change 

but it is not known what the meteoric water line at these sites 

would have been during the Pleistocene. At this point, a re-

minder should be made that most cave seepage isotope ratioi lie 

to the right of the meteoric water line (see Figure 3.6 and 

Chapter 3.1.3.) and it may be that all paleotemperatures should 

be subject to small changes as a re~ult of this. This is dis-

cussed further in the next chapter when the significance of 

paleoclimatic profiles in speleothems is considered. 

The inclusion or exclusion of the Friar's Hole (SSl) 

data clearly affects the precision , if not the absolute value, 

of temperature determinations. Since there is no a priori 

reason for dropping this value of 6o D . of l5.6%o, the average 
S-l 

6oD . is retained. It should be added though that most of the 
S-l 

remaining (tentative) data in Table 4.8 and all the paleotem-

perature profiles argue against the validity of this result. 
------
\ 
I 

The errors considered in the calculation of precision of iso-

topic paleotemperature are: 

i) Errors in slope (±0.2) and intercept ( ±1.5) of the 

meteoric water line; 

ii) Error in 6o D . ~3.9 % o) based on the 5 modern spel
s-l 

eothems; 

iii) Analytical errors 
1 8 

in oD. (±l.8%o) and o 0 
l c 
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(Appendix IV) . If 66D . with an error of ± 3.9%o is used then 
S-1 

precision of temperature determinations is ± 4.3°C. Clearly, 

these values, if valid, will allow meaningful interpretation of 

paleotemperature records, like those presented in Figures 4.6, 

4.7 and 5.5, whose temperature range is around 8°C. Errors in 

relative temperatures may not be as large if the value of 6 ~.Ds-t 

is at least constant at a given site for a single speleothem. 

Thus error bars presented in the profilesare calculated without 

the addition of this error and are ± 2.9°C. 

1 8 

4.4.10. A Comparison of Isotopic Temperature Using 8 Oi and 

Cave Temperatures 
1 8 

The possibility of applying 66 o . 
S-1 

in the determination 
"'-~l.,J·•·.::.k 

of isotopic temperatures is considered here, albeit tentatively. 

These results must be considered as preliminary because only 

one modern deposit was analysed (797MP1) and because of the 

possibility of post-depositional oxygen isotopic exchange al-

ready mentioned. Post-depositional exchange would be expected 
1 8 

to make 8 0. heavier as temperature over most of the past 
1 

250,000 ka B. P. ~r!as probably lower than now (Harmon et al., 

1979; see also Chapter 1). 
1 8 

Surprisingly, the 8 0. data indi-
1 

cates the reverse; like oD. fluid inclusions tend to be deplet
l 

1 8 
ed in 0 with respect to meteoric water of the same oD. If 

1 8 
66 0 . is also constant (or temperature dependent) , then the 

S-1 

possibility of isotopic temperature recovery presents itself 

without the need to resort to meteoric relationships for its 



Table 4.9 Isotope Ratios and Isotopic Temperatures of Speleothems for which b18oi was measured 

NO. of MEAN 
01 so cS 1 so . * cS 1 so* T. SAMPLE SAMPLE ANAL. ( %o) S (% 0) l (%o)c T. (°C) 1corr TM ( oc) 

AGE (Ka) ** of cS 1 so. l (o C) 
l 

77151B 3 -14.10 ± 0.77 27.00 -21.0 -11.3 7.5 257.4 

73017 18 -2.34 1 - 5.34 ± 0.79 27.54 + 5.8 +18.7 19.0 110.0 

797MP1 2 -7.60 2 -10.71 ± 1.132 23.13 + 2.1 +14.6 8.0 0 

76501(6-9) 4 -- 6.69 ± 0.69 26.17 + 8.5 +18.4 15.6 74.3 

77162 4 -10.45 ± 1.06 26.92 -10.1 + 0.6 7.5 110.0 

6 cS 1 so . = 10 3 1 n ex . ; a . = ( cS 1 so + 10 3 
) I ( o 1 80 . + 10 3 ) 

S-l S-l S-l S l 
*Data after Yamamoto (1980) 

1. Harmon (1975) (for modern data) 
2 • Appendix III 0 . 

'I' . = Temperature corrected by 6 cS 1 so . = "3, I I ~a 
lCOrr S-l 

TM = Modern cave temperature 

**See Table 4.1 l\) 
0 

\....) 
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determination. 
1 8 

From the o 0. data of 797MP1 (Table 4.9) and the drip 
J_ 

1 8 
water data (Appendix III), 66 0 . gives a value of 3.14%0 • 

S-J. 
1 8 

o 0. data of the interglacial Bermuda flowstone (73107 in Table 
J_ 

1 8 1 8 
4.2) and modern o 0 

s 
( Harmon, 1975) give 66 0 . at 3.0l%o. 

S-J. 

The value for McFails Cave may be too large because the drip 

water data lie far to the right of the meteoric water line 

(Figure 3.6) and this may be due to an incorrect determination 
1 8 

of 6 0 • 
s 

oD is about the value expected for that region 
s 

1 8 

(Taylor, 1974). On the basis of 66 0 . from the modern de
s-J. 

posit, isotopic temperatures have been corrected in Table 4.10. 

Because of the ages of samples, it is a little difficult to 

evaluate the temperatures. -ll.3°C for 77151B is obviously too 

low but 0.6°C for 77162 from Lost John's Cave, U.K. at 101 Ka 

B.P. may be reasonable because a number of U.K. speleothems 

dated by Gascoyne (1970stopped growing at this point although 

this time is generally considered to be during the last inter-

glacial. Other temperatures calculated are perhaps more pro-

mising but perhaps tend to be a little too high. 73107 from 

Bermuda is interglacial and yields a reasonable temperature. 

Without further results, it is difficult to evaluate the pro-

mise of this approach to isotopic temperature determinations. 

However, the point is reemphasized that included waters are de-
1 8 

pleted in 0 rather than enriched as expected from post de-

positional oxygen isotopic exchange with the host calcite. 



CHAPTER FIVE 

THE POTENTIAL OF THE METHOD FOR PALEOTEMPERATURE 

AND PALEOCLIMATIC DETERMINATION 

5.1 Application to Pleistocene Climatol?gY 

5.1.1 Introduction 

Stable isotope profiles were generated from 5 spel~o-

thems in an attempt to recover meaningful isotopic paleotem-

peratures u sing the method outlined in Chapter 4. These tern-

peratures were calculated following three steps: 

( i) oD. is modified by 6oD . to infer oD I assuming 
l S-l S 

no variation in 6oD . , 
S-l 

(ii) oO is determined from oD by application of a 
s s 

given meteoric water line of the form given in Equation 1.8, 

(iii) 6 180 of the host calcite is determined and deposi-

tional temperatures are calculated using Equation 1.5. 

Unfortunately, none of the records extend over a full 

glacial to interglacial period for reasons given later. All 

are interglacial or interstadial deposits from latitudes be-

tween 45 and 55°N where speleothem growth seems to have stopped 

at times of glacial maxima. Nevertheless, variations of oD. 
l 

and 6 1 80 with time and site temperature are further examined c 

- 205 -
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in light of their contribution to paleoclimatology. 

5.1.2 Speleothems From the Holocene and Sangamon Interglacial 

Periods 

5.1.2.1 Holocene Stalagmite from .rv!cFail's Cave, N.Y. 

797MP1 grew from 4.6 Ka to the present when it was 

found actively growing. It was shown to be growing in isotopic 

equilibrium according to the criteria of Hendy (1971), correla

tion coefficients between o13 C and 6 1 ~along three growth 

horizons, A, Band C, being 0.187, 0.526 and 0.175 respectively. 

Furthermore 6 1 ~ does not show a linear correlation with dis
c 

tance along any of the three growth horizons measured (Figures 

4 . 2 and 5 . 1) . 

Stable isotope data, associated isotopic temperatures 

and ages are presented in Table 5.1 and Figure 5.2. One of the 

problems with the decrepitation method for extracting water 

from speleothem aliquots is that the sample is completely cal-

cined. This results in the lou of C02 from the sample and 

hence the inability to make simultaneous oD., 6 180 and 6 13 C 
l c 

analyses. Aliquots of calcite for oni analysis are thus taken im-

mediately adjacent to drill holes along growth layers. In the 

case of 7q7MPl, where axial 6 180 and o13 C profilffiwere very 
c 

detailed, the calcite aliquot for one oD. analysis may 
l 

have in excess of ten counterpart analyses of 6 1 80 and 6 1 3 C 
c 

(see Appendix IV). Table 5.1 reports only the mean values of 

6
1 8

0c and o 13 c associated with single cSDi values. 



Figure 5.1 o 1 80 and o 1 3 C of points along growth bands of c 

797MP1 and 74017. Solid and dotted lines relate to 

left and right hand axes respectively. 

Precision of h18o. analyses are +0 .15 Sl<c at 17. 
~ -
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Table 5.1 Isotogic Comgositions, ULTh* Ages and Calculated Degositional 
Temperatures** for Stalagmite 797MPL McFail 1 s Cave, N.Y. 

SAMPLE NO. HEIGHT 
H 20(wt%) 0 1 Eb (% 0) ABOVE BASE on. (%o) TEMP oc AGE (Ka) c l 

797MP1 # Top - Modern 

1 10.0 0.361 23.01 - 89.9 5.1 
14 8.4 0.411 23.30 - 97.3 1.0 

20 7.0 0.458 22.85 - 95.1 3.7 

30 5.8 0.650 22.94 - 91.9 6.9 

40 4.5 0.252 23.35 -101.8 -1.2 

50 3.3 0.859 23.10 - 99.3 0.8 

60 2.1 0.454 23.18 -102.8 -1.1 

70 0.8 0.405 23.15 - 95.1 3.6 
Basal 2 em - 4. 6 ±1. 4 

*After Gascoyne (1981) see also table 5.5 
**Calculated following the procedure outlined in Section 5.1.1 

N 
0 
'() 
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The isotopic temperatures listed in Table 5.1 and seen 

as a profile in Figure 5.2 may be subject to a positive temper

ature shift of 1.3°C if a slightly different meteoric water 

line, d = 7.8~rather than 10 derived from cave waters in the 
0 

Eastern U.S. (Chapter 3), is applied. In so doing, no temper-

atures fall below zero,with the present day temperature being 

raised to 6.8°C, close to the thermometrically determined cave 

temperature of 8.0°C. As mentioned in Chapter 4, it is only to 

seepage waters in caves (and modern isotopic temperature re-

cords) in the Eastern U.S. that the d = 7.8 line is applied, 
0 

although the tendency of cave drip waters in many areas to fall 

to the right of the Craig-Dansgaard meteoric water line and 

thus yield d <10 is noted. Such trends, however, do not 
0 

significantly affect the discussion hereafter. 

5 .1. 2. 2 Holocene Stalaqmi te from Cold Wat-er Caye, 'iow~ 

74014 has been described extensively (Harmon et al., 

1979 and 1979a and Harmon and Schwarcz, 1981) because earlier 

age dat~ comprising four dates, suggested that it had grown 

over the period 25 Ka to 6 Ka, covering the Wisconsin Glacial 

Maximum at 17 Ka. oD. and isotopic temperature profiles cons
l 

tr~cted from the record somewhat fortuitously revealed both a 

significant depletion in deuterium and low temperaturesat the 

time of the Glacial Maximum. Reevaluation of the four dates 

from the original raw data by Gascoyne (1981) suggests that 

74014 grew from about 12 Ka to 2 Ka. Therefore the depletion 



Table 5.2 Isotopic Compositions*. U/Th Ages**, and Calculated Depositional 
Temperature*** for Stalagmite 74014, Coldwater Cave, Iowa 

SAMPLE NO. 

74014:5 
:10 

X 

:10 
y 

9 
8 

7 
4 

:12 

HEIGHT 
ABOVE BASE 

Top 
77 
65 

65 

56 
51 
48 
38 
23 
18 
13 

H 2 0 (wt%) 

0.26 
0.12 

0.12 

0.10 
0.17 

0.09 
0.07 

0.08 

*From Harmon et al. (1979a) 

8 1 so (% tJ) 
c 

24.47 
24.20 

24.28 

24.77 
24.74 

24.25 
24.10 

24.13 

**After Gascoyne (1981) and Table 5.5 

oD. (%o) 
l 

-67.1 
-72.8 

-72.0 

-72.0 
-74.9 

-79.4 
-76.9 

-72.3 

TEMP °C 

11.9 
10.1 

10.1 

8.2 
6.9 

6.6 
8.4 

10.6 

***Calculated following the procedure outlined in Section 5.1.1 

AGE (Ka) 

2.0 ±1.1 

12.0±0.6 

10.0±2.0 

N 
....... 
....... 
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in &D. and low calculated temperatures cannot be attributed to 
l 

extreme late Wisconsin climatic change but was more likely an 

early Holocene event. As with the other samples described here, 

74014 is treated as if fractionation towards lighter isotopic 

values took place as seepage waters were incorporated in the 

deposit. The recalculated temperatur~s (Table 5.2) seem a lit

tle high but the mean value of 9.0 ± 2.0°C is well within the 

8.8 ± 0.5°C range for the modern cave temperature. At any 

rate, the 'youngest' temperature determined, 
0 

11.9 C, agrees with 

the modern temperature to within the ±2 .9°C precision for the 

method. 

Data pertaining to paleoclimatic interpretation is 

presented in Table 5.2 and depicted in Figure 5.8. 

5.1.2.3 Three Mid-Wisconsin Speleothems from Cascade Cave, 

Vancouver Island 

75125, 75123 and 76013 grew successively from 64 Ka to 

28 Ka .(see Figures 4.3 and 5.5; Figures are not in order of 

citation because of more detailed discussion of them later). 

They have been shown to be ~quilibrium deposits by Gascoyne 

(1979). Figure 5.6, modified with the addition of oD. and 
l 

isotopic temperature data from this study, is from Gascoyne 

(1980) and comprises all the stable isotope and age measure-

ments. Thes e are also presented in Tabl e 5.3. Figure 4.3 

indicates the relationship between the o 1 80 data of Gascoyne 
c 

(1980) and oD. data of this study. Isotopic temperatures are 
l 



Table 5.3 Isotopic Composition, U/Th Ages and Calculated De
positional Temperatures* for Speleothems, 75123, 
75125, and 76013, Cascade Cave, Vancouver Island 

SA_MPLE NO. 

75125 Top lcm 
II II II 

( ix) 
(viii) 
(vii) 
(vi) 

(v) 
( i v) 

(iii) 
lcm above base 

( i i) 
Basal lcm 

II II 

76013 c 
A 

75123 Top, lAD 
2 
5 
6 
7 

Base, 2AD 

WATER 
CONTENT 

(wt%) 

0.170 

0.196 
0.159 
0.185 
0.191 
0.170 

0.157 

0.266 
0.155 

0.298 
0.291 
0.301 
0.433 
0.408 
0.266 

6 1 so 
(%o)c 

ISOTOPIC 
oD. (%,o) TEMP 

l 

19.17 
18.88 
19.10 
19.41 
19.17 
19.24 
19.49 

-116.0 

-129.4 
-124.8 
-129.7 
-124.6 
-119.7 

19.63 -123.6 

20.09 -117.5 
20.22 -106.0 

19.82 
19.94 
20.13 
20.06 
19.94 
20.37 

-123.7 
-120.0 
-117.6 
-116.8 
-118.5 
-115.4 

7.9 

1.7 
2. 7 
1.3 
3.4 
4.8 

2.4 

3.6 
8.7 

1.7 
3.0 
3.4 
4.0 
3.7 
3.5 

AGE (Ka) 

32.1±1.7 
34.3±6.5 

52.2±6.6 

44.9±19.2 
43.3±3.0 

54.7±6.8 
60.8±10.2 

45.3±9.8 

56.1±3.8 

For locations of samples see 4.3 
o 1 80 and ages from Gas coy!"'.e ( 19 79) ; see also Figure 4. 3 for 
sample relationships and table 5.5 :for age data. 
*Calculated following the procedure outlined in Section 5.1.1 
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calculated from the combination of these data sets. 

5.1.2.4 Mid-Wisconsin Stalagmite from Colo Water Cpve, Iowa 

74017 was thought originally to have grown over the 

Wisconsinan Glacial Maximum from 35 to 9 Ka based on two dates 

(Harmon, 1975). Latterly, these dates have been shown to be 

in error. Based on three new dates (Gascoyne, 1981) 74017 

appears to have grown from 74 to 27 Ka. This is unfortunate, 

because as yet no speleothems from this cave appear to have 

grown over the Wisconsinan Glacial Maximum when the greatest 

possible temperature range would have been encountered. 

Stable Isotope and temperature data are presented in 

Figures 5.1 and 5.7 and Table 5.4. Figure 5.1 indicates that 

the deposit probably grew in isotopic equilibrium with the cor-

relation between 8 180 and o13 C along a growth layer yielding 
c 

a correlation coefficient of 0.377. This is consistent with the 

observation that the only natural access to the cave is via a 

siphon and the cave is, therefore, essentially a draught-free 

site with relative humidity in excess of 95%. Presently the 

cave's temperature is constant at 8.8 ± 0.5°C. Figure 4.4 

shows the relationship between the samples for oD. and 8 1 ~ 
l c 

and o13 c analysis. These values are shown as functions of age 

on Figure 5.7 and presented in Table 5.4. 
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Table 5.4 Isotopic Composition, U/Th Aaes* and Calculated De
positional Temperatures** for Stalagmite 74017, Cold 
Water Cave, Iowa 

SAMPLE 
NO. 

- 2 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

- 1 
15 
16 
17 
18 
19 
20 
21 
22 

- 3 

HEIGHT 
ABOVE BASE 

Top 2cm 
53.0 
52.0 
50.5 
49.3 
48.1 
44.0 
40.5 
37.7 
36.2 
34.2 
33.2 
32.1 
29.7 
27.0 
25.0 
24.0 
21.9 
19.5 
15.7 
11.7 

8.0 
4.2 
0.5 

Basal 3cm 

0.860 
0.896 
0.930 
0.890 
0.901 
0.778 
0.790 
0.710 
0.682 
0.696 
0.648 
0.572 
0.911 
0.680 

0.674 
0.644 
0.600 
0.634 
0.600 
0.672 
0.640 
0.564 

26.48 
26.88 
26.66 
26.45 
26.54 
26.15 
25.97 
26.39 
26.50 
26.86 
26.85 
26.11 
25.99 
26.34 

26.19 
26.80 
26.75 
26.06 
26.75 
25.84 
26.24 
26.97 

6D.(%o) 
l 

-70.8 
-64.8 
-61.8 
-63.7 
-70.4 
-62.7 
-63.5 
-74.1 
-69.1 
-64.9 
-65.9 
-64.2 
-66.5 
-66.8 

-69.0 
-67.2 
-64.6 
-70.2 
-65.9 
-64.0 
-69.4 
-72.2 

TEMP 
"C 

1.5 
3.8 
5.1 
5.0 
1.4 
6.6 
6.9 
0.3 
3.2 
2.8 
2.4 
6.1 
5.4 
3.9 

3.4 
2.0 
3.4 
3.3 
6.3 
"J • 0 
3.0 

-1.0 

AGE (Ka) 

27.0±1.1 

36.0±2.0 

73.8±5.5 

*After Gascoyne, 1981. see also table .5 • .5 
**Calculated following the procedure outlined in Section 5.1.1 



Table 5.5 Age Data and Radio-Isotope Ratios of Fossil Speleothems Used for 
Paleoc limate Study 

CAVE NAME 

McFail's 1 

Cold Water 2 

Cascade Cave 3 

Victoria Cave 

SAMPLE 
NO. 

797MP1 
74014 

74017 

75123 

7 5125 

76013 

77151B 

ANALYSIS 
NO. LOCATION 

-1 
:12 

:14 
:11 
- 3 
- 2 
- 1 
- 1 
-2A 
- 3 
-4A 

- 6 
- 7 
.,.. 8 
C-1 

A-2 
C4 

Bas al lcm 
84crn abo\e 
base 

43 
17 

middle 2cm 
top 3cm 
basal 3cm 
bas al 0.5 
top lcm 
top lcm 
upper 
middle 

basal 0.5 
basal 1.5 
top 0. Scm 
upper 
layer 

basal lcm 
lcm below 
hiatus 

[u] 
.ppm 

0.58 
1. 64 

3.81 
2.52 
0.29 
0.68 
0.28 
0.13 
0.07 
0.20 
0.31 

0 . 13 
0.14 
0.20 
0.11 

0.09 
0.41 

(
2 3 4 u) 
~ 
2 u t 

2.991 
1. 320 

1. 287 
1. 251 
1. 346 
1. 336 
1. 099 
1. 505 
1.765 
1. 932 
1.192 

1.775 
1. 758 
1.941 
1. 603 

1. 695 
1. 057 

(
2 3 4 u) (2 3 o Th ) (2 3 o Th) 
2 ·3 Bu tn 2 Th \.-n 4 u 

0 

3.017 
1. 322 

1. 297 
1. 258 
1. 378 
1. 363 
1.121 
1. 592 
1. 882 
2.026 
1. 217 

1. 897 
1. 856 
2.030 
1.703 

1. 825 
1.114 

9.800 
>1000 

29.8 
>1000 

8.7 
93.8 
38.4 
29 
12 

3.6 
1.3 

21 
24 
73 
73 

>1000 
128 

0.049 
0.018 

0.104 
0.090 
0.288 
0.225 
0. 49 8 
0.414 
0.383 
0.277 
0.342 

0.394 
0.338 
0.261 
0.407 

0.443 
0.914 

" ', 

Gascoyne (1981) ( )t = ratio after time t 

( )
0 

= initial ratio 

wJ = concentration of u 
*=corrected for detrital 23 0 Th 

2 = Ga s coyne (1981) and Harmon (1975) 
3 = Gascoyne (1979) 

AGE (Ka) 
±la 

4.60* 
1.9 

11.8 
10.2 
36.0 
27.4 
73.8 
56.1 
45.3* 
21. 4* 
-7.2* 

52.7 
43.3 
32.1 
48.7* 

60.8 
250.4 

0.60 
1.1 

0.6 
2.3 
2.0 
1.1 

5.6/5.4 
3.8/3.7 
9.9/916 

13.4/13.1 
46.0/51.9 

6.8/6.4 
3.0 
1.7 

8.5/8.2 

10.6/9.8 
28.9/23.0 

N 
f--1 
0'-



5.1.3 Paleoclimatic Interpretation 

5.1.3.1 Holocene Records 

1. Temperature versus Time 

797MP1 (N.Y.) and 74014 (Iowa) extend from 12 Ka to 

the present and these can be considered in reference to what 

is known of the geographically associated paleoclimatology of 

this period. 
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Gribben and Lamb (1978), in a general review of climatic 

change in historical times, divide the last 7,000 into four 

epochs following the last major glaciation. 

(i) 7 to 5 Ka; post~glacial Climatic Optimum, 

(ii) 2.9 to 2.3 Ka: Iron Age Cold, 

(iii) 1.0 to 0.8 Ka; Secondary Climatic Optimum, 

(iv) 0.55 to 0.13 Ka; Little Ice Age. 

With the systematic error in isotopic temperature 

determinations ( 2.9°C), the temperature records can be only 

broadly interpreted. 797MP1 will be considered first (Figure 

5. 2) • 

From 3.5 to 2.0 K~ a cooler period than today is ob~ 

served, perhaps corresponding to the Iron Age Cold dating from 

2.9 to 2.3 Ka as cited above. The later warming period from 

2.0 to 1.0 Kamay then be aligned with the Secondary Climatic 

Optimum (1.0 to 0.8 Ka). The cooling from 1.0 to 0.6 Ka,which 

would then be correlated with the Little Ice Age (0.55 to 0.13 

Ka), is more difficult to accept but may be reasonable when the 



Figure 5.2 Plot showing water yields, 8D. 8 1 3 c 8 1 80 and l I I C 

Isotopic Temperature along the axis of stalagmite 

797MPl from McFail's Cave, N.Y. 

Solid and dotted lines refer to left and right hand 

axes respectively. 

Shaded areas represent lCT errors. 
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precision of the dating is taken into account. The chronology 

is fixed by a base date of 4.6 ± 1.4 Ka, an assumed constant 

growth rate and the assumption that the top is modern because 

it was actively growing. In summary, with the dating precision 

in mind, it is possible to conclude that epochs (i) to (iv) are 

represented in the profile of 797MP1. What is further noted 

is that the amplitude of this temperature profile (7.8°C) is 

larger than that expected. 2 to 3°C was thought to be the 

maximum temperature range encountered during the four epochs, 

but our larger offset is probably due to the uncertainty (±2.9°C) 

in the method of obtaining isotopic temperatures. 

The temperature profile for 7 4014 (Fig. 5. 8) cloes not show the 

detail exhibited by 797MP1 and hence cannot be related to the 

epoch system described above. However, it must be noted that 

only 5 temperatures (2 replicate) have been determined between 

the dates 12.0 and 2.0 Ka and such detail may have been missed. 

Between these dates, temperatures increased to modern values 

up to the cessation of growth, the latter possibly corresponding 

to the Secondary Climatic Optimum. The temperature minimum at 

around 12 Ka may correspond to the small glacial advance seen 

at the Twocreekian/Valderan boundary of the Illinois Glacial 

Record (Figure 5.8). Higher temperatures just prior to this 

advance may represent a brief amelioration of climate during 

the Twocreekian. 

In conclusion, the temperature profiles for both 797MP1 
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and 74014 seem generally to be in accord with the other, inde-

pendent, records presented here and no marked disagreements are 

noted. Stable isotope profiles are considered next. 

2. o D. and o 1 80 versus Time 
--l 

When on. for 797MP1 is compared to oD of the ice core 
l 

record from Camp Century, Greenland (Dansgaard et al., 1969) 

which can be matched to the general climatic record presented 

by Gribben and Lamb (1978), some similarities are observed 

(Figure 5.3). The records appear to conform between 4.0 and 

2.0 Ka and the discontinuity at around 2.0 Ka is seen in all 

records presented so far (i.e. both the speleothems and the ice 

core records). Two peaks are observed in the ice core record 

where oD. records only a single peak at about 0.8 Ka. One 
l 

explanation is that the first peak at 0.4 Ka in the ice core 

record has not been recorded in the speleothem due to temporary 

cessation in growth. However, careful perusal of the growth 

layers in the upper part of the deposit does not suggest that 

this occurred. The lack of correspondence of the records in 

the top section of the speleothem thus remains open to question. 

OD from 74014 (Figure 5.8) shows a general decrease to a mini
i 

mum around 12 Ka. Thereafter values increase fairly steadily 

up until the deposit ceased to grow at 2 Ka. In this way, the 

profile closely resembles that of temperature. Again, the early 

part of the record, before oD. reaches the minimum value, may 
l 

correspond to a very brief warming period, assigned to the Alleroed 



Figure 5.3 A comparison of Isotopic Temperatures and oD. from 
l 

797MP1 (N.Y.) with 6 180 of ice from the Camp Century 

Ice Core, Greenland (Dansgaard et al., 1969). 
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mterstadial at 11.7 Ka in the Camp Century ice core record. 

After the minimum oD., the increase in oD. probably reflects the 
l l 

general warming period from the final cold pulse at 11.0 Ka 

which has continued to the present. 

The 13.0 ± 1. 8%o and 12. 3 ± 3. 0%o range in OD. for 
l 

797MP1 and 74014 are somewhat larger than expected. The pos-

sibility that 6on . is temperature dependent and generates a 
S-l 

wider range of oD. than expected has already been raised. 
l 

Nevertheless, it should be pointed out that some continental 

sites do experience large ranges in oD, up to 30%o in the Sinai 

and Negev deserts over, admitte~ly, glacial to interglacial 

periods (Gat and Carmi, 1970, and Gat and Issar, 1974), whilst 

some experience no change at all, as in the London Basin for 

example (Evans et al., 1978). Harmon et al. (1979), for anum-

ber of North P~erican cave sites, report an average range of 

on. of l2%o for maximum temperature changes. However, in all 
l 

the cases mentioned so far, including the speleothems discussed 

here, SD is increasingly depleted at progressively lower tern-

peratures within a given record. 

In summary, although there are some reasons to suspect 

that the range of oD. in 797MP1 (and 74014) are rather too 
l 

great, they fall within the range published by other workers. 

Of interest is the possibility of using the stable 

isotope data from speleothems to investigate changes in the 

isotopic composition of sea water, and changes in the dt inter-
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cept. Unfortunately, the two Holocene records presented do not 

really extend far back enough for these changes to be noted. 

Ninkovitch and Shackleton (1975) and Lorius et al. (1980) re-

port little change in the composition of seawater and dt res

pectively, over the last 10 Ka. These factors are considered 

in the next section when interstadial speleothems are discussed. 

Finally, Figures 5.4 and 5.5 plot oD. and o 1 80 versus 
l c 

isotopic temperature. (The slope values reported for dOD./dT 
l 

have been converted to d0 1 80./dT by dividing by 8.) 
l 

for 797MP1 and 74014 are +0.20 and +0.2l%o/DC respectively where

as do 1 ~ /dT are -0.08 and -0.04%o/DC respectively. The slopes ~ay 
c 

reflect a dependence of OD. on temperature, which almost equals 
l 

the opposite dependence of cxc\': on site temperature of about 

-0.24%o/°C, hence the low slopes of do 1 ~ /dT. These values are 
c 

reasonable for continental sites (Table 3.1). 

5.1.3.2 Interglacial/Interstadial Records 

1. Temperature versus Time 

The four interstadial speleothems, whose data is present-

ed here, extend from 74 Ka to 27 Ka. The three speleothems from 

Vancouver Island together form a continuous record extending 

from 60 Ka to 28 Ka and the one stalagmite from Iowa covers a 

similar period from 74 Ka to 27 Ka. The records from the two 

areas can thus be compared. 

The temperature profile of the Vancouver Island record, 

derived from OD. and 0 180 is compared to that inferred by 
l c' 



Figure 5.4 Correlations of 6 180 (+) and oD. with Isotopic 
c l 

Temperature for 74014, Iowa. 
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Figure 5.5 Correlations of 8 180 (+), o13 C and oD. with 
c l 

Isotopic Temperature for 797MPl, N.Y. Errors 

are at lo. 
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Gascoyne et al. (1980) (Figure 5.6). These workers determined 

site temperature by making estimates of the past o1 so (p = 
p 

precipitation). Since Vancouver Island is a marine site, 

do 1 so /dT was assumed to be that determined by Dansgaard (1964) 
p 

for a wide range of present day marine environments, namely 

0.7%o/°C. Allowance was then made for the change of isotopic 

composition of seawater for that period (0.65%o) based on the 

deep sea foraminiferal record of Ninkovitch and S hackleton 

(1975). Interestingly, Gascoyne et al. (1980) found that 

d 0 1 80 /dT had to be greater than or equal to Dansgaard's estim
p 

ate of 0.7% 0 /°C, as lower values generate sub-zero temperatures. 

Use of 0.7%o/°C just yields positive temperatures within experi-

mental error (see top of Figure 5.6). Their temperature record, 

falling from 60 Ka to 32 Ka, agrees with the palynological and 

sedimentological observations of othernfor the region (see Gas-

coyne (1979) for review). 

In general, there is agreement in the trends of the two 

temperature records presented in Figure 5.6; temperatureSfall 

from maximum values at about 60 Ka to a minimum around 32 Ka. 

The sudden fall in temperature at 56 Ka to a trough between 

56 Ka and 50 Ka and the sudden rise in temperature after 32 Ka 

obtained in this study are not seen in the record of Gascoyne 

et al. (1980). Furthermore, the former record appears to be 

0 
offset from the latter by about +2 C. It is difficult to eval-

uate these differences because even if only the systematic 



Figure 5.6 Plots showing o 1 so , oD., o 1 3 C and Isotopic 
c l 

Temperatures of three speleothems; 75125, 75123 

and 76013, from Cascade Cave, Vancouver Island. 

Also shown are the temperatures determined by 

Gascoyne et al. (1980) and o 1 so and o 1 3 C values 
c 

are from these authors too. 

Solid and dotted lines (temperature scales) refer 

to left and right hand axes respectively. 
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errors in temperature are taken into account , the temperature 

differences become barely significant. If one then goes on to 

consider the errors involved in the estimate of d o 1 b /dT, 
p 

namely the assumption of 0.7%o/°C for modern marine environments 

being valid in the past (values up to 0.9%o/~C have been en-

countered, see Table 3.1) and the precision of deep sea core 

dating, then perhaps only very broad comparisons can be made. 

The isotopic temperature record for 74017 is presented 

in Figure 5.7. Again, relatively large systematic errors in 

tempe r ature determinations permit only broad interpretations to 

be made. 

This profile, along with 8 1 b and 8D. 1 has c l 
been placed 

in context with other records of the Wisconsinan Glacial Stage 

as given by a number of workers (Figure 5.8). The Illinois 

Glacial Record (Frye and Willman, 1973) is also accompanied by 

a relative temperature curve based on a number of glacial and 

periglacial observations. The Iowa Glacial Record (Leighton, 

1957) is included with that of the Eastern Great Lakes (Drei-

manis and Goldthwait, 1973). 

At around 65 Ka, the speleothem yields temperatures 

higher than at any other time along its record. This event 

corresponds in time to a period of glacial retreat seen in the 

Eastern Great Lakes Glacial Record but is perhaps a little 

prior to the estimated date of a period of warmer conditions 

observed in the more proximal Illinois Glacial Record at around 



Figure 5.7 Plot showing 6 180 , aD., o13 C, water yields and 
c l 

Isotopic Temperatures from Coldwater Cave, Iowa. 

Solid and dotted lines refer to left and right 

hand axes respectively. Note chanae in time scale. 
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Figure 5.8 Comparison of the glacial stratigraphic records 

of the Eastern Great Lakes, Illinois, and Iowa 

with the Iowa speleothem isotopic paleoclimate 

record. The time scale for the glacial strati

graphic records is based upon 14 c ages and that 

of the speleothem record from 230 Th/ 234 U ages. 

Compilation of data other than that from speleo

thems 74017 and 74014 is that of Harmon (1975). 
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60 Ka. Given the relative precision of the U/Th and 14C methods 

used to date these events, they could be coeval, especially 

as the Altonian warm stage is at or beyond the limit of 14C 

dating. The cooler period observed at the beginning of the 

Illinois Glacial Record at the Sangamon/Wisconsinan boundary is 

matched by that of 74017 and may be correlated with the Nicolet 

Glacial Advance at 70 Ka seen in the Eastern Great Lakes Glacial 

Record. All records, including 74017, from 65 Ka onwards, hint 

at a general episodic cooling of climate ending at 17 Ka, the 

Wisconsinan Glacial Maximum. Of note, are the minima seen 

in the record of 74017 at 42 Ka and 32 Ka matched by a glacial 

advance and cooling in the Illinois Glacial Record at 44 Ka 

and 34 Ka, the latter corresponding to the Cherrytree Glacial 

Advance observed in the Eastern Great Lakes Glacial Record. 

A final warm peak seen in the record of 74017 is reflected in 

the Farmdalian and Plum Point glacial retreats in the Illinois 

and Eastern Great Lakes records respectively. Abrupt cooling 

in both glacial records at around 23 Ka, corresponding to the 

onset of the Wisconsinan Glacial Maximum, coincided in time with 

the cessation of growth of 74017 and may have been caused by 

the development of permafrost. 

In summary, it is noted that there is considerable agree

ment between the relative climatic record of Frye and Willman 

(1973) and the temperature record of 74017 which would have been 

expected in view of their geographic proximity. 
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2. oD i and o 1 Eb c versus Time 

The SD . profiles for all three Vancouver Island speleo
l 

thems are s imilar in shape tothose of o 1 'b and like them,the 
c 

records from all three deposits link up ove r common periods of 

deposition , l e nding some assurance to the validity of the re-

sults. 

Th e total range of oD . in the r ecords is 2 4 %o. Given 
l 

that the temperature range is between 7° C (this work ) and 5° C 

(Gascoyne et al ., 1980 ), the present day d o 1 'b /dT = 0 .7 %o/ ° C 
p 

( 5 . 6% o/ °C for deute rium) and the change in 6 1 ~ of seawater over 

that period eq uals 0.65% o/ • c ( 5 . 2%o/ ° C in deuterium), th e total 

rang e of 6D . expected is between 34 . 0% o and 22 .8 %o r espective ly. 
l 

The latter fig ure derived fro~ th e t emp era ture range of Gascoyne 

et al . ( 1980 ) is the same as the measured range. Agai n the 

er ror in isotopic temperatures ( ±2 . 9 °C) is emphasized with res-

p ect to t hese comparisons and the use of a 7°C range in temper-

ature has, likewise, a large erro r associated with it. 

Th e similarity of the shape of the 6 1 80 · profile to 
c 

the 6D. p rof ile is a l so indicative of the s trong dependence of 
l 

oD on t empe rature. Th e value of 0.44% 0 / ° C for d 0 1 ~./dT 
D J 

(= l/ 8 (d8D./dT)) in Fioure 5.9 can be compar~n with Gascovne 
l 

et al. 's estimate of 0.57%o/°C 

which takes into account the changinif. is o topic composition of 

seawater. The pres e nce of the two high temperature points ha s 

th e effect of reducing the d 6D./dT value . Likewi se, th e two 
l 



Figure 5.9 Correlations of 6 180 (+) and oD. with Isotopic c l 

Temperatures for speleothems 75125, 75123, and 

76013, Vancouver Island. Errors are at lo. 

~lope of 0. 2%e /°C shovm for corroarison 

(see page 242). 
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high temperature points reduce d 61 IQ /dT to a low value of 
c 

0.03%o/°C but the important point to make at Vancouver Island 

242 

is that d61 eO/dT> 0, as Gascoyne et al. suggest, and in distinct 

contrast with its behaviour elsewhere. With a magnitude of 

dOD./dT of 0.44%o"
0 C..one would expect dcS 1 D /dT to be around 

l c 

0.20%o/t:>C (ls sho'\'m in fic;rure 5.9) due·to the effect of~_,:,;C¥7 • Thus, in 

su.rnmary, the results of Fiqure 5. 9 are vie"'1ed cautiously with the 

speculation that the two highest terrperatures deterrr.ined are suspect. 

The 6D. record for 74017 may be compared to the various 
l 

glacial records mentioned earlier. A tentative comparison 

could go as follows: At around 74 Ka cD. is relatively light 
l 

corresponding to the Nicolet advance in the Eastern Great Lakes 

and a greater, triple advance in the Illinois record. At 66 Ka 

6D. is heavy reflecting the St. Pierre retreat (Eastern Great 
l 

Lakes) and the largest retreat in the Altonian (Illinois). aD. 
l 

is lighter again at 50 Ka recording the Guildwood advance (East-

ern Great Lakes) and the greatest advance in the Altonian. The 

OD. peak at 45 Ka may be related to either the Port Talbot I or 
l 

II retreat leaving a trough at 38 Ka to be ascribed to the 

Cherrytree and final Altonian advances. The generally high 

values of 6D. from 34 Ka to 27 Ka may correspond to the Plum 
l 

Point and Farmdalian retreats. The final descent of oD. at 
l 

27 Ka would be due to the onset of full glacial conditions as 

reflected in the Missouri and Woodfordian major advances. Be-

cause of the errors in U/Th and 14 C dating (particularly earlier 



Figure 5.10 Correlations of o1 80 (+) and oD. with Isotopic c l 

Temperature for 74017, Iowa. Errors are at l o . 
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than 50 Ka for 14 C dating), these comparisons are merely suggest-

ive rather than being definitive. However, the general tenden-

cy for oD. to become lighter between 66 and 36 Ka does seem to 
l 

agree with the progressively cooling conditions depicted in 

Frye and Willman's relative climate (Figure 5.8). 

The range in oD. for 74017 is around l2%o, the same as 
l 

that measured for the two Holocene (continental) records but 

smaller than that of Vancouver Island. The similarity of the 

range of oD. in 74017 to the Holocene records is somewhat sur
l 

prising because the ice volume effect (0.65%o in 6 1 80 = 5.2%o in 

oD for this period) should have been observed. With similar 

temperature ranges in each speleothem, one would have expected 

the range of OD. in 74017 to be about 7%o . However, the effect 
l 

of changing weather regimes such as the change in length of 

storm trajectories cannot be taken into account. Increase in 

the length of storm tracks during cooler periods, for example, 

could account for the discrepanc~ and Vancouver Island, receiving 

unvarying westerly weathe~ would not encounter it. 

Plotting 6 180 and oD. versus isotopic temperature for 
c l 

74017 yields essentially similar slopes as the continental 

Holocene records and 

do 1 80 /dT = ~O.l0%o/°C). Again the continental do 1 80 /dT effect c p 

tends to override the effect of temperature on ~cw(figure 5.10). 

5.1. 4. General Discussion 

The 6 18~, oDi and temperature data presented in the 
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previous sections allow some general comments about past climates 

and the usefulness of speleothems as paleoclimate indicators to 

be made. 

The viability of 6 1 ~ records alone as relative paleo
c 

temperature indicators is in some doubt. The three d6 1 80c /dT 

values determined from continental deposits (797MPl, 74014 and 

74017), although negativ~ are close to zero. This means that 

.r 1 8 the dependence of u 0 on site temperature (a. ) barely exceeds c cw 

the countervailing effect of deS 1 80 /dT. In these cases, it 
p 

would be unreasonable to ascribe troughs and peaks in the cS 1 ~ c 

profiles to warming and cooling events respectively. The profile 

for 74017 (Figure 5.8) illustrates the dilemma quite well. At 

65 Ka, for example, the trough corresponds to a warming event 

but peaks at 43 Ka and 33 Ka also appear to reflect warming 

events. The shape of the temperature profile for 74014 is not 

reflected in the cS 1 80 record either. The problem of interpre
c 

tation, however, in the Holocene record of 797MP1 is less severe 

and peaks appear to relate to cooler periods. The one cSD. value 
l 

for 77151B from England permitted the calculation of an isotopic 

temperature point equal to zero (see Table 4.9). This corres

ponds to a distinct peak in cS 1 8 0 at 254 Ka which had been taken c 

to be a cooling event based on comparison with modern calcite 

(Gascoyne, 1979). The value of dcS 1 80 /dT for the U.K. is 
p 

generally low, varying with locality, and averaging about 

O.l5%o/•c (Evans et al., 1978) and if it had the same value in 
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the past,the use ofanegative dependence of do 1 lb /dT is probably c 

a valid application to the interpretation of o 1 ~ profiles. c 

A general conclusion that can be drawn from these data is that 

unless d0 1 ~ /dT is significantly less that the temperature de
p 

pendence of cS 
1 so on eX. then cS 1 so profiles cannot be inter-c cw c 

preted unambiguously. 

In the case of the three speleothems from Vancouver 

Island (a maritime site) there seems less of a problem (Figure 

5.6); do 1 so /dT is dominated by do 1 so /dT and therefore a l~ght-
c p 

ening of o 1 so corresponds to a fall in temperature. The sirnic 

larity of the oD. profile to that of 6 1 so helps to confirm the 
1 c 

dominance of the precipitation effect over the a effect and, 
CW 

indeed, that due to the changing isotopic composition of sea-

water. 

In all the calculations of isotopic temperatures, dt and 

d in the meteoric water line equation have been assumed to be 
0 

close to or equal to l0%o. The justification for the use of this 

value sterns from the fact that no fully glacial deposits have 

been studied. Deuterium deficiency during interstadial periods 

was probably not very different from that of today. Lorius et 

al. (1980) determine a shift of around 4%o for the Wisconsin 

Glacial Maximum. A 4%o change in the meteoric water line to a 

lower intercept raises temperatures by 2.3°C. In both the Van-

couver Island and Iowa records raising the temperature by this 

amount seems, in part, unreasonable. Isotopic temperatures from 
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the former depart even further from those calculated by Gascoyne 

et al. (1980) but temperatures from the Iowa site could be raised 

by 2.3°C and still not exceed the present day cave temperature. 

However, since both records are interstadial, temperature changes 

due to changes in dt should be smaller. In any case, changing 

of temperatures using the maximum value of dt does not change 

the trend of the arguments presented earlier. 

Assuming that iD. records are an accurate reflection of 
l 

pQst precipitation, then it should possible to observe changes 

in 6D from one type of climate to another, from glacial to inter
p 

glacial. The problem reduces to conparing Mid-Wisconsin hD. 
l 

values to modern values. The approach is the same as that of 

Harmon et al. (1979) who compared average SD. from fossil de
l 

posits and subtracted from this 6D of modern meteoric water giving 

rise to the quantity ~SD(t). They found that the average glacial 

to interglacial shift to be -12%o and for interglacial to inter-

stadial, -7%o, as discussed in Chapter 1. However,it should be 

noted that if fluid inclusions are compared to modern precipitation, 

fossil precipitation would always appear to be depleted by ~22.1% 

(see 4.4.7). When this is done for Iowa and Vancouver Island, 

the results are contradictory. 

The average 6D. value for 74017 (Iowa) is -67.1(-45.0%o) 
l 

whereas modern fluid inclusions give -67.0(-44.9%o) and -78.1(-56.0%o) 

for the top of 74017 and 807CH3 (Table 4.10) respectively 

(Figures in brackets are corrected for 4SD .). These data are s-l 

confusing because modern drip water for the cave is around -54%o, 

consistent with 807CH3 but not the (2,000 year-
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old) top of 74014. Nonetheless, using the mean oD. values for 
l 

74017 and modern drip water 6oD(t) gives +9%o ~ the reverse of 

that expected. Mean oD. for the Vancouver Island deposits is 
l 

-120.+ (-98.3)%o whereas modern drips are -88%o (Chapter 3), 

yielding a ~oD(t) value of -10.3%o. 

The enrichment in fossil o~ at the Iowa site is somewhat 

puzzling. One explanation may be that the determination of 

oD is in error although the data of 807CH3 would not support 
p 

this. Perhaps a more likely explanation is that during the 

Wisconsinan interstadial, the cave was dominated by heavier 

summer recharge water. Estimates made of C-H bound hydrogen in 

ancient and modern wood cellulose suggest that during the Wis-

consinan Glacial period precipitation was enriched in deuterium 

by +19%o (Yapp and Epstein, 1977). Harmon et al. (1979) suggest 

that a seasonal bias towards heavy summer precipitation might 

explain the 19%o enrichment in hydrogen. At this stage, ex-

planations of the enrichment of OD. in the Iowa deposit remain 
l 

speculative. 

The ~oD(t) of -10.3%o for interstadial Vancouver Island 

is, however, consistent with the idea of an increased ocean-

continent temperature gradient during cooler times which more 

than compensated for the increase in deuterium content of the 

world's oceans. 

Summary 

From the preceeding sections of this chapter in which 
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stable isotope and isotopic temperature profiles of six speleo-

thems were presented and discussed, the following general points 

can be made. 

1. Errors in isotopic temperatures (±2.9°C) permit only 

broad interpretations of temperature profiles whose range is 

typically 7 to soc. 

2. Temperature profiles broadly parallel the relative 

climatic records, such as glacial advances, presented in the 

literature. However, lack of dating precision, particularly 

in the 1 qc dates, beyond 50 Ka make some of these comparisJfons 

dubious. 

3. The two Holocene stalagmite records from Iowa and 

N.Y. show some agreement both in oD. and temperature. 
l 

4. The two Holocene stalagmite records show some agree-

ment with a Greenland ice core when the timing~oD peaks is 

compared. 

5. oD. decreases with falling (isotopic) temperature 
l 

within a given record but when comparisons are made with mean 

interstadial oD. and modern oD., there is disagreement. The 
l l 

Vancouver Island record yields an isotopic depletion of -l0%o 

from interglacial to interstadial climate whereas the Iowa re-

cord suggests the reverse at +9%o. The discrepancy is not 

understood. 

6. In the three continental deposits, do 1 ~ /dT almost 
p 

exactly counteracts the change in 6 180 due to the temperature c 



dependency of a 
cw 

Therefore 1 caution is advised in using 
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o 1 soc alone to interpret relative warming and cooling episodes 

except where do 1 ~ /dT is significantly different from the a 
p cw 

effect as in the U.K. or on Vancouver Island. In the latter 

case do 1 so /dT was found to be > 0.44%,/°C, dominating both the p 

ice volume and a effects. 
CW 

7. The change in oD of seawater during the Mid-Wisconsin 

Interstadial is observed in the Vancouver Island record and may 

be just discernable in the Iowa record. 

8. dt changes from interglacial to interstadial periods 

are probably less t~an half that of interglacial to full glacial 

periods during which the change is 4%o. Temperatures will be 

raised due to this effect by around 1°C only, therefore, not 

significantly affecting the temperatures determined in which dt 

was given the modern global value of 10 (unless otherwise stated). 

5.2 Application of the Decrepitation Method to Hydrothermal 

Minerals 

A number of minerals were collected from the Taulin 

hydrothermal ore body, China. These minerals included calcite, 

quartz, barite and sphalerite and all contained fluid inclusions 

to varying degrees. Water from these minerals was extracted 

following exactly the technique for calcites described 

in Chapter 2. The replication of the method for three pairs and 

a coexisting calcite and quartz (described in Chapter 4) is 

± 1.3%9 (Appendix V and Figure 5.11). All results are plotted 



Figure 5.11 oD. versus 8 1 80 for various hydrothe rmal minerals 
l 

from the Taulin Ore Deposit, China. 8 1 ~values 

for the included water were inferred from sulphur 

isotope temperature s (Ding et al., 1982). 

Qtz quartz, Ba = Barite, Sph = Sphalerite and 

Cte Calcite . 
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on Figure 5.11 with 0 1 b having been inferred from sulphur 

isotope temperatures and the oxygen in the quartz phases. The 

coexisting quartz and calcite (#4) plot close to the meteoric 

water line and, perhaps with exception of quartz sample #001 

and 023, all other waters appear to have evolved from this 

starting composition. The horizontal and inclined lines are 

consistent with meteoric/magmatic or metamorphic water inter-

action. The horizontal line indicates exchange of oxygen only, 

possibly from the wall rock (Sheppard et al., 1971), whereas 

the inclined line suggests participation of hydrogen as well 

as oxygen similar to waters evolved from acid hot_ spring en-

vironments (Craig, 1963). However, the details of the work 

are provided by Ding et al., (1982) for further discussion. 

The above description as with that of the Tynong granites is 

merely to introduce the further applicability of the decrepi-

tation method.(see also appendix V). 

5.3 The Future 

Because the developmental aspect of the work and its 

associated problems consumed a considerable portion of the 

time allotted to the thesis, the study can only be regarded 

as preliminary with feasibility being its aim. Regarded as 

such, there are clear pointers for future research. Of 

greatest importance, is the need to establish ~6D . and its 
s~-l 

possible temperature dependence with modern deposits and 

coeval seepage. Active soda-straws might be ideal for this 
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because they generally are fast growing and therefore (if 

active) young. They are very widely ranging even growing in 

caves where larger deposits are absent, thus allowing caves 

of widely varying temperature regimes to be sampled. To aid 

investigation of the systematics of the 6oD . effect, environ-s-l . 

mentally controlled laboratory experiments to grow calcite 

should be attempted. 

If 6 oD . can be better established then a huge number 
S-l 

of continental sites are potentially available for paleo-

climatic study. The recovery of depositional temperatures 

from speleothems is advantageous over relative climatic records 

as deduced, for exampl~ from ice or marine foraminiferal cores. 

The relative accessibility of speleothem~ with their intrin-

sically more reliable dating,adds to their importance as 

Pleistocene climate recorders. 

Immediately beyond the need to tighten up the calibra-

tion 6oD . is the need to test the geothermometer across the 
S-1 1 . 

largest possible temperature range, but temporally rather than 

geographically, as suggested earlier. The difficulty of find-

ing a deposit whose growth spans a glacial/interglacial 

period where a maximum temperature range should be encountered 

has been alluded to. Cave sitesshould be sought as far north 

as possible where speleothem growth persists during glacial 

maximum periods. The Wisconsinan Glacial Maximum is the best 

choice of time because it is the most recent and one of the 
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most intense glacial events recorded. An excellent complement-

ary study to Late Wisconsinan climatology could be further 

work on sub-glacial precipitates. This is all the more pertin-

ent because fluid inclusions from one sub~glacial precipitate, 

at leas~ appears to preserve the oD of the ice from which it 

was formed. 

A few OD. determinations on speleothems for which a 
l 

record of 8 1 80 has been acquired allows a relative climatic 
c 

scale to be established with some degree of certainty and oD . 
l 

can be used as a record itself. The latter would be useful 

(as mentioned in Chapter 1) for non-equilibrium deposits 

where disequilibrium has been induced by the rapid outgassing 

of C0 2 rather than by evaporation. 

Finally, the appearance of a 6 8 1 80s~i, in which o 1 80i 

is depleted with respect to 8 1 80 , requires further investigas 

tion. Success in this area, although indications are somewhat 

unpromising, would mean that paleotemperatures could be re-

covered without resort to estimates of meteoric water lines. 

Furthermore, in addition to ice cores, fluid inclusions could 

be used to determine past meteoric water linestoo,and dt deter

mined as a function of both space and time. The measurement 

of oD and o1 8 0 simultaneously from a given group of fluid in~ 

elusions would remove the problem of sample inhomogeneity when 

measuring oD and o1 ~on separate aliquots and the need for 

large samples. An extraction line to do this was, in fact, 



Figure 5.12 Apparatus for simultaneous production of H2 and 

C0 2 from ~mole quantities of water. 
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constructed but lack of time meant that it was never tested 

but it is described nevertheless (see Figure 5.12). The line 

would utilize the water-gas reaction and is somewhat similar 

to, but simpler than, that used by Gray and Thompson (1979) in 

which water is passed several times over a carbon pellet. The 

water is conve~ted to H2 , C0 2 and CO. H2 is collected as 

uranium hydride, C0 2 and CO are frozen down with liquid nitro

gen, the latter on silica gel. The CO is converted to C0 2 with 

a cold electric discharge at 7 Kv between Pt electrodes. The 

resulting C0 2 and H2 are finally removed for mass spectrometric 

analysis. This techniqu~ if able to be combined with decrepi

tation methods described earlier, is potentially very powerful 

because of the relative rapidity of analyses, the quantity 

of information collected per extraction and its application to 

a wide selection of water carrying minerals. 

Again it is emphasi,ed that stable isotope analyses on 

fluid inclusions in minerals generally are somewhat few and as 

interest in such information increases, as appears to be hap-

pening at present , then methods like the above 

should gain importance. Although it is beyond the scope of 

the thesis to go into the multitude of applications that can 

be visualized, a general feature of all fluid inclusions is 

that they represent the "missing" phase necessary to isotope 

geothermometry and to the interpretation of environments in 

such systems. For example, the possibility of extracting water 
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from limestone lends itself to the study of diagenetic condi

tions of the limestone. The controversy of the origin of dolo

mite~ whether it be a groundwater or marine (or both) based 

origin, might well be studied from the analysis of stable 

isotopes in the water it contains. 

The presence of water in minerals appears to be extreme

ly widespread and yet their isotopic study seems particularly 

in its infancy. Although the horizon looms large with possi

bility, the importance of unravelling Pleistocene climatology 

from speleothems must be underscored. Hopefully, the 

present study sheds further light on the complex systematics 

of these deposits such that this end might be achieved. 
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APPENDIX I 

Isotopic Relationships 

Abbreviations used: 

c 

i 

s 

w 

X 

s = 

pertaining to calcite 

pertaining to water included in 
speleothems 

pertaining to cave seepage water 

pertaining to water generally 

unknown sample 

standard 

~6 average shift in delta values 

66 delta .~hift based on one example 

%o permil 

t time at which the intercept d is 
recorded; o is present day 
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(i) Delta Notation 

on 

~ 
(n/H)x 1} - 10 3 %o . . . . ........ 
(n/H)s 

0 1 8 0 = 

f 
e 8 o/ 16 0)x 1} 10 3 %o ........ 
(1s 01 11o>s 

0 l 3 c 

[ e3c/l 2c) 1} 10 3 ioo ........ 
<l3c/l 2c) 

s 

(ii) Isotopic Shifts 

lOOOln 0(~-.:. 

6o 18 0 = lOOOlno<:_; s-.: '" ~ 

(iii) General Me teoric Relationship 

on = 

(iv) Isotopic Temperature Equation (in °K) 

10 3 in K = 
CW 

C! 0180 - 0180 
c w 

where lOOOlnK is less than 10. 

1 

2 

3 

4 

5 

6 

7 

8 
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a) 

APPENDIX II 

D/H Mass Spectrometer: Operational characteristics 

and procedure. 

b) Calculation of oD and computer program 
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Operation of Deuterium Mass Spectrometer 

a) Water Samples Only: 

1. Set or check variac setting for the Hg diffusion pumps 
at 55V and fill traps with liquid nitrogen. Set the 
Uranium furnace to 750°C and when pumps are operating 
fully, open Nl to mass spectrometer slowly. 

2. Fill Tl with dry ice and methanol. (Prepare T2 trap with 
the same, if rock samples are to be analysed later). 

3. Check V6E2, if open,close very carefully. Check that 
U-furnace is being pumped by DRl. 

4. Pump out volume behind syringe stopper; V6E3, V6E4, VE5 
open; VP5 closed. Set P2 switch to 2. Dial should 
fall to about 5. 

5. Check that volumes X and S are being pumped by DRl, they 
should be, but if not, close U-furnace at VP2 and VXl and 
open them up. When Pl (set switch to 1) registers 
< 10 (~35) ~mHg open up furnace again. 

6. Close V6E4 and open V6E2 (very carefully). This order is 
very important and put liquid nitrogen on T3. 

7. Inject about 1.4 ?1 of water sample with microlitre 
syringe. Leaving syringe in situ allow 10 minutes for 
freezing sample over. Meanwhile, if in run cycle, close 
VP2 and pump out previous gas from X via VX2, then open 
furnace to pump. 

8. Check and adjust major and minor (mass 2 and 3) peaks to 
"zero" (under 1000 (-500) but never zero, is good). Call 
OLDDELD at terminal. 

9. After 10 minutes, close V6E2 (very carefully), VP2 and 
VX2, remove trap (T3) and open V6E4, pull out plunger, 
replace after a few seconds and pull out syringe. 

10. Standard,close VR2 (or VR4 if light sample has been 
introduced) and open VRl (or VR3). 

11. Close VP4, VPl (or VP3) and open VR2 (or VR4). After a 
few seconds, close VS2 (VSl should be open) and close 
vent to compressed air on the S side. Record the time. 
Major peak reading should be 8 X 10- 9

, use fine adjustment 
compressed air regulator (S-side) to achieve this. 

12. Check peak positions (change decade dial on HV supply). 
They can change if the room (normally at 69°F) changes 
temperature. 



13. Allowing around 5 - 10 minutes for reduction of water 
sample (Ratch major peak X-setting until it stops 
rising), adjust mercury on X-side so that it also 
reads 8 X 10- 9 A. In practice 1.4 ml of water will 
yield about this signal and subsequent adjustments 
will be small. If too much gas is generated then close 
V6P1 and open VX2. Close VX2 and open V6Pl do this 
until the required signal is achieved. Record yield 
on X-side (pH2 column). 

14. Close VXl and start run: Type in time, set knob to R, 
set switch to auto on ratio integrator, set red button 
at terminal and press run. 

15. Open VP2 and V6E2 to pump both ends of the U-furnance. 

16. Close V6E2, go back to instruction 6. 
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b) Water from rock samples: (Water ~rom crushed rock samples 
is treated initially in the same way as water samp~es, 
see Chapter 2 for prior extraction, start as for water 
samples). 

Instruction 4 is the same except pumping of rock furnace 
takes place. If the sample is a powder, open V6E3 very 
slowly. Pumping is normally accompanied by low heating 
for varying amounts of time up to 24 hours. 

Instruction 6 will read: Close V6E4, prit liquid nitrogen 
on spiral trap T2, raise furnace F2 to required temperature 
and heat for an appropriate time (normally~ to 1 hour). 
When this is completed, close V6E3 and open V6E4 and 
pump out non-condensible gas. Exchange liquid nitrogen 
on T2 for methanol and dry ice and place liquid nitrogen 
on T3 top it up). The remaining gases, mairily C02, will 
be retained (P2 just below 20). Then close V6E4 open 
V6E2 (very carefully) and freeze over for 10 minutes. 
Go to instruction 8 and continue. 

c) Closing down: V6E2 should be closed. Bulbs X and S and 
the Uranium furnace should be pumped by DR1. T2 should 

0 
be pumped by R3. Turn U-furnace down to 200 C and type 
BYE (return) into the terminal before switching off. 
Close N1. 



Calculation of oD 

The program DDELD is called and four initial values 
must be checked and changed as the need arises. These 
values are R, T, W, and Z (See program). 

R is the Hs correction and T, is the time factor for 
fractionation of the standard gas in bulb S, both are 
explained in Chapter 2.4.2.3. W is the VSMOW value for 
oD with respect to the reservoir gas. Z pertains to T and 
is the time (in minutes) for which the aliquot of reservoir 
gas has been residing in S. 
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Of the 24 data values read in, 20 are used in the 
subsequent calculation amounting to 5 separate determinations 
of raw oD. Each block of H data points (2X's and 2S's) is 
averaged such that ratios are taken at five particular times 
during the run. Variations in ratio with time are therefore 
removed. 

The average of SoD's is then processed with Ht and 
reservoir fractionation being taken into account (lines 150 
and 250) and is printed as corrected aD's both with respect 
to the reservoir and VSMOW (lines 260 and 280), also see 
output. 

The program (following) DDELD is stored on the PDPB 
tape file and can be accessed by Silent 700 T.I. teletype. 



])])EL:D 

'
1 

. •• 1 0 H= 12 0 U 0 
I ' . ' '20 T=O. 08 . 
! . : . ' .-. , 'I ~ 11 C ~. · .f·l ': ; .. :.,.:; .;.t . V. - .1 • . ;a · : 

1 j . ~;;tJ i ·.; 40 H~F'"TH1E ' IN t'lltE"Z · . 
l t · 1~' 1 ~ r, n FOF· r·1= nro·=· ·, t~=4+t·1 
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.... 

, /:.:- ~· .. ~· · · · ~ M t-' 

lr':?:;· ~,·. 61) I t~F' ;,.: (t·~+ 1 ') ~ :< ( n+2). • .S. (N+ 1) ~ S (t'H2) ~ :-:: o:tH:::;:) • ::-:; o:.tH4·:o • .~: <rH :;: :o • :~ UH4 . 
i . '. ~,.:~.7 (I r-~E>·: t·1 Li ; • . ,. I 

' 
l 

' ,. 

' ·. ; >-~::;: o: ti= 1'••, !'1= 0 . 
, . ~0 IF X<H:O<lOOOOO THEN 450 

tOO IF ·s.::r~:o <100000 THEN 50(! 
110 11=rHl'··. IF'" t·~ ~:: 13 THEN. 90 
120 n=t i. 

130 U(N:O=tX0::2+N+l)+X (2+N+2J),·2 
140 V(N)=(S(2+N'+S(2+N +1 ))/2 
145 V~V+VcN),U=U+UO:N) 
i50 P(N)=UO:N:O/V(N:o,R(N)=(I_I(NJ-H)/(V(N)-H) 
160 L=L+P (N),M=M+R(N) 
170 J:30TO ;:::: 0 0 
180 N=N+l , IF N <6 THEN 130 
f:33 PF:-1 "r·lEAt'i :>:: ="1_1,··· 5-...PRI "t·1EAt·J S ="\·' / 5 

. 1 :3 5 U = 0: •:IJ .. ·· • ... •) - 1 > + 1 0 U 0-..... P F.' I " T 0 TAL DEL D = " U 
1'?(1 L=L .··' S·-...r·1=~1-··5 

195• PR I "UtK:OPP r·1EAti = "L -.....pp I" CDF'F: . FOP H3 t·lEAn =" t·1 
19?· GClTO 24 0 

. ~. 200 R<N ) =(R(N)-1)+1000 
· 21 o F.' u·r:o = o:: P o:.r·u - ( ( n·L·· 5 :o - 1 ) • 1 o o o > ) •'· 2 
22 (I R= o·, .. r;;:=R+P O:t·J::O 
2::.=:0 . GOTO 1:30 
E:4(• R=<::OP (F.'/4) 
250 M=O::M-1::0+1000+T+Z 
26 (I F'k: I" DEL D cor.:·p . FOR H:~: :~ ., T H1E I .• IRT F.:EF = "t·1'··. F'P I"+-" P 
270 M=(M-W::0/(l+fW+0.001J:O 
2:::0 F'F' I "DEL ll l.olPT :S:i·10lol =" 1'1 
2:::<.:i F'F: I ··· .. F'P I 
:~: (I (I E t·~ [I 

. 4~n XO:: N) =X(N+1) 
1 

••. 4 ~. 1:1 (3 0 T 0 1 1 0 

50 0 S O::t·J.:o =S <t·j+ 1 > 
510 (jOTO 110 

TIME IN MINS7 10 
7 0283686~0251467 ·0272821~0272811~0262342 ~0262004.0274202· 0273463 
7 0261560~0261943~0273076~0274056.0262297.0262185· 0273241~0271181 
7 0263046~0262730 ~0273188.0273499.0261062 .0259599.0271351.0272275 ~· ~ 

~H: 

MEAN X = 261 876.8 
MEAN S = 27300 6 . 8 
TOTAL DEL D =-40.76822 
UNCDR R MEAN = .9592352 
COF' R FOR H3 MEAN = . 9573611 
DEL D CORR . FDF' H3 & TIME WRT REF =-41.83888 
+- 1. 901254 . 
DE L D l. iF:T :~: t·1 01d =-1 ::::1. 31 :~: 6 

.. 
' ) , 

<. 

·~· 

- z -~·- -· ... . ~. - ~ ~ - ·~· - ·~·-- ·----~·--~-----... -.. -_----.-- .-.--·-·-~____Jk 
; ' ':~ ~ .~ .• I • 

.· , 

···t: 
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APPENDIX III 

Bulk Water Isotopic Analyses 

a) Standards 

b) Samples 
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a(i) ReElicate 8D Determinations for VSMOW 2 SLAP 2 NBSIA 2 

DTAP 77 and 78, Tl ANTE I and T2 BEIJUNG 

Standard Date No. of Sensitivity OD wrt Machine ** 
Span Samples to 1 1-11 SMO'\i'J duplication 

H20(pH2 
10- 1 A) 

X + ( %o ) ( %. ) 

VSMOW $ 1/79- 6/80 15 0.0 + 2.0 0.6 

8/80- 9 I 80 4 4. 5 + 0. 1 -2.1 + 2.8 0.6 -
9/80- 9/80* 13 4.9 + 0. 3 - 0.0 + 2.5 

mean + 2.4 

9/80-10/80* 4 5.3 + 0. 1 0.0 + 1.2 - -
10/80-11/80 5 4.6 + 0. 2 -0.2 + 1.2 0.9 - -

$11/80- 3/81* 11 4. 8 + 0. 4 0.0 + 1.1 0.4 - -
3/81- 4/81 4 4.6 + 0. 2 +0.3 + 1.0 - -
4/81- 5/81* 5 4.8 + 0. 1 0.0 + 1.2 0.2 - -
6/81- 8/81 4 4. 8 + 0.2 -2.0 + 0.3 0.2 -
9/81-10/81 4 5. 5 + 0. 2 -3.6 + 0.8 0.6 -

10/81-10/81* 5 4. 9 + 0. 1 0.0 + 1.4 0.5 -
mean + 1.05 

SLAP $ 11/80- 3/81* 7 4.5 + 0. 1 - -428 + 2.4 

4/81- 4/81 1 5 . 1 -432.4 

5/81- 6/81* 2 5. 1 -431.2 

NBSIA $ 1/79- 6/80* 7 -183. 3.:±: 3.0 

8/80- 9/80 4 4. 3 + 0.2-176.7.:±: 1.0 0.4 -
9/80-10/80* 4 4.9 + - 0.1-167.8+ ]_.1 

$ 11/80-11/80 2 -181.7 

DTAP'77 1/79- 6/80 6 - 42.8 + 1.6 1.1 

DTAP'78 5/81- 5/81 5 4.6 + 0. 3- 51.7 + 1. 1 0.5 -
Tl ANTE I 6/81 3 5. 1 + 0. 0- 58.0 + 0.8 -
T2 BEIJUNG 6/81 2 5. 1 - 62.3 0.4 

* Reservoir gas was changed on these occasions. 
**Change in SD value following a successive run of the same 

gas in the machine. 
$ Standards run to chech H; correction and internal consistency 

of measured 6D values. 
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a (ii) Replicate 8180 determinations for DTAP'78, VSMOW, 
SLAP, NBSIA, NBSI, and GISP 

Standard Date No. of 8180 (VSMOW) Machine 
Span Samples + ( %o ) Duplication -

DTAP' 78 9 I 79 - 10 I 79 6 -7.42 + 0.18 0.03 -
10179 - 11179 5 -7.37 + 0. 12 0.06 -
11179 - 1180 3 -7.6 5 0.05 

1180 - 2180 8 7. 7 + 0. 11 0.04 

2180 - 3180 4 7.77 + 0.05 0.05 -
3180 - 5180 8 7. 74 + 0.18 0.02 -

mean ------------ 7.63 + 0.20 -

VSMOW 17180 1 + 0. 11 

SLAP 17180 1 -55.85 

NBSIA 7180 1 -24.90 

NBSI 6179 1 - 8.48 

GISP 17180 1 -21.29 



) 

I 
I 
! 

b {1) Cave Drip Water. Soil t.'ater and Precipitation for 

Three East United States .::aves 

OCL. :"!o 
! 54 - ~55 255 - :!7 3 '!74 - 304 305 - 330 

srn 

-6.00 -4 5. 9 

-s. az -41. 1 

-4.62 -36.9 

-6.05 -45.0 -5.95 -43.7 -5.95 -43.7 

-5.55 -39.1 -6.02 -42.8 -6.31 -43.8 -5.06 -40. s 
-6.08 -41.7 -6.22 -44.6 -3.43 -35.2 

-6.13 -46.0 -4.83 -4.05 

-4.69 -41.6 -6. 17 -42.3 -6.34 -42.9 

-36' 6 

-3.97 -32.8 

10 -4.12 -38.3 

-.Las -Je.s -6.02 -4 3. 1 -6.21 -43.1 -5.85 -40.0 

soiL 

ppt -5.08 -34.6 -7.31 -35.3 -0.96. -16.8 

SHr-';ASOOAH CAVER~S Va 
1978 - 1979 

SITE ]0 - 59 60 - 90 122 162 163 - 196 

-7.76 -SS. 8 -7.43 -57.3 -B. 76 -62.3 

- s. 20 -58. 7 -61. 8 -55.3 -a. 42 -57 .o 
- i .9 7 -56. 7 -7.71 -62.0 -a. so -sa .s 
-7.97 -60.8 -7.31 -66.0 -8.73 -61.5 

-i.98 -58.0 -61.8 -55.3 -7.48 -61.8 -8.60 -59.8 

ppt -I:.oo -93.9 -4.~2 -39.8 

l~:DIA.~ ECH0 CA\'ERI\S, Pa. 

; I!E 162 - ::6 227 - 7:5:' 258 - 292 293 - 320 

-7.20 -51.4 -7-~1 -54.1 

-7.94 -55.3 -7.09 -52.0 -i.H -5'~.(1 -8.05 -54.9 

-7.4 5 -53.8 -i.~O -4!.7 -7.92 -50.6 

-7.57 -'i3,J - 7. 2 7 - ~ 5. ~ -7.f.l -52.:; -7.98 -52.8 

"' 
-5.41 -31.7 

Total Mean drip water: 
6t•o = 5.98 + o.s6 
60 = 41.4 !: 1.9 

]31 - 357 358 - 30 31 - 58 59 - 82 83 - 101 

-5.89 -41.1 -3.56 -39.) -6.53 -43.5 -39.5 -6.03 -40.3 

-5.84 -32.5 -6.08 -35.5 -6.36 -43.4 -43.6 -6.51 -43.1 

-3.69 -36.6 -44.2 -6.28 -37.1 

-5.61 -44.8 -4.54 -38.1 -6.14 -43.5 -5.99 -43.9 -6.05 -40.0 

-5.30 -41.9 -4.77 -39.2 -6,03 -44.2 -6.45 -42.8 -6.35 -48.4 

-6.21 -46.0 -3.48 -35.9 -43.7 -5.98 -47.1 -5.89 -40.3 

-6.20 -32.9 -6.10 -43.2 -5.84 -43.3 -6.01 -43.6 -6.23 -36.9 

-5.99 -39.9 -4.60 -38.3 -6.18 -43.6 

-4.24 -30.0 

-6.12 -43.5 -6.19 -40.9 

-7.04 -53.2 -7.38 -52.9 

-7.16 -49.4 
-16.09 -129.~ 

197 - 228 

-7.69 -64.4 

-6.61 -sa. 9 

-7.89 -58.1 

-7.55 -55.1 

-7.44 -59.1 

32 1 - 340 

-6.75 -45.5 

-7.14 -52,5 

-6.95 -49.0 

229 - 250 251 - 287 ;l.l:Jl:J - 317 

-7.7 3 -54.2 -8.35 -53.6 -7.53 -52.4 -8.56 -58.4 

-7.75 -57 .o -8.7 -51.1 -7.86 -52.8 -7.44 -56.3 

-8.01 -61.5 -8.24 -62.0 -8.59 -51.1 -7.61 -57.3 

-7.83 -57.6 -8.15 -55.6 -7.99 -54.1 -7.87 -57.3 

-4.72 -37.8 -5.71 -33.8 -3.47 -16.3 -10.72 -28.2 

r 
Tottl Mean Drip Water: 

c."o = -1.11 + o.7e 
fD = -52.1 ~ 4.5 

341 - 350 351 - 54 55 - 76 

-6.89 -41.5 -7.65 -49.3 -9.22 -60.6 

-7.62 -52.9 -7.66 -52.8 

-6.89 -41. 5 -7.63 -51.1 -8.44 -56.7 

-17. 72 -126. 1 

77 - 105 

-62.9 

-45.5 

-9.65 -54.2 

102 - 169 170 - 193 194 - 243 

-6.61 -43.3 -6.17 -43.3 

-6.21 -42.6 

-6.44 -40.0 -5.77 -39.9 

-6.28 -41.0 

-5.71 -45.3 -6.41 -41.9 -5.81 -41.8 

-6.27 -43.2 

-6.66 -36.5 -6.49 -41.0 -6.31 -44.0 

-6.27 -40.6 -6.43 -42.2 -6.12 -41.3 

-4.63 -22.0 

-2.26 -10.3 -2.34 -15.9 

106 - 198 199 - 235 

-39. 5 

-8.12 -60.9 -7.62 -58.8 

-4 7 .I -7.02 -55.6 

-8.12 -49.1 -7.32 -57.2 

-).30 -19.9 

243 - 257 

-6.65 -44.6 

-5.93 -46.1 

-6.30 -40.3 

-6.29 -43.7 

I ·~o/-~~4#~= 
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b(ii) Cave drip water and precipitation from other areas: 

Cave Location 0 1 8 0 aD Date Water 
Collected Type'~< 

Friar's Hole W.Va. Ill -16.01 -116.7 2/79 s 
Fl - 7.76 - 57.8 D 
F2 - 8.20 - 60.7 D 

2 -12.00 - 95.9 R 
3 - 5.44 - 31.6 5/79 R 

F3 - 7.57 - 52. 7 6/79 D 
F4 - 7.90 - 51.8 D 

4 - 2.60 4. 9 R 
5 - 2.63 - 33.5 R 

CHl - 55.6 D 
6 - 3.85 - 24.8 7/79 R 
7 - 5. 18 - 40.7 8/79 R 

NBl - 51.3 4/81 D 
F5 - 55.1 4/81 D 

Mean D - 7. 86 - 55.5 

Various Sites Van.Is.VlB -12.31 - 87.2 6/75 D 
V5A -11.11 - 84.4 D 
V3B -11.03 - 88.2 D 
V6B -10.59 - 82.8 D 
V3A -10.52 - 87.1 D 
vcz -10.82 - 85.0 D 

Mean 11.06 - 85.8 

If 310 Ala. 1 - 5.03 - 26.7 6/78 D 
2 - 5. 14 - 29.6 D 
3 - 5. 14 - 29. 1 D 
lR - 3. 9 7 - 3 7. 3 R 

Hughes Spring 112 - 5. 55 - 2 2. 1 D 
Wendy's Cave Ill - 24.8 3/78 D 

2 - 5.52 - 26.0 D 
Key Cave Ill - 5.02 - 32.0 D 

2 - 4.87 - 18.5 D 
McFail's N.Y.#l - 7. 10 - 6 7. 4 7/80 D 

2 - 7.30 - 6 7. 0 D 
Cumberland TENN. Ill - 6. 33 - 32. 1 6/78 D 

Caverns 2 - 5. 8 2 - 44.5 D 
3 - 7.52 - 38.4 D 
4 - 6.26 - 49.4 D 

lR - 2. 11 - 85. 7 R 

Mean D - 6.48 - 41. 1 

* D Drip; S Snow; R .Rain 
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Cave Location 0 1 8 0 aD Date Water 
Collected Type* 

Wind Cave, S,Da.#l - 9.32 -107.2 8/78 D 
2 - 9 8. 0 D 
3 - 9.61 - 94.5 D 

Mean -- 9.47 - 99.9 

Marengo Cave, Ia. 1 - 4.25 - 28. 1 8/78 D 
2 - 4.58 - 35.9 D 
1 - 4.33 - 29. 8 9/78 D 
2 - 5.24 - 32.5 D 

Mean - 4.60 - 31.6 

South Georgia Ill - 73.2 6/80 D 
- 9 . 32 - 68.2 ' D 

- 68.7 D 

Mean - 9.32 - 70.0 

Belize Ill - 3.69 - 16. 8 14/81 D 
5 - 3. 14 - 13.9 D 

12 - 4.37 - 24.3 D 
15 - 3. 12 - 16. 6 D 
19 - 3.60 - 18.3 D 
31 - 2. 89 - 16.5 D 
34 - 3.91 - 22.3 D 
45 - 3.24 - 12.6 D 
53 - 3.82 - 30.1 D 
56 - 3. 9 8 - 17.0 D 
71 - 3.56 - 16.0 D 
72 - 3. 91 - 22.3 D 
73 - 3.81 - 20.8 D 
90 - 0.28 - 18.3 D 
93 - 3.82 - 25. 7 D 
99 - 1. 16 - 19.1 D 

Me an -3.63 + 0.41 - 19.5 + 4.9 
- -

.,, D Dr i p; s Snow; R Rain 
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b (iii) oD and 0 1 8 0 data from the SWISS/DEEP Antarctic Ice Core 

Sample Number 0180 oD Age 

DEEP II 1 -41. 39 -319.6 
Run 8/10/80 2 -40.31 -324.7 

3 -41. 71 -317.5 
4 -42.14 -334.9 
5 -42.05 -3 30. 0 :E: 

H 

6 -42.45 -337.9 C/) 
(") 

7 -41.77 -334.7 0 z 
8 -41.75 -328.7 C/) 

H 

9 -42.32 -339.1 z 

10 -42.60 -332.7 
11 -41.08 -327.0 
12 -40.94 -324.7 
13 -41.63 -331.0 
14 -41.84 -32 7 . 6 
15 -41.29 -334.0 

Mean -41.68 + 0.61 -329.6 + 6.3 - -
SWISS If 1 -32.37 -247.4 

2 -32.60 -244.0 
3 -32. 17 -246.8 
4 -32.52 -248.3 
5 -32.26 -2 39 . 6 
6 -31.58 -248.1 
7 -31.24 -243.2 '"d 

~ 8 -31.41 -244.7 C/) 

9 -31.49 -241.2 t::r:l z 
10 -32.00 -24 1. 8 t-3 

11 -32.64 -255.8 
12 -32.82 -255.3 
13 -33.70 -262.4 
14 -33.18 -259.2 

end run 15 -34.29 -263.3 
15/10/80 

Mean -32.42 + 0.85 -249.4 + 7. 8 - -



APPENDIX IV 

Isotope data of water from speleothems 

and co-existing calcite 

a) Extraction by crushing 

b) Extraction by Decrepitation (oD only) 
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a (i) Oxygen * 

Sample Sample HzO Content 6 13 C(% 0 ) 6180. (%.) 6 1 80c (%0) Isotopi8 Age (ka) 
Weight (g) Height (% ) ~ PDB Temp. ( C) 

73017 Bermuda 
1-7-2 2.109 o. 415 - 9.87 -5.56 -2.49 3.3 -lSO 
1-7-3 1. 857 0.446 -10.03 -5.85 -2.62 2.7 
1-14-1 1. 810 0. 461 - 9. 71 -5.67 -2.41 2.6 
1-15-1 1. 7 31 0.447 - 9.68 -5.45 -2.55 3.9 
2-0-1 1. 327 0.285 -10.14 -4.45 -2.67 8.4 
2-0-3 1. 607 0.300 -10.07 -3.99 -2.55 9.8 
3-0-1 1.226 0.282 - 9.63 -6.28 -2.59 1.0 
3-0-2 1. 210 0.342 - 9.67 -5.66 -2.87 4.4 
4-0-1 1. 39 3 0. 365 -10.97 -6.06 -3.07 3.6 
5-0-1 1. 6 35 0.507 -10.45 -5.68 -3.00 4.8 
6-0-1 1. 6 75 0.322 -10.24 -6.04 -3.19 4.2 
7-0-1 1. 295 0.242 - 9.74 -6.51 -3.00 1.7 
8-0-1 1. 640 0.367 - 9.99 -4.06 -3.32 12.7 
9-0-1 1. 408 0. 312 - 9.68 -4.85 -3.19 8.9 

10-0-1 1. 348 0. 334 - 8.35 -4.83 -2.75 7.2 
10-0-2 1. 460 o. 316 - 8.77 -4.55 -3.04 9.5 

MEAN 0.359 + 0.076 -5.343 + 0.787 -2.832 + 0.288 5.54 + 3.41 

76501 Missouri 
#1 6.042 0.149 -10.66 -6.71 -3.62 3.2 236 
#2 8.134 0.023 -10.64 -8.05 -4.68 2.1 215 
#3 7.971 0.027 -10.21 -16.31 -4.24 -25.9 202 
#6 7. 231 0.083 - 6.98 -6.88 -4.42 5.7 96 
#7 8.424 0.046 - 8.25 -6.47 -4.88 9.2 77 
#8 8.597 0.013 - 8.66 -6.03 -4.56 9.6 68 
#9 9.596 0.140 - 9.95 -5.98 -4.47 9.5 56 

N 
()) 
~ 



a (i) Oxygen* ••. cont'd 

Sample Sample H20 Content 
Weight (g) Weight (% ) 

77162 Lost Johns 
1-3-1 1.173 0.276 
1-3-2 1. 441 0.225 
1-2-4 1. 6 39 0.198 
1-2-5 2.097 o. 215 

MEAN 0.229 + 0.034 

77151 Victoria 
Cave 

B-1-1 5.925 0.44 
B-2-1 9.095 0.44 
B-3-1 9.048 o. 71 

MEAN 0.53 + 0.16 

807MF1 
NY-1-1 6. 5 83 0.45 
NY-1-3 4.857 0.74 

* =After M. Yamamoto (pers comm.) 

o 13 C (%o) oleo.(%.) o 18 0c (%.) 
~ 

PDB 

- 3.45 -11.87 -3.24 
- 3. 41 -10.44 -3.16 
- 6.24 -10.16 -3.97 
- 6.24 - 9.31 -3.97 

-10.45 + 1.06 -3.59 + 0.45 

- 7.55 -14.98 -4.04 
- 5. 35 -13.75 -3.59 
- 5.60 -13.57 -3.61 

-14.10 + 0. 77 -3.75 + 0.25 

- 9.50 -12.03 -7.4 
- 9.47 - 9.39 -7.33 

Isotopic 
Temp. (°C) 

-15.0 
-11.5 
- 7.9 
- 5.0 

- 9.9 + 4.3 

-22.7 
-20.5 
-19.8 

-21.0 + 1.5 

-2.5 
7.2 

Age (ka) 

150 

-250 

Modern 

1\) 

co 
-J 



., 

a (ii) Hydrogen 

Sample Number HzO Content o 18 0c (%o) aoi (%ol Inferred a dt a,dt. ref 
(%a) Isotopic 

Temp (°C) 

73017 * o•c 2.45 - 57.3 
oc 3.90 - 56.9 
lC 4.90 - 4 8.6 
2C 5.20 - 39.7 
3C 3.38 - 48.8 
4C 4.25 27.542 + 0.288 - 32.3 
5C 3.95 - 45.3 + 4. 0 :!: {;.2 
6C 4.45 - 58.1 
7C 4.00 - 28.2 
Be 3.13 - 40.0 
9C 3.85 - 47.5 

lOC ---- - 66.3 
llC 5.20 - 65.5 
12C 4.95 - 57.8 

MEAN' 4.12 + 0. 83 -43.2:tq.'2. 6.0 4.2 Harmon et al, • 78 

77162 l-2-3C 2.58 27.33 + 0.45 -106.2 - 26.0 6.9 0.3 Evans et al, '78 
Lost Johns l-3-3C 2.90 - 69.3 - 10.1 

77151B #lC 0.009 27.00 + 0.25 - 41.8 + 5.3 6.9 0.3 
Victoria Cave 

7nNPl-NY -1-2# lC 0.75 2 3. 39 - 94.5 - 6 8 10 Dansgaard, '64 
-l-2#2C 0.42 ----- - 87.0 - 2.5 

B07CW6, Iowa A 0.06 24.52 - 57.2 + 5.6 
B 0.06 - 67.1 - 0.9 

807CH1, W.Va. A 0.13 25.16 - 62.8 + 0.6 
B 0.22 - 77.4 - 6.0 

rv 
()) 
Q) 



·., 

a (ii) Hydrogen 

Sample Number H20 Content 
(% ) 

Mirror Lake, Pa. A 0.74 
(Indian Echo B l. 79 
Cavern) 

76010 Van.Is. 8 0.27 

ld 8:j~ 
NEAN 0.33 + 0.06 

Llano Chiquito \vood #l 0.47 

A,B = splits of same sample 

C = water extracted by crushing 

6 1 8 0c (% ) ooi (% ) 

24.06 - 64.0 
- 77.9 

19.29 -104.0 

H:U :M~:~ 
19.30 + 0.04 -llO .1 + 7. 3 

24.05 - 89.8 

Inferred 

;:~~~P~8C) 

+ 4.1 
- 2.3 

+ 3.2 

+ rJ 
0.4 + 3.3 

- 7.4 

a dt a, dt. ref 

8 10 Dans gacnd. 
1 

1 64 

* Replicates of 73017(numbers OC to 12C) extend the same distance along and are 

stratigraphically above the growth layer of 73017 in Table a(i) (numbers 1 to 10). 

N 
m 
1.0 



b (i) Individual Samples 

Sample No. H20 6 1 8 0c 6Di ( %o) a dt ref. of a,b. 
Content ( %o) -. 
( %o ) '- . 

l1irror Lake, Pa. #6D 8.59 24. 3<J -74.3 8 10 Da-ns9aard 1 I 6 4-
(Indian Echo Caverns) #7D 3.79 ± o:~o -72.1 

#ED 4.57 -70.8 

MEAN 5.55 -72.4 + 1.8 

#FCR 1. 58 -71.7 

807CW6 IB.. #7D 3.89 -80.7 
(Co l d Water Cave) #6CR -- 24.94 -81.0 

#8CR 1. 56 -± o.11 -85.2 

MEAN -83.1 

Bone-Norman, W.Va. #2D 3.95 -77.7 
(Strav; s) 2'D 3.71 -78.8 

MEAN 3.83 -78.3 

Friar's Hole, W.Va. #l'D 1. 30 -68.1 
Straws #2D 1. 36 -71.3 

MEAN 1. 33 -69.7 

73107 Bermuda #lD 8.93 27.54 -41.1 6.0 4.2 Harmon, et al, '78 
#2CR 1. 46 -41.0 

75350 Jamaica #7D 1. 78 26.22 -30.7 8 0 Dansgaard, 64 

Llano Chiquita #l'D 3.36 24.05 -54.2 8 lO 

Wind Cave, S.Da. #lD 7.91 20.22 -132.1 8 10 

807CHI, W.Va. #7 2. 3/ 25.16 -10 9. 7 8 10 

#3 -- -109.6 
N 
'-.() 

0 

' 



'-

b (i) Individual Samples .•. cont'd 

Sample 

77151B 
Victoria Cave, U. K. 

South Georgia 

Sub-glacial ppt B . C. 

Hydro t he rrn a.l Calcite 

No. 

#1 

TIP 

#1 

#1 

H 20 
Content 
( %ol 

3 . 14 

2.37 

14.66 

0.08 

oleoc 
(%.) 

26.22 

26.0 

12.26 

28.2 

oDi (%o) a 

-76.9 6.9 

-77.0 8 

-160 . 7 8 

-74.1 

de 

0.3 

0 

10 

ref. of a,b. 

Evans et al.,' 7 8 

IAEA pptn '81 

Dansgaard, '64 

1'\) 

\.0 
....... 



b (ii) Profiles 

Sample Number H20 Content 6 1 6 oc 6Di o:.) Isotopic 6 1 3c No. of Anal~ses 
(weight %) (%.) Temp (°C) of 6 1 6 0 & 6 3c 

7'1 7M?l, 5LD 0.360 - 90.1 
NY 8LD 0. 414 - 90.3 

9LD 0. 34 3 - 90.6 
11LD 0.350 - 91.0 
-2LD 0.340 - 90.4 
-5LD 0.356 - 86.7 

MEAN 0.361 + 0.027 - 89.9 + 1.6 5.1 

-ILCR o. 211 23.01 - 95.6 3.9 - 9.29 11 
14AD o. 411 2 3. 30 - 97.3 1.0 - 9.12 9 
20AD 0.458 22.85 - 95.1 3.7 - 9.64 9 
30AD 0.650 22.94 - 91.9 6.9 - 9.56 7 
40AD 0.252 23.35 -101.8 -1.2 - 9.14 7 
50 AD 0.859 23.10 - 99.3 0.8 -10.03 8 
60AD 0.454 23.18 -102.8 -1.1 - 9. 71 8 
70AD 0.405 2 3. 15 - 95.1 3.6 - 9.77 10 

MEAN 0.498 + 0.197 

75125 (i)AD 0.187 ---- --- Gascoyne, ' 79 
(ii)AD 0. 157 19.63 -12 3. 6 2.4 
(iii)AD o. 170 19.49 -119. 7 4.8 
(iv)AD 0.191 19.24 -124.6 3.4 
(v)AD 0.185 19.17 -12 9. 7 1.3 
(vi)AD 0. 159 19.41 -124.8 2.7 
(vii)AD 0.196 19.10 -12 9. 4 1.7 
(viii)AD ---- 18.88 
(ix)AD 0.170 19.17 -116.0 7.9 

MEAN 0.178 + 0.014 

N 
1.0 
rv 



b (ii) Profiles ... cont'd 

Sample Number H20 Content 
(weight %) 

76013 Top D 0.266 
Middle D 0.251 
Base D 0.155 

75123 lo..D 0.298 
lCR 0. 150 
2A 0.291 
3A ----
4A ----
SA 0.301 
6A 0.433 
7A 0.408 
2o..D 0.266 

MEAN 0.400 + 0.075 

* corrected isotopic temperatures 
CR= decrepitation of powders 
D = decrepitation 
la= sample split from 1, etc. 
L = samples taken along growth layer 
A = samples taken along speleothem axis 

6 1 8 0c 6Di ( %o ) 
( %., ) 

20.09 -117.5 
20.02 
20.22 -106.0 

19.82 -12 3. 7 
-12 3. 8 

19.94 -120.0 
19.40 
19.54 
20.13 -117.6 
20.06 -116. 8 
19.94 -118.5 
20.37 -115.4 

Isotopic 
0 Temp ( C) 

3.6 

8.7 

1.7 

3.0 

3.4 
4.0 
3.7 
3.5 

1\J 
\0 
w 
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b (ii) Profiles, 7 40l7 Coldwater Cave, Iowa 

Sarrple Height Water 0180 oni C% > Isotopic o 13c 

and No. Above Content (/.: ) c ~ (% ) 
Base (em) (wt. %) (oC} 

1 53.0 0.860 26.48 - 70.8 1.5 - 8.65 
2 52.0 0.896 26.88 - 64.8 3.8 - 8.31 
3 50.5 0.930 26.66 - 61.8 5.1 - 8.81 
4 49.3 0.890 26.45 - 63.7 5.0 - 8.47 
5 48.1 0.901 26.54 - 70.4 1.4 - 8.83 
6 44.0 0. 778 26.15 - 62.7 6.6 - 8.85 
7 40.5 0.790 25.97 - 63.5 6.9 - 8.55 
8 37.7 0. 710 26.39 - 74.1 0.3 - 8.30 
9 36.2 0.682 26.50 - 69.1 3.2 - 8.15 

lO 34.2 0.696 26.86 - 64.9 2.8 - 7.99 
11 33.2 0.648 26.85 - 65.9 2.4 - 8.01 
l2 32.1 0.572 26.11 - 64.2 6.1 - (.94 
13 29.7 0.911 25.99 - 66.5 5.4 - 8.10 
14 27.0 0.680 26.34 - 66.8 3.9 - 7.80 
15 24.0 0.674 26.19 - 69.0 3.4 - 7.94 
16 21.9 0.644 26.80 - 67.2 2.0 - 7.74 
l7 19.5 0.600 26.75 - 64.6 3.4 - 8.37 
l8 15.7 0.634 26.06 - 70.2 3.3 - 8.74 
19 11.7 0.600 25.84 - 65.9 6.3 - 8.52 
20 8.0 0.672 25.84 - 64.0 7.0 - 8.28 
21 4.2 0.640 26.24 - 69.4 3.0 - 7.92 
22 0.5 0.564 26.97 - 72.2 -1.0 - 8.80 

l3 la 29.7 0.906 26.02 - 67.2 - 8.11 
Jb 29.7 0.830 25.94 - 63.0 - 8.04 
3a 29.7 0.916 - 67.4 
4a 29.7 0.884 - 68.6 
7b 29.7 1.020 - 66.3 

0.911 + 0.069 - 66.5 + 2.1 

Total 0.755 + 0.133 
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biii) o 18 0c and o13c from Growth Layers of 797MPI and 

74017 (Vancouver Island data is in Gascoyne, 1979) 

McFails 797MPI 

Growth Layer A - outermost layer at 1 

0180 ol3c Distance from 
axis (em) 

A-1 23.23 - 8.54 0 
A-2 23.38 - 8.62 2 
A-3 23.29 - 8. 6 7 4 
A-4 22.84 - 9.76 6 
A-5 23.08 - 9.23 8 
A-6 23.91 - 9.06 10 
A-7 23.30 - 8.90 12 
A-8 23.35 - 8.75 14 

mean 23.30 + 0.30 - 8.94 + 0.40 - -

Growth Layer B at 20 

B-1 23.38 - 8.70 - 10 
B-2 2 3. 14 - 9.49 8 
B-3 23.14 - 9.45 6 
B-4 23.25 - 9.61 4 
B-5 23.31 - 9.75 2 
B-6 2 3. 16 - 9.57 0 
B-7 23.44 - 8.94 2 
B-8 23.40 - 8.73 4 

mean 23.28 + 0.12 - 9.43 + 0.37 -
Growth Layer c at so 

C-1 23.35 - 9.80 4 
C-2 23.45 - 9.63 3 
C-3 23.35 - 9.97 2 
C-4 23.59 - 9.96 1 
C-5 23.24 - 9.98 0 
C-6 23.38 - 9.95 1 
C-7 23.24 - 9.87 2 
C-8 23.52 - 9.44 3 
C-9 23.45 - 9.34 4 

mean 23.40 + 0. 12 - 9. 76 + 0.26 - -
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biii) ... cont'd 

74017 

0180 0 1 3 c Distance from 
axis (em) 

1 26.43 - 7.83 0 
2 26.47 - 8.47 - 2.5 
3 26.61 - 8.37 - 5.0 
4 26.37 - 8.45 - 7. 5 
5 26.42 - 8.66 -10.0 
6 26.22 - 9.04 -12.5 
7 26.29 - 8.85 -15.0 

mean 26.40 + 0.13 - 8.52 + 0.39 - -



APPENDIX V 

Isotope Data of Water from Hydrous and 

Hydrothermal Minerals 

a) Ore Deposits 

b) Granites 

297 
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a) * = 01 B 0 , inferred from o 180(quartz) and Sulphur Isotope 
]_ 

Temperatures (Ding et al., 19 81) 

Sample No. Mineral ani c;lBOi* Water 
Yie1d(wt %) 

004 Calcite -47.6 - 6. 8 0.95 
004 Quartz -46. 1 1. 58 
001 Quartz -59.9 + 0.8 1. 68 
003 Quartz -45.3 + 2 . 1 2.09 
013 Barite -48.7 + 2. 2 0.75 
018 Quartz -47.2 + 4.4 3.22 
020 Barite -39.0 + 0.5 0.81 
021 Quartz -46.5 + 5.0 1. 36 
022-1 Barite -34.1 + 1.8 4.31 
022-2 Barite -37.6 3.36 
02 3-1 Barite -68.3 - 2.0 3.00 
023-2 Barite -70.5 2.67 
031-1 Sphalerite -31.2 + 3. 7 0.12 
0 31-2 Sphalerite -31.6 0.14 

Overall replication in ani is + 1. 3%o based - on four pairs 

b) **OlBO of hydroxl groups (Cramer ,,et a1., 1981) 

Sample No. of on (OR) c;l80 (OH)** Water 
Analysis Yie1d(wt %) 

A6 71 1 - 117.4 8.6 162 
A6 14 1 - 135.6 8.3 238 
A6 49 1 - 121. 3 8.7 0.242 
A6 53 1 - 12 8. 5 8.5 0.203 
A6 177 1 - 12 7. 8 10.0 0.169 
A6 260 1 - 128.8 9.0 0.290 
A6 281 1 - 108.0 8.2 0.286 
A6 142 1 - 108.8 9. 5 0.261 
A6 140 1 - 102.3 9. 7 0.136 
A6 19 7 1 - 126. 7 9. 6 0.202 
A6 261 1 - 137.5 9. 7 0.461 

2 - 139.5 
A6 182 4 - 117.8 0.358 

5 - 119.5 9.2 0.389 
6 - 118.9 0.317 
7 - 119. 8 0.466 
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