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ABSTRACT 

The distribution of Mg and Sr in speleothem from 

Yorkshire, England, Vancouver Island and West Virginia, 

_!'las investigated. Concentrations of Mg range from 300 to 

greater than 3000 parts per million. Concentrations of Sr 

range from less than 100 to a few hundred parts per million. 

Sr partitioning between seepage water and calcite may be 

more rate sensitive than Mg partitioning. 

It is possible that Mg and Sr in speleothem could 

provide information on kinetics and mechanism of speleothem 

formation and on seepage water and source rock composition. 

It may be possible to interpret Mg concentration in 

speleothem in terms of temperature if equilibrium partition

ing of Mg between calcite and seepage waters can be demon

strated. 
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ABBREVIATIONS AND SYMBOLS 

ppm parts per million 

TE trace element 

;>.., partition coefficient of i between Caco and liquid
J. 3 

;>..<? partition coefficient of i between calcite and liquid
J. 

;>..~ 	 partition coefficient of i between aragonite and liquid
J. 

m 	 molality 

[X] concentration of X (~ activity) 

[X]s concentration of X in solid 

[Xli concentration of X in liquid 

o 	 isotopic composition referred to standard Pee Dee 

formation Belemnite. 

e.g. 	
(180/160) (18 ;16 

018 	 c - O 0 >standard 
OPDB = 

(180/160) 
standard 

isotopic fractionation factor. 

e.g. 
OC + 1000 


ot + 1000 


apparent partition coefficient, i.e. 'partition coefficient' 
for non-equilibrium deposits. As equilibrium is approached 
).'+;>... 

vii 



CHAPTER I 

INTRODUCTION 

The term speleothem refers to Caco3 deposits which form 

in air filled cave passage. Seepage waters percolating 

through limestone acquire dissolved caco3 . Degassing of co2 

and/or evaporation of water decreases Caco3 solubility when 

seepage waters enter the cave atmosphere. Precipitation of 

calcite and/or aragonite speleothem occurs as a result. 

Formation of speleothem is an extremely slow process. 

The deposits studied grew at rates of 0.1-8.9 cm/Ka. Periods 

of growth often cover tens of thousands of years. Speleothem 

are relatively easy to date using u-series dating techniques, 

in many cases an internal stratigraphy is discernible. 

These features make speleothem attractive targets for paleo

environmental studies. 

18Isotopic composition has been studied and o o used as 

a paleotemperature indicator (Gascoyne et al., 1978). A 

preliminary study was made with the intention of establishing 

whether magnesium concentration could also be used as a 

1 
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paleothermometer. 

Before discussing the aims and objectives of this 

study a brief review of terminology and mechanism of speleo

them formation, including some discussion of isotopic and 

'trace element partitioning between speleothem and parent 

seepage water, is presented. 

Terminology 

Speleothem varies in size and shape depending on the 

site of formation and the supply of seepage water. Various 

terms are applied to different formations. Soda straws form 

on the cave roof as water enters the cave. These formations 

have a central hole and are often extremely fragile. The 

central hole may become plugged with Caco3 • Water then flows 

over the outside and deposits layers of caco3 building a 

stalactite. Water falling to the cave floor precipitates 

Caco on formations termed stalagmites. These vary consider3 

ably in size and shape, layers of caco often thin away from
3 

the point of impact of falling seepage water creating tall 

cylindrical stalagmites. Where large quantities of seepage 

water enter at one point flowstones may form. Sheets of Caco

thin away from the source creating 'delta lobes'. 

3 
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sp·e1eothem formation 

Jlll..........................~""4._------· soil zone (high 


.,..4.------ vadose
,L.L~-..-~'---r~..L---r-~"""1111( 

...___......__..---''--':.--r''--......_"--.--~~--~~---------~--phreatic . .. . 

Pco > 
2 

zone. An 
atmosphere is 
present, speleo
them may form 

zone. 
water saturates 
rock and fills 
cave passage 

Mechanism of Precipitation of Speleothem. 
Definition of Partition Coefficients 

Ground water obtains a Pco above atmospheric levels in 
2 

the soil zone. This results in the solution of considerable 

caco3 in limestone karst areas. The major reactions involved 

are as follows: 

.....H20 + co2 .... H2co3 
..> H+H + HC0~2Co3 3 

- .... H+ + co2HC03 .... 3 

...... co2Caco3 ..... Ca2+ + 

3 
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Holland et al. (1964b) give a detailed account of 

limestone and dolomite solution in systems with an extensive 

vadose zone (open systems)· and systems where the ground water 

is not open to the air (closed systems) • Maximum [Ca] in 

·seepage water results when there is an extensive vadose zone 

and co2 from the atmosphere may continually replace that 

consumed by caco3 solution. 

When seepage waters enter the cave atmosphere Pco 
2water 

will equilibrate with PCO . This reduces the 
2atmosphere 

Golubility of caco and results in calcite or aragonite3 

precipitation. Evaporation of water also decreases the 

solubility of caco contributing to calcite precipitation.
3 

Holland et al. have shown that at least in the deep cave 

environment evaporation is negligible. Humidity in deep 

caves is often 100%. This was checked by the author in two 

caves in West Virginia (Friars Hole and Norman-Bone in the 

west section). An air temperature was obtained using a dry 

thermometer - a wet.cloth was then wrapped around the 

thermometer bulb, the thermometer was swung to and fro 

rapidly for several minutes, the temperature was taken 

again inunediately. No change was detected. (The thermometer 

was calibrated to 0.1°C). 

Evaporation and/or degassing at low rates would allow 

precipitation of calcite with equilibrium trace element 
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concentrations. Partly evaporative speleothem has been 

demonstrated in the modern cave environment, e.g. in Carlsbad 

caverns (Thrailkill, 1971). 

Degassing of co2 enriches the liquid phase in 14c 
13 12and c with respect to c. Evaporation causes enrichment 

18of 0 in the liquid phase with respect to 160. This becomes 

18 13important when correlation of a o, 0 c, [Sr] and [Mg] are 

considered. 

The partition coefficient for trace element partition

ing between water and calcite is defined as follows: 

[TE] s [Ca] L 
= 

[Ca] s [TE] L 

c
The value of ATE applies to precipitation of a homogeneous 

crystal in equilibrium with the liquid, or to a zoned crystal 

where surface equilibrium is maintained. Calculations in 

this paper assume surface equilibrium (logarithmic distribu

tion) • 

In laboratory investigations reported in the litera

ture the most reliable results have been obtained assuming 

logarithmic distribution. (See compilation of values of A~r 

and A.c pp. and for references). The partition coefficientMg 
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/-TE only applies where the relation between TE:Ca ratio is 

linear, i.e. at low [TE]L. It is not known at what point 

/-~g or /-~r cease to apply. 

The isotopic fractionation factor a is defined as 

0 c + 1.0.00 a = c-.Q. 

o.Q, + 1000 

where QC = 	isotopic composition of calcite; 

isotopic composition of seepage water.0 .Q, = 

a is temperature dependent. Thus 0 depends on temperature
c 

and liquid composition. Values of a appreciably different 

from 1 are found only for light elements. In this case 

fractionation of stable isotopes of C and 0 between water and 

speleothem is measurable. In non-evaporative speleothem 

the isotopic composition of the water remains constant as 

caco3 is precipitated. Thus oxygen isotopic composition of 

caco3 is a function of seepage water composition and of tem

perature. C isotopic composition will also be a function 

of the amount of degassing which has occurred. 
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Aims and objectives of this project 

The original objective of this project was to compare 

18[Mg] and o o in speleothem - both quantities which are known 

to be temperature dependent. The project was initiated 

following the recognition of temperature dependence of Mg 

partitioning between dilute aqueous solutions and calcite. 

Temperature dependence for equilibrium partitioning determined 

in the laboratory (Katz, 1973) led to investigation in the 

field. Partition coefficients were determined for several 

actively growing soda straws in caves in Jamaica and Vancouver 

Island. The results showed a strong temperature dependence 

but disagreed with previous laboratory determinations of 

equilibrium partition coefficients (Gascoyne, 1979). 

Water which is continuously depositing relatively 

pure calcite is continuously increasing its TE:Ca ratio. 

It is therefore impossible to use [Mg] in isolation as a 

temperature indicator. Sr was known to be present in many 

speleothem deposits in detectable quantities; it had recently 

been shown that equilibrium partitioning of Sr between 

calcite and water was temperature independent (Katz et al., 
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1972). It was decided that the two elements should be 

studied together. 

Results are presented for several deposits from 

Yorkshire, England and for two speleothem for which Mg, Sr, 

o18o and o13c determinations have been made. 

This study has concentrated on calcite speleothem. 

Since A.~r is temperature sensitive a similar study could 

have been made using aragonite speleothem. Aragonite pre

cipitation is favoured by high temperatures and high [Mg]L, 

while calcite is favoured at lower temperatures and [Mg]L 

(e.g. Murray, 1954; Moore, 1956; Kitano, 1962). The mineral

ogy of speleothem is easily determined by visual inspection. 

However, traces of aragonite in calcite are not easily detected. 

Mineralogy was confirmed using a chemical test (Feigls solu

tion). Results should also be checked using X-ray diffraction. 



CHAPTER II 

THEORETICAL CONSIDERATIONS 

Equilibrium Values of Partition Coefficients 

Equilibrium values of A~E for Mg and Sr obtained by 

Katz (1973; Katz et al., 1972), using inversion of pure 

aragonite to calcite in the presence of an aqueous medium 

containing the TE in question, appear to be the most 

reliable. Higher values for A~r obtained at low tempera

tures in direct precipitation experiments may be due to 

rapid precipitation, if surface equilibrium is not maintained 

when an apparent partition coefficient A~; will be obtained 

crather than the true logarithmic partition coefficient ATE" 

Sr appears to be far more sensitive to kinetic effects 

than Mg (see Kinetic Effects, p.14). 

If Katz's results are correct then Ac increasesMg 

linearly with temperature and A~r is virtually independent 

of temperature. Various determinations of AMg and Asr 

have been compiled and graphed. 

10 
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~g - temperature dependence 

Reference Method Conunents T°C Ac 
M 

Katz, 1973 Inversion of 

aragonite to 

calcite 

High values noted 

for rapid inversion 

25 

35 

0.0573± 
0.0017 

0.0681± 
0 .0019 

50 0.0778± 
0.0022 

70 0.0973± 
0.0021 

90 0.1163± 
0.0034 

Gascoyne, 1979 Measurement of Vancouver Island 

seepage waters 5 determinations 7 "'0.02 

and growing Jamaica 

·soda straws 7 determinations 22-24 'V0.04 

~r - compilation of reported values 

AcReference Method Conunent T°C Sr 

Katz et al., 1972 Inversion of 40 0.055 
aragonite to 98 0.058 
calcite 

Holland 
1964a 

et al., Degassing of co2from anunoniacle 
Independent of 
ionic strength to 

100 0.076± 
0.006 

CaCl4 solution 1.4 M 
at high Pea 

2 

Holland et al., Measurement of ca High values attri 16.4 0.14±0.03 
1964b and Sr in cave buted to calcite 14.4 0.22±0.06 

waters and calcite precipitation from 15 0.13±0.06 
precipitates earlier Sr rich 

waters 

Ki tano et al. , Degassing (of Independent of Mg 20 0.08±0.02 
1971 co2 ) concentration 

Joshi, 1960 Experimental 25 0.14±0.02 
Holland, 1960 result 

Note that if values determined by Kitano and Holland at low tempera
tures are correct, then A~r decreases with temperature 



~Sr +Holland et al., 1964a 
l·l 

11 
• Kinsman and Holland, 1969 

..,Holland, 1960; Joshi, 1960; 
Holland et al., l964b 

l·l 

1-1 ~ Kinsman and Holland, 1963 

• Kitano, 1971 

0 Holland et al., l964b, field 
observation 

Aragonite - - -I >< Katz, 19 7 3 ·~1 
O·I~ •Katz et al., 1972 

o-7 

I-' 
0·6 N 

0·5 

Calcite0·4 

03 

0·1. 

i 
o•I ~ lJt ..~ 

--r ,010 'Z.0 'JO +o iO 70 qo 100 

r0 c 
'~ 

Partition Coefficients for Sr 
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Kinetic Effects. Deviation of A~E from Equilibrium: Values 

I . lt f ,C d ,C t dI f Ka t z s resu s or AMg an Asr are accep e as 

true equilibrium values then earlier results must be explained 

in terms of disequilibrium phenomena. 

High values for ).~r in early stages of calcite preci

pitation were obtained by Kitano et al. (1971). ·Abnormally 

high values of Ac were easily obtained by them for metals 

forming carbonates with the aragonite crystal form (Ba and 

Sr) • High values were not so easily obtained for metals 

forming carbonates with the calcite crystal from (Cu, Zn). 

Abnormally high values were attributed by Kitano to abnormal 

crystal structure of fine early precipitates. However 

X-ray diffraction patterns were obtained for late stage 

precipitates only. Ac~was determined using samples of the 

supernatent solution withdrawn during the precipitation 

process. Kitano took the final (~ constant) values of Ac as 

the equilibrium value. The Doerner-Hoskins relation was 

cused to calculate Ac and ).. . Clear X-ray diffraction 

patterns of large late stage crystalline precipitates 

indicates that if early stage fine precipitates had an abnor

mal structure then they recrystallised. Kitano's value for 

A~r is 0.08±0.02; this value is higher than that obtained 

by aragonite-calcite transformation (Katz· et al., 1972). 

http:0.08�0.02
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If one accepts that Ac is virtually temperature independent 

with a value of about 0.055, then Kitano's result may be 

explained by the presence of a Sr-rich core in the final 

calcite crystals. A similar explanation might account for 

similar A.~r values obtained by Holland et al. (1964a). 

We have: 

.Q.n Csr ] Li I [Sr JLf (Doerner aoskins 
= 

relation)in ·rcaJLi I [CaJLf 

for equilibrium precipitation. 

Abnormally high values of A~r in the early stages 

of crystallisation would cause a decrease in [Sr]Lf with 

respect to the equilibrium value. This increases calculated 

A~r over the true equilibrium value. 

The fact that high values of A~E were less easily 

obtained for elements forming carbonates with the calcite 

crystal form suggests that Mg is less sensitive than Sr to 

kinetic effects. 

Field measurements of A.Mc (Gascoyne, 1979) gave. g 

values below those obtained by aragonite-calcite 

inversion (Katz, 1973). There are several possible explana

tions for this: 
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(1) 	 Values obtained by aragonite-calcite inversion 


may be in excess of the true equilibrium value. 


(2} 	 Values measured in the field may be below the 


true equilibrium value because of kinetic 


effects. 


(3) 	 Values of [TE]Lf measured in the field may be 


in error. Since precipitation of speleothem 


occurs at extremely low rates the value of 


[TE]Lf measured over a short period of time 

may not coincide with [TE]Lf during precipita

tion of the calcite analysed. 

(4) 	 Relation to temperature might be non-linear 


(Gascoyne's determinations were at lower 


temperatures than Katz's). 


The second explanation seems unlikely. High values 

of AMc were obtained by Katz for rapid inversion of aragonite. g 

to calcite. 

Field measurements of. A~r (Holland et al., l964b) 

resulted in a range of values from 0.13 to 0.22. Joshi's 

cdetermination of_ ASr at 25°C was used to explain the low 

values (Ase = 0.14 at 25°C, Joshi, 1960). High values . r 

were 	attributed to precipitation from earlier Sr-rich waters. 
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It seems likely that high values of. A~r recorded in the 

field are due at least in part to rapid precipitation and 

disequilibrium. 

Kinetic effects on A are discussed by Mcintire (1963). 

For uniform supersaturation the equation 

where S = [Ca]L/[Ca]f (degree of supersaturation) 

= diffusion coefficient 

[Ca]f = [Ca] for the case where the liquid has 

equilibrated with calcite at that PCO 
2 

may be applied. 

For Ac < oTE/oca' Ac decreases with decreasing s. For 

TEs with ions of similar charge and radius to Ca 0TE/oca~1. 

For Sr and Mg we can expect values of Ac~ > Ac for 

supersaturated solutions. 
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Climatic Effects on Trace Element Content of Equilibrium 

Speleothem 

There are three possible causes of variation in Mg/Sr, 

Mg/Ca and Sr/Ca ratios in seepage waters: 

(1) 	 Change in catchment area for water flowing over 


a particular deposit. 


(2) 	 Changes in PCO causing variable solubility 
2 

of limestone and dolomite. (Only significant 

where dolomite is present with limestone in 

the 	area.) 

(3) 	 Back equilibration of ground water and rock. 


(This will cause a temperature dependence for 


[Mg] Li.) 

PCO in the soil atmosphere depends on the extent 
2 

of biological activity in the soil. This is controlled 

by climate. Minimum Fca will result from maximum Pco . 
2 

Thus maximum fractionation of trace elements and maximum 

deposition of speleothem will coincide with periods of 

maximum Pco • 
2 

Back equilibration of water with rock would cause 

Mg:Sr ratio in seepage waters to increase with temperature. 



Effect of Climate on TE composition 

~L~qilib_rJ~~P~~-Q_!!1~m 

cuMA"'_____ -- ••mp•r•u'" .e.;plitation1
Pco. soil atmosphere 

Level of Water Table 

Residence Time of, r Ground Water 

• ROCK 
Degree of COMPOSITION 

I-' 
l.O 

Eqilibration between 
rocl< and water 

· (Temperature) 

. . s 1TE composition eepage Water 

GROUND WATER 

CAVE Tempe•atu.e l 
I ~TE composition of Speleothem 
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Equilibration need not be complete for a temperature effect 

to occur. However back equilibration seems unlikely. The 

logarithmic distribution law is followed for Mg distribution 

in precipitation of calcite (Katz, 1973). This suggests 

that solid state diffusion leading to equilibration between 

water and rock is an immeasurably slow process. 

Changes in catchment area for one deposit resulting 

from changes in ground water circulation routes are possible. 

There is no easy way to detect this - sudden changes in 

Mg/Sr ratio in speleothem, especially those following a 

break in deposition should be regarded with suspicion. 

If bulk solution of the surrounding rock occurs 

then temperature changes resulting in change in A~g will 

be recorded by changes in the Mg/Sr ratio of equilibrium 

speleothem. 

The flow chart opposite summarises the possible 

climatic effects. The amount of change in [Mg] due to s 

temperature change is uncertain but could be as high as 

c
100% in 15°C (using Gascoyne's values for AMg). 

18Climatic effects on o o of speleothem are complex 

18 18
since o owater and a may vary. A full discussion of o o 

of speleothem is outside the scope of this study. Generally 

o 0 appears to increase with temperature (Gascoyne et al., 

19 78} . 

18 
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Derivation of Formulae for Equilibrium Speleothem Deposition 

If we assume that instantaneous equilibrium between 

crystal surface and liquid is maintained during precipitation 

then we may apply the Doerner- Hoskins relation: 

[TE] s [TE] L 

at any point.
= ATE 

[Ca] s [Ca]L 

For precipitation of an infinitesimally thin layer of calcite: 

nTEL. - nTE f 
' ( 1 s )= /\TE 

nCaLi - nCasf 

where n = number of moles 

i = initial value 

f = final value 

= 

[TE] L' [Ca] Li1ln = ATE ln 

- [TE] Lf [Ca] Lf 
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Thus 

1log = (-1-)A.TE log
PTE Pea 

where 
[TE] Lf 

=PTE 

[TE] Li 


We have: 
A.Sr [Sr] Lf 

(1) = =PSr Fca 

[Sr] Li 


A. [Mg]LfF Mg(2) = = Ca 
[Mg] Li 

In one growth layer the final value of (Pea> will depend 

on the initia.l ·conditions. · 

High PCO and [Ca] of seepa~e waters leads to low (Fca> as 
2 

the water equilibrates with the cave atmosphere. Analyses 

of cave waters at various stages of evolution gave a range 

of values from 0.6-2.7 m mol/l (Holland et al., 1964a). A 

minimum value of (Pea) of 0.2 is used in the following 

calculations. We know that A.Mg and A.Sr fall in the range 

0.1-0.01. Calculated PTE for Fca = 0.2 shows that very 

little change would be expected to occur in [Sr]i or [Mg]i 

along a growth layer. 

http:0.1-0.01
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Values of FTE for Various Fca and A.TE 

Fca A. = 0.1 A. = 0.05 A. = 0.01 

0.1 

0.2 

0.5 

0.9 

0.794 

0.851 

0.933 

0.989 

0.891 

0.922 

0.966 

0.995 

0.977 

0.984 

0.993 

0.999 

From (l) and (2) we have 

nSrLf = 
-A. 

(-1-) 
Sr 

Fca 
nSrLi 

-A. 
(-1-) 

Mg 
nMgLf = nMgLi

Fca 

[Mg]Lf 
-A.Mg+"sr 

(-1-)= 
[Sr] Lf Fca 

[Mg] Li 

[Sr] Li 

i.e. smaller difference between A.Mg and "sr results in less 


fractionation between Mg and Sr in a growth layer. 


We have: 


0.05 < A.~r < 0.08 (A.~r = constant) 
See compilation 

of values for0.01 < A.~g < 0.10 (A.~g T dependent) 

A.c and A.c 
Sr Mg

-0.02 < -A.c + A.c < 0.07
Mg Sr 

p. 11 

for Fca = 0.2 this gives 
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[Mg]Lf [Mg]L. 
= K l. 


[Sr] Lf [Sr] Li 


where: 

0.968 < K < 1.12 

i.e. 
Including all temperature

[Mg]Lf [Mg] Li 16% variation between(3) = :I: 0 and 65°C and values 
[Sr] Lf [Sr] Li 13% of Fca greater than 0.2 

Since A.~g is linearly temperature dependent we expect K to 

be linearly T dependent, K = f (FCa' T). In one growth 

layer K = f (Fca), and 

[Sr] . 
Sl. A. [Sr] Li 

= 
[Ca] . Sr 

[Ca] LiSl. 

[Sr] sf [Sr] Lf
A.Sr___ = 


[Ca] sf [Ca] Lf 


[Sr] si [Sr] Li [Ca] Lf -1 
= = Fsr Fca 

[Sr] sf [Sr] Lf [Ca] Li 

([Ca]sf = [Ca] Si) 
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Similarly 

[Mg]si [Mg] Li [Ca] Lf 
= -1= FMg Fca 

[Mg] sf [Mg] Lf [Ca] Li 

If 
[Sr] . [Mg] . 

Sl. Sl. 
~1 then ~FFSr "' FMg "' Ca

[Sr] sf [Mg] sf 

But 
A.Sr = 'FFsr Ca 

Internal constancy may be checked. We may use estimated FCa 

to check for equilibrium A.Sr or we may use ASr to check our 

value for Fca· 

Fca may be used to solve for A.Mg' and hence for temperature: 

A
Mg 


= = 
 = 
[Mg]si 
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Comparing Different Growth Layers 

If we consider seepage water produced by bulk solution 

of source rock of a fixed composition we may make the 

following statements. 

[Mg] Li [Mg] Li [Sr] Li 
- c' = = 

[Sr] Li [Ca] Li [Ca] Li 

Sr [Sr] LASrsBut = 
Mgs AMg [Mg]L 

[Sr] L [Ca]L
and log = _Ac 

Sr log 
[Sr] Li [Ca] Li 

-Ac
[Sr] L [Ca]L Sr 

Thus = ) 

[Sr] Li [Ca] Li 

[Sr] L [Ca]L -(A~r+l)
-1 

= )K2 
[Ca] L [Ca] Li 

c 
[Ca] L -(AMg+l)[Mg]L -1Similarly = ( }Kl 

[Ca] L [Ca] Li 
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[Mg] L 
= 

[Sr] L 

(Ac - Ac )
.[Mg] L ·· Sr Mg 

= cFCa 
[Sr] L 

[Mg] s 
= 

[Sr] 
5 

Thus for a given [Sr]s' [Mg]s is fixed provided Ac and A.c 
Mg Sr 

are constant. 

But [Mg] s = f (T} 

and 

Ac[Mg] s [Mg] LMg= K 
Ac[Sr] s [Sr] LSr 

Thus for points of given [Sr]s [Mg] increases with
5 

temperature. 
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Disequilibrium Deposits 

c... 'c ... 
>.Mg and !\Sr . .may depart from the equilibrium values 

,c d ,c 
I\ an l\s • Variation of Mg:Sr ratios may exceedl6% both . Mg · r 

within and between growth layers. 

Field measurements and laboratory investigations have 
... cresulted in measurement of high values for Asr· Since 

MgC0 3 has the calcite crystal form we have a reason to 

suspect that variation in A~: will exceed variation in t.~~-
High supersaturation levels, rapid precipitation and 

disequilibrium are most likely to occur in waters with 

low Fca and low TE:Ca ratios. 
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Criteria for Equilibri·um 

In one growth layer of a stalagmite we see the 

evolution of the seepage water from high to low [Ca]. Since 

Mg:Ca and Sr:Ca ratios increase we expect to see an increase 

in [Mg] and in [Sr]. From equation (3) we see that we 

expect Mg:Sr ratio to change by less than 16% if equilibrium 

is maintained. 

We may or may not see a change in [Mg]s and [Sr]s 

along a growth layer in a hand sample of flowstone. This 

will depend on whether or not a significant proportion of 

the Ca in solution was precipitated over that distance. 

Since FMg ~ FSr we expect a positive correlation 

of Mg and Sr between growth layers, provided Mg/Sr ratio 

in seepage waters is constant. 

Criteria for isotopic equilibrium are given by 

Hendy (1971). In a deposit in isotopic equilibrium we expect 

18constant o o in one growth layer and no correlation of 

18 130 0 with o c in one growth layer. 
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Summary of Theoretical Considerations 

Assuming bulk solution of limestone provides seepage 

waters with constant Mg/Sr, Mg/Ca and Sr/Ca ratios, we may 

c;listinguish between two extreme cases. 

(1) Equilibrium deposition with variation in [Mg] /[Sr]s s 

due to temperature. In this case variation in 

[Mg] s/ [Sr] s between growth layers should be 

chiefly due to [Mg]s variation. [Mg]s/[Sr]s will 

be constant in one growth layer. 

(2) 	 Kinetic fractionation with variation in 


[Mg]s/[Sr]s due to changes in saturation state. 


In this case [Mg] /[Sr] variation may be due 
s s 

to [Mg]s or [Sr]s variation. [Mg]s/[Sr]s will 

probably not be constant in one growth layer. 

We should be able to detect kinetically fractionated 

deposits since these speleothem may show fluctuations of 

>16%in* Mg/Sr ratio in one growth layer and may or may not 

show systematic increase in [Sr] down one growth layer. 

Equilibrium deposits should show consistent increase 

in [Mg] and [Sr] and constant [Mg]/[Sr] ratio in a growth 

layer. 

*Stricter limits could be applied if precise values of Ac
Sr 

and Ac were available.Mg 
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Detection of changes in water chemistry (between 

growth layers) poses the most difficult problem in interpre

tation of Mg and Sr distribution in equilibrium speleothem. 

Isotopic equilibration and trace element equilibration 

are independent phenomena. Isotopic and: trace element 

equilibria are established using different criteria. 

For deposits formed in trace element and isotopic 

18equilibrium, we expect to see a correlation between o o 

and [Mg] in calcite speleothem. 



CHAPTER III 


RESULTS OF INVESTIGATION OF 


Mg AND Sr DISTRIBUTION IN SPELEOTHEM 


Structure and Sampling of Speleothem 

Most of the stalagmites studied were elongate consisting 

of growth layers which are thick at the apex and thin laterally. 

Variation in organic or trace element content, changes in 

crystal size or orientation, layers of fluid inclusions or 

detrital material may distinguish individual growth layers. 

Where changes in crystal size and orientation occur, it is 

usually due to the formation of many small crystals nucleating 

on detrital particles. In deposits which are free of detri

tal material crystals tend to be large cutting across and 

obscuring growth layers. A sharp change in orientation occurs 

between the apex and the flanks of elongate stalagmites so 

that the c axis retains an orientation perpendicular to the 

growth layer. 

The thinning of growth layers away from the apex 

32 
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creates a sampling problem. A sample of given size taken 

from the long axis of a stalagmite represents a far shorter 

period of time than a sample taken from the same layer away 

from the axis. The scale of flowstone deposits is much 

larger - individual 'delta lobes' of a flowstone may be 

several meters across. The thickness of individu.al layers 

decreases across the deposit at a far slower rate. Samples 

representing comparable periods of time may be taken at 

widely spaced points. This is important in establishing 

equilibrium deposition. 

In many of the samples studied it was impossible to 

take comparable samples from individual growth layers. 

(A 0 .1 g sample 3/16" in width represents at least 50 years 

of growth in an axial sample and 2-4 times that when taken 

on the edge of a stalagmite). In dealing with stalagmites 

two sets of samples were taken, one set located at intervals 

along the stalagmite axis (axial profile) and one set along 

a line oblique to this axis (oblique profile) • The two 

sample sets cover the same period of deposition. 

The second set consists of fewer samples each cover

ing a wider time range - successive samples being located 

further from the axis and representing longer periods of 

time. The model for equilibrium deposition predicts that 

Mg and Sr concentrations will be higher in the second set of 
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samples and that Mg:Sr ratios in two sets will be similar. 

Peaks in Mg/Sr ratio caused by temperature would be expected 

to appear in both axial and oblique profiles. 

Model for Equilibrium Mg:Sr Distribution in a Stalagmite 

increasing 
Mg:Ca 
Sr:Ca 
ih water 
constant Sr 

Mg:Sr 

.... ', ,,, ,,_.-.tz. 
••~..·-· .......... .....__ _11 

r .,. J +- - -1 ' - -•s •· 

1 I ., 
-·- - IO II .......
• ::........ -. -•- '--. 13 

'i.. -a. .. ""- - -rr-~ .. 
--+ 

Distance from base 

samples 1-8 constitute an (1st and 2nd sample sets inter
axial profile; polated using first and last 
samples 1-13 constitute points and any growth layers 
an oblique pro~ile which can be traced) 

Bulk solution of source rock has been assumed giving constant 

Mg:Sr ratio in the stalagmite to withinl6 %. Variation in 

Mg:Sr ratio in seepage water or changing' temperature would result 

in greater variation of Mg:Sr ratio between growth layers. 

In a flowstone deposit (76008) four samples were taken 

from each of two growth layers. Samples from single growth 

layers were also taken from two stalagmites (76108 and 76190) • 



Sample 
# 

Location Mean Age 
Ka BP 

[Mg] [Sr] 
Axial Profile 

Only 

Mean 
Growth 

Rate 
cm/Ka BP 

Remarks 

76144 

76190 

76130 

76129 

'O 
i::: 
rrj 
rl 

°' i::: 
J:LI 

Ingleborough 

Gavel Pot 

Easegill Caverns 

Easegill Caverns 

? 

9.9 

7.6 

5.1 

935 

362 

1489 

35 

152 

300 

171 

? 

8.2 

5.4 

3.3 

Detrital contamination, accurate 
dating not possible. Low [Sr] 
precise determinations not made. 

Axial profile only 

[Mg] increases away from stal 
axis. Need reanalysis of samples 
for reliable absolute values of 
[Mg] 

76108 
Q) 
H 

White Scar 8.6 916 161 4.4 Axial and oblique profiles. 
growth layers 

2 

76208 

76191 

·~ 
..c 
Ul 

..!><! 
H 
0 
>< 

Gaping Gill 

Gaping Gill 

11. 8 

2.8 

806 

377 

235 

170 

8.9 

8.2 

Axial and oblique profiles 

Clean core - axial profile 
obtained but impossible to trace 
growth layers into or obtain 
clean samples from flank 

w 
U1 

77143 Inglebough 160 524 25 0.1 Oxygen and carbon isotope data 
available 

75123 Cascade 53 .1138 59 1. 0 

76008 Cascade 777 38 Flowstone 
.µGV2 Grapevine top 12 cm 78 1791 86 Flowstone with oxygen
Ul 

Cave base 2 cm 160 3171 123 and carbon isotope data ~~ 

Summary of data on Sr and Mg distribution in speleothem 



--

LEGEND 
(LOCATION) II 

EG - Easegi 11 1500 
EG 

WS - Whitescar 

GG - Gaping Gill 

GP - Gavel Pot 
1000. wI - Inglebough O'IIII ilws II GG 

MjlP"' I. :c . 
500 

GP~GG ~ 

-----~ 
o._~~~~--,~~~~~---.-~~~~~~~~~ 

100 200 300 
5.,.PP"' 

[Sr] and [Mg] mean values for English speleothem 
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Summary of Calculated Parameters for Speleothem 

Summary of Calculated Parameters for Speleothem 

Area Sample 
Calculated Minimum 

.Fca 
Using Mg Using Sr 

Mg:Sr % Variation 

min. max. mean from Mean 

76129 0.7 ? 

76108 0.5 0.4 2.8 12.9 6.4 101 

76144 
Yorkshire 

0.6 13 38 27 ? 

76190 0.5 0.5 1.5 4 2.7 44 

76191 
England 

0.7 0.7 1. 7 2.8 2.2 27 

76208 0.7 0.5 2.S 5.5 4 37 

77143 0.6 0.4 12 40 23 74 

76130 0.5 ? 

West top 12 cm 
GV2 

Virginia base 2 cm 

0.6 0.5 

0.85 0.9 

16 28 21 33 

27 24 24 13 

Vancouver 

Island 

75123 

76008 

0.7 0.55 

0.55 0.7 

11 25 20 45 

13 38 22 72 

[Sr]i [Mg]i 

[Sr] f [Mg] f 
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General Observations on Mg and Sr in Speleothem 

For each deposit studied a minimum Fca was calculated 

using maximum and minimum Mg and Sr concentrations in all 

samples. These are estimates of the minimum proportion of 

calcite remaining in solution after precipitation of calcite 

between two sample points. In no case was calculated 

Fca < 0.4. Thus even allowing for large errors in estimating 

Fca we must explain variation of Mg:Sr ratio in excess of 

our previously calculated limit of 16% in terms of temperature 

variation in AMc changing Mg:Sr ratio in solution or dis. g 

equilibrium partitioning. If differing Mg and Sr concentra

tions in speleothem were due to different values of Fca in 

equilibrium deposits, we would expect to see points on a plot 

of Mg vs. Sr fall on a line of constant Mg:Sr ratio with a 

slope of 1. All deposits studied show variation in Mg:Sr 

ratio in excess of 16% (indicating disequilibrium partition

ing or variation in temperature or TE:Ca initial ratios). 

Mean values of Mg and Sr for different deposits in the same 

area show no obvious relation to each other. Points within 

one speleothem fail to show a positive linear relation between 

Mg and Sr. 

Distribution of Mg and Sr in individual speleothem 

must be considered in detail to determine whether equilibrium 



76108~ } 
isoo~ 76208~} 

o···· ... • 76/9/ 
II • 76/90

" ...oO II ..: 	 @ ??/43'• 
; • A._0 0 " : 
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1000 :. ~···itw ~.. ® · · @·· .. 

~ . 	 ~ 
w·. ·J® ;"rlf.~e<B ®·· .. \.0 

"· Aft ' lr @:: 

··.. ."·: • .Aa '.m . .....@• P• • • 'l:J IIMj ff"'• I .: .,.._ .. 
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5001 :_@~©·: 
. .:·( . ........· 


,'I ... •~: 
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Sr ff''' 


Sr correlation with Mg in speleothem range of values for 
[Mg] and [Sr] 

A = axial sample O = oblique sample 
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deposition occurred. Large differences in Mg and Sr concen

trations in different deposits probably reflect differences 

in source rock. 

Discussion of Trace Elements in Individual Speleothem 

English Spe1eothem 

76108 

As can be seen from the map of Sr concentration few 

growth lines were visible in this deposit. However, inter

polation of the two profiles obtained assuming a constant 

proportionate difference between the thickness of calcite 

deposited along each profile, resulted in coincidence of 

peaks in Mg concentration. The Mg concentration for the 

two profiles varies in the manner predicted by the model for 

equilibrium deposition. The Mg:Sr ratio is variable 

(2.8-12.9). The Sr concentration decreases away from the 
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stalagmite axis (in the oblique profile). Mg concentration, 

Sr concentration and Mg:Sr ratio are less variable in the 

oblique profile. This is probably the result of averaging 

over a longer time period,as previously discussed. 

The decrease in Sr concentration away from the 

stalagmite axis is difficult to explain. Since Mg concen

tration behaves as predicted by the equilibrium model we do 

not seem to be looking at a sampling problem. A decrease in 

the apparent partition coefficient due to approach to 

equilibrium Ca concentration would explain a decrease in 

Sr concentration, provided the decrease in A~: was enough 

to more than compensate for the increase in Sr:Ca ratio in 

solution. 

Calculated minimum Fca for this deposit is 0.4. Thus 

a decrease of A~~ by a factor of 2 or more may be occurring. 

When a plot of Mg vs. Sr for this stalagmite is examined 

a negative correlation is obtained, even if only points on 

the axial profile are considered. Points in the oblique 

profile plot in the high Mg' low Sr region of this field. 

Change in A~: is only one possible explanation. The 

presence of variable amounts of aragonite would also explain 

this. X-ray determinations should be made to check composi

tion. No aragonite was detected by staining with Feigls 

solution. A vertical slice of the stalagmite was cut into 
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blocks. These blocks were polished and stained with Feigls 

solution as described by Katz et al. (1965). The blocks 

stained after about 25 minutes (as did scrapings from a 

calcite crystal used as a control). No earlier staining 

crystals were found. Feigls solution was also used to test 

an aragonite speleothem from Jamaica (J8); this gave a 

positive result staining in 5-10 minutes. Since this chemical 

test relies on the different solubilities of calcite and 

aragonite, results depend to a certain extent on surface 

area and number of crystal defects - they should be confirmed 

using other methods. 

Thin sections were made from the blocks of the 76108 

stalagmite. Large clean calcite crystals were seen. Finer 

crystals were seen at the base of some growth layers. These 

appeared to have· nucleated on detrital particles and lacked 

the acicular form expected for aragonite. Sr and/or Mg 

adsorption on detritus and inclusion of detrital particles 

in the samples might have partly accounted for the inverse 

relation between Mg and Sr concentrations in this speleothem. 

However very little detrital material was seen in the 

sections examined. A very low Sr concentration was found 

in speleothem 76144 which contains considerable amounts of 

quartz and clay. No evidence for recrystallisation was 

seen in either deposit. 
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The following model is proposed to account for decreas

ing [Sr]s and increasing [Mg]s away from the stalagmite axis. 

drop of seepage water 
on stalactite 

sudden increase in 
--~~~~~surface area on impact. 

Rapid degassing and 
supersaturation 
rapid calcite precipi
tation. 

slower degassing 
--~~~=2'--~~ 	slower calcite 

precipitation as water 
comes into equilibrium. 

~[Sr] L [Sr] L 
1 2 

~[Mg]L [Sr] L 
1 2 

A.c 
, 

11.c' c = Mg 	 A.MgMg2 
~ 

, , 
A.c A.c 	 A.c 
Sr1 

> 
Sr2 

> 	 Sr 
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Crystal size and orientation also change from the 

apex to the flanks of the speleothem. 

Peaks in [Mg] occurring in both axial and oblique 

profiles might be due to kinetic effects, high temperature 

or high Mg:Ca ratio in seepage water. 
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76208 


This stalagmite has a distribution of Mg and Sr 

similar to that found in 76108. The Mg:Sr ratio is consider

ably less variable. Plots of Mg vs. Sr show that the 

samples in the oblique profile fall toward the lower end of 

the range of Sr concentration, but have the same range of 

values for Mg concentration as samples in the axial profile. 

This would seem to indicate that smaller differences in 

proportion of calcite precipitated occur between samples in 

this deposit. Minimum calculated Pea is 0.5 (compared to 

0.4 for 76108). Smaller changes in A.~: would result from 

smaller changes in saturation state. 

The fields of Mg and Sr concentration for 76108 and 

76208 overlap. This suggests similar sources of seepage 

water. These deposits were collected from different caves 

and are of different ages, but might have been fed by waters 

from the same geologic formation. A high initial Pco 
. 2 

would allow generation of supersaturated waters leading to 

extreme disequilibrium deposition. There is no way to 

determine whether these deposits have equilibrated with the 

Mg in solution. 



o==r-2 
cm 

iJ:>. 
l.O 

Numbers indicate [Mg] ppm in adjacent sample direction 

+flow of drip water across speleothem 


This speleothem owes its hemispherical shape to the approximately uniform thickness of 
many growth layers and to a constantly shifting axis (change in location of seepage water 
drip) . Ironically layers of detrital material which make for easily mapped growth layers 
make accurate dating impossible. Detrital material was probably introduced by periodic 
flooding of the cave. 
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76144 

If supersaturation and rapid precipitation of calcite 

cause the characteristic elongate stalagmite shape, then 

deposits formed under conditions of uniform infinitesimal 

supersaturation will tend to have layers which vary far less 

in thickness. Such deposits should be characterised by a 

relatively less elongate shape, relatively low [Sr] and 

constant Mg:Sr ratio. The speleothem 76144 has a uniformly 

low [Sr] (of about 35 ppm) . It is roughly hemi

spherical. Sample size did not allow precise determination 

of Sr in this stalagmite. 

The map opposite shows that 

the growth layers are approximately uniform in thickness. 

However, this is probably due to nucleation of many small 

crystals on the ·1ayers of detri tal material defining growth 

layers (see photographs of thin sections). No conclusions 

may be made about equilibrium vs. disequilibrium for this 

deposit. 

77143 

This deposit has similar Mg and Sr concentration to 

77144; it was collected in the same cave. These deposits 

may have been fed by waters from the same source rock. 
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76130 

Sr concentrations in axial and oblique profiles in 

this deposit are comparable. There appears to be an increase 

in Sr concentration away from the stalagmite axis. This 

could be an equilibrium deposit. Approximate values for 

Mg concentrations were obtained, Mg:Sr ratio appears to have 

varied only slightly. However, precise values of Mg concen

trations have not been obtained due to technical problems. 

76191-76190 

The fields of Mg and Sr concentrations for these 

deposits overlap, similar source waters are indicated. Mean 

values of Mg:Sr ratio are very similar (2.2 and 2.7). 

Variation in axial Mg:Sr ratio is >100% in each case (but 

far less than for 76108) . Sr concentrations are similar 

to those in 76108 and 76208, but Mg concentration is consid

erably lower. 

An attempt was made to obtain samples from one 

growth layer in 76190 (a small 3/32" drill bit was used). 

Maximum separation of samples laterally was about 15 cm. 

Very little variation in Mg or Sr concentrations was seen 

in this distance. Mg:Sr ratio in 76190 shows a smooth 

variation through time. 



54 


0 
0.. " 0 

!::!. " 0 

'(\ 

~ 

..., 
N 
.-l 
!/') 

r-

s 
<])

..c: 

.µ 
0 
<]) 
.-l 
<]) 
p. 
<Jl 



55 


() 
·.-! 

>: 0.. ... 0 
~ .µ 

0... Ul;;!.. ·.-! 

£ ..c: .µ 
·.-! 
~ 

s:: 
0 
Ul 

) 
·.-! 
1-i 
Ill 

" ~ 
0 ... () 

,.. 1-1 
ti) 

'Cl 
s:: 
Ill .. 
tl'
:;:: 
44 
0 . s:: 
0 

·.-!- .µ
::s 
.a 
.-! 
1-1 
.µ 

'" Ul 
~ "' 0 ·.-! 

";~'-> I I 0 
V'> 

0 0 ~ ~ ... . 8 g :1.\0 .... I 
0 

~..)I "E C> \..... 
~ " \n v Pa...'b 

~ Vi E' """' 

M 
qo 
.-1 
I' 

I' 


s 
Q)

..c: .µ 
0 
Q) 

.-1 
Q) 
0.. 
Ul 

s:: 
0 

·.-! 
.µ 
·.-! 
Ul 
0 

~ 
0 
0 



56 


Vancouver Island Speleothem 

76008 

Analyses for Mg at four different points in each of 

two growth layers in 76008 showed no significant variation. 

This means that no significant change in FCa occurred over 

this short distance (about 7 cm). Mg:Sr ratios for this 

deposit are high because of low Sr concentrations (Mg:Sr 

ratio varies from ~16 to ~38). 

75123 

In speleothem 75123 erratic changes in Mg and Sr 

concentration occur causing extremely variable Mg:Sr ratios. 

Sr concentrations are similar to those in 76008. 

General Conclusions Based on Mg and Sr Distribution in 
Speleothem 

Smooth variation in Mg, Sr and Mg:Sr ratio may occur 

in speleothem. Fluctuation about a mean value rather than 

definite trends or abrupt changes suggests that Mg:Sr ratio 

in the seepage water has not changed significantly through 

time for these deposits. Similar values of Mg:Sr ratios in 

speleothem suggest similar Mg:Sr ratios in seepage water. 

Bearing in mind the high values of Ac~ measured by
Sr 
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Holland et al. in the cave environment, it is not unreasonable 

to attribute much of the fluctuation in Mg:Sr ratios in 

speleothem to variation in Acs'· The observation that [Mg]. r 

has always been found to increase rather than decrease away 

from the stalagmite axis is strong evidence that A.c' is less
Mg 

c'
sensitive to 	saturation state than A.sr· 

Mg and Sr concentrations could be used to find Mg:Ca 

and Sr:Ca ratios in evolving cave waters. Only equilibrium 

deposits may be used for this purpose. Mg concentrations 

of >1000 ppm are found in the speleothem studied, a [Mg/Ca] s 

value of 10-3 in calcite speleothem indicates [Mg/Ca]L of 

210-1-10- in 	seepage waters (depending on which values are 

cadopted for A.Mg). Sr concentrations in speleothem indicate 

low Sr:Ca ratio in seepage waters in all cases. Estimates of 

Sr:Ca ratio in solution based on A.Sc will be overestimates . r 

since A.~: > A.~r· 300 ppm Sr in speleothem indicates Sr:Ca 

ratios in parent waters of 3.75.10-4-5.10-4 depending on 

which values of A.Sc are adopted. The deposits studied were . r 

from limestone areas. Sr:Ca ratios in waters from limestone 

areas do not usually differ from that in the source rock 

(Skougstad and Horr, 1963). An average Sr:Ca ratio for 

4limestone of 6.1 x 10- was quoted by them. Our estimated 

estimated Sr:Ca ratios for seepage waters are of the same 

order of magnitude. 
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Using Gascoyne's values of AMc , 0.02 at 7°C and 0.04 . g 

at rv23°C, we get changes in [Mg]s of 100% in rvl5°C. Fluctua

tions of 100% occur over a fairly short time span in these 

deposits (<5 Ka). If we are to interpret [Mg] s in terms of 

temperature we require some means of determining Fca· 

Secular changes in [Mg] in different deposits in the same 

area should change in the same way in response to climate. 

Unfortunately complete Mg data for the English speleothem 

is not yet available. 

Comparison of Trace Element Composition with Isotopic 
Composition 

Mg and Sr·determinations were carried out for samples 

from two deposits which had been demonstrated to be in 

isotopic equilibrium. Only one set of samples has been 

analysed from each. Equilibrium trace element partitioning 

has not been demonstrated. 

77143 

Large fluctuations in Mg:Sr ratio may be due to dis

equilibrium deposition, variable Mg:Sr ratios in seepage 

waters or temperature changes. There appears to be an 
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inverse correlation between Mg and Sr in that peaks in Sr 

concentration correspond to troughs in Mg concentration. 

No statistically significant correlation exists. If there is 

a tendency for low Sr to accompany high Mg the relationship 

is not a simple linear one. 

No significant correlation between isotopic and 

trace element composition was found. An attempt to compare 

waters which had precipitated similar proportions of calcite 

was made. Assuming constant initial Mg:Ca ratio, [Mg]s a 

Fca*· By comparing calcite of different [Mg] we should be 

able to detect effects which would otherwise be masked by 

variable degree of evolution of the water. Using [Mg] as 

the abscissa we see a parallel variation in [Sr] and 

isotopic composition. 

*Temperature effects would be masked by significant change 

in Mg:Ca in solution. 
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The erratic nature of the 'trends' obtained in this 

way may be explained if we remember that only adjacent points 

are directly comparable. Although increasing [Mg] implies 

increasing Fca we also have to consider the effects of 

temperature, initial composition and rat~ of precipitation 

on the remaining variables. 

(composition of water ) 
[Sr] 

s = f (rate of precipitation) 
(temperature? ) 

o13c = f 
(composition of water ) 
(rate of precipitation) 
(temperature ) 

0180 = f 
(composition of water ) 
(rate of precipitation) 
(temperature ) 

Temperature is a variable in each case since complete 

T-independence for A~r at low temperatures has not been 

proven and since approach to equilibrium may in itself be 

T-dependent. 

The existence of a parallel variation in these quantities 

using Mg (aFca> as an abscissa could be spurious. More data 

is needed to establish a true correlation. Perhaps the most 

logical approach to the problem of statistical analysis in 

this case would be to subdivide the data points using Mg 

concentration. Points of similar Mg concentration should 
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show a correlation between Sr concentration and isotopic 

composition if the apparent parallel variation is a real one. 

Variation in Mg and Sr conceri:trations and Mg:Sr ratio in 

single growth layers in this deposit should be examined. No 

parallelism between isotopic .composition and Mg concentration 

is observed using [Sr] as the abscissa. 

The Grape Vine Speleothem 

Isotopic compositions were interpolated from Thompson's 

earlier work on other parts of this deposit. 

No significant correlation between Mg and Sr is 

found, peaks in Mg and Sr concentration do coincide. A drop 

in Mg and Sr concentration occurs after a break in deposition 

(at about 2 cm above the base). Mg:Sr ratio is variable 

(16-28). This could well be due to change in Mg:Sr ratio in 

seepage wa~ers. No correlation between isotopic composition 

and trace element composition could be found using Mg con

centration or distance from base as the abscissa to display 

18data. Using [Sr] as the abscissa we find that 0 0 and Mg 

concentrations show a parallel variation. This could be 

explained by assuming equilibrium deposition, and constant 

initial Sr:Ca ratiQ. Changes in [Mg] for points of equal or 

similar [Sr] would reflect changes in initial Mg:Ca ratio 

and/or A~g· Changes in o18o may also reflect changes in water 
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composition and/or changes in the isotopic fractionation 

factor. We could attribute parallel changes in [Mg] and o o 

to climatic effects. Again more data is required to establish 

a real parallel variation. 
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PETROGRAPHY - LOCATION ORIENTATION AND PHOTOGRAPHS OF THIN 

SECTIONS 
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Plate I. 76108-6 and 12. Note the change in crystal size 
and orientation from the core of the speleothem 
to the exterior. 
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Plate II. 	 76108-20 - b~se of stalagmite. Note the sequence 
from fine to coarse crystals from detrital layers 
upward. Nucleation of many small crystals occurs 
on detrital particles. 
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Layers of fluid inclusions are visible.Plate III. 76108-15. 
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Plate IV. 76144. The crystal size is reduced - nucleation 
of many small crystals on detrital layers occurs 
repeatedly. 



CHAPTER IV 

DISCUSSION AND CONCLUSIONS 

Mg:Ca and Sr:Ca ratios in cave seepage waters 

depositing speleothem increase as Caco3 is precipitated. 

This fact could be used to determine orientation of speleo

them samples with respect to the seepage water input. 

Neither [Mg] nor [Sr] may be used in isolation as indicators 

of initial seepage water composition. However Mg:Sr ratio 

in deposits formed in equilibrium with Mg and Sr in seepage 

water should be a measure of the Mg:Sr ratio in that water. 

Constancy of Mg:Sr ratio in a growth layer indicates 

precipitation in equilibrium with these trace elements in 
,. 

seepage waters. Ac appears to be more rate sensitive thanSr 

Mg concentration in speleothem can be used to estimate 

the proportion of calcite precipitated. This requires the 

assumption that A~~ is approximately constant and equal to 

AMg' and that changes in Mg:Ca ratio in the water mask 

changes in Ac due to temperature. Parallel variation inMg 
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o18in [Sr], o and o13c was found for one deposit formed in 

isotopic equilibrium when these variables were plotted using 

[Mg] as the abscissa. More data is required to establish 

this parallelism. A parallel variation using Mg as abscissa 

'might be due to comparison of waters which have precipitated 

a similar proportion of their dissolved caco3 , removing 

'noise' caused by varying amounts of evolution. Other 

18 13factors must then be invoked to explain why Sr, o o and o c 

behave in the same manner. A few of the variables involved 

have been discussed. 

Assuming Sr:Ca initial ratios are constant and 

A~:= A~r' [Sr]s may be used to estimate Fca· Parallel 

18variation in o o and [Mg] was found in one speleothem (GV2) 

using [Sr] as the abscissa. This could be interpreted in 

terms of climatic variation. 

Further investigation of these and other deposits 

formed in isotopic equilibrium would establish whether the 

observed parallel variations in isotopic and trace element 

composition are significant. Investigation of Mg and Sr in 

single growth layers is needed. Widely spaced samples should 

be obtained since significant variation in [Mg]s or [Sr]s 

will occur only when significant change in [Ca]L has 

occurred. 

A progression from disequilibrium toward equilibrium 
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occurs as supersaturated seepage waters approach equilibrium 

[Ca]L. The characteristic elongate shape of many speleothem 

may be due to initially rapid precipitation of caco3 from a 

supersaturated solution followed by a slower precipitation as 

the water approaches equilibrium. (Supersaturation of 

seepage waters with caco has been observed in the cave3 

environment; Holland, 1964; Thrailkill, 1971). 

So far partitioning of Sr has been considered 

independent of crystal size. A drop in [Sr] in 76108 and 

76208 occurs going from the coarse crystals forming the 

stalagmite axis to the finer crystals forming the flanks. 

A dependence on crystal size or morphology would certainly 

explain the lack of interlaboratory agreement on determina

tion of A~r· Perhaps this point should be investigated 

further. 

Temperature dependence of [Mg]s in speleothem may 

only be detected if we can estimate the seepage water Mg:Ca 

ratio. We also need reliable determinations of A~g· More 

data is needed before [Mg]s in speleothem may be interpreted 

in terms of temperature. 
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APPENDIX I 


PREPARATION OF STALAGMITE SAMPLES FOR TRACE ELEMENT ANALYSIS 

Samples were taken along two lines from base to surface 

on a longitudinal section of each stalagmite. Before removing 

samples the surface was etched with lM HCl and rinsed with 

distilled deionised water (DDH20) . This provided a clean 

surface and accentuated growth layers. After sampling the 

cut surface was photocopied to record the position of sample 

holes. 

Samples were removed using a hand held electric drill 

with a 3/16" drill bit. The following procedure was used: 

(1) 	 Roughly 0.1 g of powder was drilled and tipped 


onto a clean weighing paper. 


(2) 	 0.1 g of powder was accurately weighed into a 


small glass vial. Samples were weighed to within 


0.0002 g of 0.1 g. Samples which were to be 


dissolved immediately were weighed into a beaker. 


(3) 	 Samples were dissolved in a beaker covered with a 


watch glass to prevent loss of sample by effer


vescence. 1 ml 3 M HCl was added using a pasteur 


pipette. The sample was allowed to dissolve 


completely. 
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(4) 	 The solution was poured into a 25 ml volumetric 

flask. DDH20 was used to rinse beaker and watch 

glass; washings were added to the flask. The 

sample was made up to 25 ml with DDH2o. The flask 

was stoppered and inverted several times to obtain 

a homogeneous solution. 

(5) 	 The sample was stored in a previously labelled 


polyethylene bottle. 


(6) 	 A clean dry pipette was used to transfer 5 ml of 

the sample to a clean 25 ml volumetric flask. 

This was made up to 25 ml with DDH2o, homogenised 

and stored as before. 

The above procedure yielded samples at 1600 and 320 

ppm Ca (assumin~ ~100% caco3 in the stalagmite). Flowstone 

samples were prepared in the same way. 

PREPARATION OF STANDARDS FOR TRACE ELEMENT ANALYSIS 

Standards were prepared using the carbonates of the 

required metals. The carbonates were dissolved and diluted 

following a procedure similar to that for dissolving and 

diluting samples. The same sources of DDH2o and HCl were 

used for all standards and samples. 
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The following stock solutions were prepared and stored: 

80,000 ppm Ca prepared from Analar· Caco3 

80,000 ppm Ca prepared from Spex pure Caco3 


100 ppm Ca prepared from Spex pure Caco3 


100 ppm Sr prepared from Spex pure Srco3 


100 ppm Mg prepared from Spex pure MgC03 


Standards were prepared as required from these stock 

solutions. Standards prepared from Spex pure Ca stock were 

used to determine interference effects (of Ca on Mg and Sr 

signals) . Standards prepared from Analar caco. stock were
3 

used in analyses of stalagmites. The Analar caco ·contained
3 

496±30 ppm Sr. 

Initially four standards at 0.5, 1, 2.5 and 5 ppm Sr 

were used to analyse for Sr. A linear plot of [Sr] against 

A (absorbance) was obtained. In later work only the first 

three standards were used. Five standards at 0.1, 0.2, 0.5, 

1 and 2 ppm Mg were used to analyse fo-r Mg. The graph of 

A against [Mg] is linear to ~o.s ppm Mg. 
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APPENDIX II 


ANALYSIS OF STALAGMITE SAMPLES USING ATOMIC ABSORPTION 
SPECTROPHOTOMETRY 

Interference Effects 

Magnesium 

Calcium does not cause any change in the absorbance 

signal for Mg, in concentrations up to 4000 ppm Ca. Analyses 

for Mg were carried out using Ca free standards. 

Strontium 

Calcium causes a considerable decrease in the absor

bance signal for Sr. An attempt was made to calibrate for 

this effect. Signal depression varies from about 5% at 

500 ppm to about 20% at 2000 ppm Ca (see Calibration Chart 

P. 88). This effect was found to vary unpredictably by 

several per cent due to small changes in flame parameters. 

For this reason analysis of stalagmite was carried out with 

standards and samples at 1600 ppm Ca. 
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Ca suppression Calibration Chart for Sr Analyses 

LC.aJ 
ffln /. ~~nJ 

de.f~ssiOYJ 
0 0 

500 5 

z.ooo ;::J.o 

5 
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Procedure - Calculations 

Analyses were carried out using a Perkin-Elmer atomic 

absorption spectrophotometer. An air acetylene flame and 

3 slot burner were used. 

Several absorbance readings were obtained for each 

sample and standard. Average values were obtained and used 

to calculate concentrations of Mg or Sr. Calculation of 

[Mg] and [Sr] were carried out using the programs POLYREGfor Mg 

and LINREG for Sr. 
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APPENDIX III 


DATA TABLES 
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SAMPLE NO. LOCATION 

76108 Yorkshire, England. White scar Cave 

DATES: Top 
Base 

'5 .6±0 .4 Ka 
11.6*0.7 Ka 

BP 
BP 

cm Age Mg Sr
jf from Mg:Sr

Ka BP ppm ppmbase 

c 0.5 11. 49 955 85 11.2 

A 
11 
q 

1. 7 
3.5 

11. 21 
10.80 

1232 
1181 

123 
138 

10.0 
8.5 

x B 
A 

6.0 
8.0 

10.24 
9.78 

872 
883 

194 
154 

4.5 
5.7 

I 7 
K 

10.8 
12.3 

9 .14 
8.8 

1252 
1110 

97 
154 

12.9 
7.2 

A 8 
p 

12.3 
15.9 

8.8 
7.99 

952 
906 

168 
154 

5.7 
5.9 

L J 
0 

18.3 
20.2 

7.44 
7.01 

618 
745 

223 
183 

2.8 
4.1 

z 22.5 6.49 709 194 3.6 
n 24.7 5.99 729 190 3.8 
x 26.4 5.60 686 194 3.5 

c 0.5 11. 99 955 85 11. 2 c 
0 12 2.5 11. 21 1177 117 10.0 11 
B 9 4.25 10.8 1211 142 8.5 Q correlation 
L 1 5.5 10.24 995 142 7.0 B with axial 
I 
Q 

2 
3 

6.6 
7.4 

9.78 
8.82 

1117 
1261 

122 
112 

9.1 
11.2 A profile used 

to estimate 
u 4 8.6 7.39 1105 132 8.4 ages 
E 5 9.4 6.44 1172 112 10.5 x 

6 10.l 5.6 1142 107 10.7 

s descending 1100 114 9.6 
u one growth 1089 125 8.7 
G layer 1145 114 10.0 

e descending 1209 130 9.3 
d one growth 1258 130 9.8 
f layer 1217 102 11.9 



92 


SAMPLE NO. LOCATION 

76129 Yorkshire, England, Easegill Caverns 

DATES: Top 
Base 

0.5:to-0.8 Ka 
9. 7:i-l.O Ka 

cm Age Mg Sr · Mg:Sr
# from Ka BP ppm ppm

base 

1 1. 3 9.3 157 11.1 
A 2 4.0 8.5 145 7.3 

g 6.5 7.8 1432 
x f 8.9 7.1 1328 

e 10.9 6.5 1464 
I 3 12.8 5.9 169 10.7 

4 14.4 5.4 181 11. 3 
A 5 17.2 4.6 194 9.9 

d 19.1 4.0 1526 
L c 21. 3 3.4 1616 

6 23.4 2.8 181 9.6 
b 26.l 2.0 1574 
a 29.4 1.0 1487 

0 
B 
L 
I 
Q 
u 
E 

1 
7 
8 

10 
11 
12 

1. 3 
2.4 
3.3 
5.3 
6. 4" 
7.3 

9.3 
7.8 
6.5 
3.8 
2.24 
1.0 

157 
145 
145 
146 
206 
230 

1 

a 

correlation 
with axial 
profile used 
to estimate 
ages 
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SAMPLE NO. LOCATION 

76130 Yorkshire, England. Easegill Caverns 

DATES; Top 
Base 

5.5±0.2 
10.l:i:0.5, 9 .6:1:0. 3 two determinations 

cm 
ii from Age Sr ppm 

base Ka BP 

1 1.2 9.9 332 
2 2.7 9.6 393 
3 5.7 9.0 282 
4 8.0 8.6 344 
5 9.0 8.4 344 
6 9.75 8.3 369 

A 7 11.2 8.0 258 
x 8 12.2 7.8 196 
I 9 13 7.7 233 
A 10 15.l 7.3 294 
L 11 16.5 7.0 320

12 17.4 6.9 270 
13 19 6.6 270 
14 21.25 6.2 282 
15 22.75 5.9 295 
16 24.5 5.6 332 

0 
B 
L 
I 
Q 
u 
E 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

2.5 
3.75 
4.75 
5.4 
7.25 
8.25 
9.1 
9.9 

10.9 
12.2 
13.4 
14.2 
1"4. 9 

9.6 
9.0 
8.5 
8.4 
8.1 
8.0 
7.8 
7.75 
7.6 
6.5 
6.35 
5.9 
5.6 

381 
356 
356 
336 
328 
356 
356 
344 
344 
337 
289 
344 
336 

1) 
) 

4) 
) 
) 
) 
) 
) 

9) 
) 
) 
) 
) 

16) 

Corre
lation 
with 
axial 
profile 
used 
to 
esti
mate 
ages 
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76144 

Sample ll Mg ppm 

1 1212 
2 1250 
3 937 
4 1087 
5 1062 
6 1025 
7 937 
8 800 
9 812 

10 862 
11 1025 
12 1125 
13 600 
14 1250 
15 1350 
16 1212 
17 1000 
18 887 
19 712 
20 775 
21 750 
22 950 
23 800 
24 ,787 
25 675 
26 900 
27 462 

[Sr] = 35 ppm(~ constant). Single determination 

of Mg (26/8/78). 
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SAMPLE 
76190 

NO. LOCATION 
Yorkshire, England. Gavel Pot 

DATES: Top 5.1±0.6 
Base 14. 7±0 .6 

Ka BP 
Ka BP 

Mg Sr
# cm from base Age, Ka BP Mg:Srppm ppm 

g 4.8 14.12 538 . 135 4.0 
h 5.5 14.40 420 117 3.6 
i 7.0 13.85 397 137 2.9 
j 7.7 13.80 357 122 2.9 
k 13.3 13.10 380 152 2.5 
q 21. 3 12 .13 340 194 1. 7 
r 23.2 11. 91 337 209 1.6 
s 26.4 11.52 349 134 2.6 
t 30.1 11.08 346 136 2.5 
u 32.5 10.79 390 147 2.6 
v 36.7 10.30 294 149 2.0 
w 40.6 9.81 353 132 2.7 
x 42.3 9.60 341 122 2.8 
y 44.5 9.34 409 123 3.3 
z 52.5 8.02 422 107 3.9 
A 55.0 7.90 383 109 3.5 
B 56. 5 8.80 376 120 3.1 
R. 60.0 7.48 284 182 1.6 
rn 61.25 7.33 273 182 1.5 
n 62.5 7.18 284 162 1. 7 
0 66.25 6. 72 348 175 2.0 
p 67 .5 6.57 344 153 2.2 
c 69.5 6.33 388 135 3.0 
f ·73.0 5.91 299 202 1.5 
b 75.5 5.61 366 220 1. 7 
e 78.0 5.31 388 135 2.9 
a 79.75 5.1 372 210 1.8 

B 
c 
D 
E 
F 

descending 
one 

growth 
layer 

8.8 

376 
475 
419 
414 
473 

120 
125 
112 
120 
118 

3.1 
3.8 
3.7 
3.4 
4.0 

descending 
A 
H 

one 
growth 7.9 383 

450 
108 3.5 

layer 
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SAMPLE NO. LOCATION 

76191 Yorkshire, England. Gaping Gill 

DATES: Top 
Base 

0.9±0.1 Ka BP 
11.4±0 .6 Ka BP 

cm from Mg Sr# base Age, Ka BP Mg:Srppm ppm 

A 

x 1 0.75 11.l 448 188 2.4 

I 2 1. 9 10.7 452 165 2.7 

A 3 2.75 ·10. 4 431 141 3.1 

L 4 3.9 10.3 390 141 2.8 

5 4.75 9.7 355 173 2.1 

6 6 9.3 354 165 2.1 

7 6.75 9.0 370 212 1. 7 

8 7.9 8.6 327 188 1. 7 

9 9.25 8.1 379 166 2.3 

12 13.5 6.7 328 154 2.1 

13 16 5.8 316 184 1. 7 
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SAMPLE NO. LOCATION 

76208 Yorkshire, England. Gaping Gill 

DATES: Top 0.7±0.5 
Base 2.9±0.4 

# cm 
.from Ka BP 

Mg 
ppm 

Sr 
ppm Mg:Sr 

base 

1 1 2.81 798 228 3.5 
13 2.4 2.70 743 236 3.1 
m 3.8 2.58 805 250 3.2 
£ 5.4 2.44 975 262 3.7 
16 6.25 2.37 1002 236 4.2 
14 8.2 2.21 804 205 3.9 
15 10.5 2.01 812 242 3.4 
k 12.4 1. 85 852 283 3.0 
17 14.9 1.64 758 157 4.8 
j 16.7 1.49 782 240 3.3 
18 18.7 1. 32 789 187 4.2 
19 21. 75 1.06 742 151 4.9 
i 23 0.96 742 294 2.5 
h 25.2 0.77 776 327 2.4 
20 26.05 0.70 703 224 3.1 

1 1 2.81 798 228 3.5 1 
2 1. 7 2.75 877 234 3.7 13 correlation 
3 2.4 2.70 817 246 3.3 with 
4 3.2 2.65 834 212 3.9 axial 
5 4 2.6 869 216 4.0 m profile 
6 4.7 2.5 964 175 5.5 used 
7 5.5 2.4 962 175 5.5 L to 
8 6 2.1 943 187 5.0 estimate 
9 
10 

6.75 
7.5 

1. 7 
1.3 

899 
818 

158 
170 

5.7 
4.8 18 ages 



98 


SAMPLE NO. LOCATION 

77143* Yorkshire, England, Ingleborough Cave 

DATES: Top 
Base 

125 Ka BP 
195 Ka BP 

cm Age Mg Sr 13
from Mg:Srfl Ka BP ppm ppm o CPDB &180 

PDB
base 

1 8.8 129 490 35 14 -10.767 -4.182 

2 8.4 132 592 30 20 -11. 252 -4.288 

3 8.1 135 424 36 - 12 -11.463 -4.166 

4 7.7 138 391 32 12 -11.411 -4.424 

5 7.3 141 4 36 34 13 -11.006 -4.189 

6 6.8 144 504 31 16 -11.315 -4.388 

7A 6.4 14 7 530 31 17 -10.865 -4.414 

7B 5.9 151 659 25 26 -10.743 -4.138 

8 5.2 156 595 15 40 -10.649 -4.133 

9 4.7 160 537 25 21 -10.917 -4 .228 

10 4.3 163 558 25 22 -10.944 -4.088 

11 3.7 167 509 25 20 

12 3.3 170 493 25 20 -10.198 -4. 302 

13 2.8 174 593 17.5 31 - 9.755 -3.903 

14 2.2 178 549 25 22 

15 1.8 182 559 15 37 - 9.693 -4.000 

16 1.2 187.6 549 15 37 - 9.862 - 3. 939 

17 1.0 187.8 480 13.5 36 - 9.865 - 3. 865 

18 0.7 192 517 20 26 - 9.681 - 3. 946 

19 0.4 195 508 25 20 - 9 .572 - 3. 844 

20 0 541 23 24 - 9. 777 -3. 715 

*Data provided by M. Gascoyne 
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SAMPLE NO. LOCATION 

76008 Vancouver Island, Cascade Cave 

cm from Mg Sr Mg:Srbase ppm ppm 

a 

b 

c 

d 

4.1 

1063 

1052 

1056 

1019 

28 

28 

28 

28 

38 

37 

37 

36 

e 

g 

f 

h 

8.6 

743 

728 

792 

805 

41 

33 

33 

33 

18 

22 

24 

24 

i 7.2 589 45 13 

j 1.6 705 45 16 
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SAMPLE NO. LOCATION 

75123* Vancouver Island. Cascade Cave 

DATES: Top 50.5±6.9 Ka 
Base 56.1±3.7 Ka 

cm Age Mg Srfrom Mg:SrKa BP ppm ppmbase 

1 0.3 56.4 1192 48 24.8 

2 1.0 55.8 1090 60 18.l 

3 1.4 55.5 955 54 17.6 

4 2.0 54.9 972 60 16.2 

5 2.5 54.5 1297 57 22.7 

6 2.9 54.1 1082 54 20.0 

7 3.4 53.7 1150 60 19.2 

8 4.1 53.0 1560 48 32.5 

9 4.9 52.4 1360 63 21.6 

10 5.6 51.75 1045 54 19.4 

11 6.0 51. 4 1002 60 16.7 

12 6.7 50.8 955 87 11.0 

*Samples analysed in 1977. 


[Ca] in solutions analysed for Sr was 4000 ppm. 


Error for [Mg] and [Sr] determinations was estimated at 


<±10%. 




101 


SAMPLE NO. LOCATION 

GV2 Grape Vine cave, West Virginia 

DATES: Top 
Base 

12 
2 

cm, 
cm, 

linear growth from 100-50 
mean age 160 Ka BP 

Ka BP 

cm 
5180 o13cJI 	 from Mg ppm Sr ppm Mg:Sr 

base 

l 0.8 3425 127 -4. 7 -2 .5 27 

2 1.8 2917 120 -4.87 -2. 3 24 

3 2.9 1837 96 -5.39 -5. 7 19 

4 3.7 1753 79 -6 .OS -5. 7 22 

5 4.6 1447 79 -6.9 -5 .2 18 

6 5.6 2311 127 -5. 45 -4. 35 18 

7 6.4 1656 95 -s. 3 -4.6 17 

8 7.3 2192 94 -4 .51 -4.l 28 

9 8.2 2053 78 -5. 75 -4.85 26 

10 9.8 2269 110 -4.2 -4.7 21 

11 10.8 1839 66 -4.55 -5.25 28 

12 12.l 1436 63 -4.2 -4.3 23 

13 13.0 1420 90 -4.6 -3.5 16 

14 13.9 1286 62 -4.8 -3.5 21 

130180 and a c interpolated from Thompson's (1973) data 
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SAMPLE NO. GV2 Thompson's (1973) Data* 

Distance from 
base of flow Age, Ka BP 

stone, cm 

17 

16.6 

16.1 

15.9 

14.7 

14 

13.3 

12.6 

11. 9 

11.1 

10.5 

9.55 

8.8 

8.1 

7.6 

7.2 

6.6 

6 

5.25 

4.7 

4.2 

3.5 

3 

2.3 

1.65 

1 

0.5 

-4.52 

-5.05 

-4.45 

-4.05 

-4.25 

-4.35 

-4.68 

-4.2 

-4.2 

-4.15 

-4.75 

-4. 72 

-4.51 

-5.65 

-5.15 

-5.1 

-5.6 

-7.0 

-6.8 

-6.3 

-5.3 

-5.39 

-4.2 

-4.85 

-5.0 

-4.7 

-4.35 

-2.8 60.4±2.9 

-3.8 

-3.1 

-3.4 81.2±6 .6 

-4.3 

-4.0 70±3.6 

-5.2 

-5.6 69±2.8 

-4.7 

-4.9 

-4.8 85.9±3.0 

-4.9 

-4.1 79.5±2.1 

-5.1 

-4.3 

-5.0 

-4.1 97.2±2.5 

-5.7 

-4.7 

-6.0 105.5±2.7 

-5.3 

-5.7 9.6±3.9 

-3.2 

-2.2 

-2.6 156.0±6.9 

-2.5 

-2.3 

*corrections to isotope data listed in 1973 Ph.D. thesis 
(Thompson, 1973) provided by Schwarcz (1978). 
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APPENDIX IV 


ACCURACY AND PRECISION OF RESULTS 


RESULTS OF REPEAT DETERMINATIONS 


RESULTS OF ANALYSES OF STANDARDS· 


ERROR CALCULATIONS 
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Standard samples - Mg analyses 


[Mg] [Mg] 
 Dilution Date 
ppm in solution ppm in'stalagmite~ 

0.5228 653 

0.5092 636 

0.5016 627 

0.5074 634 

0.5074 634 

0.5141 643 

0.4818 602 

0.5088 636 

0.4961 620 

0.4955 619 

0.5025 628 

0.5087 636 

0.4884 610 

0.4942 618 

0.5161 645 

0.4820 602 

0.4820 602 

Samples diluted to 320 ppm Ca from a 
1600 ppm Ca. 

2 2 - 1 - 2 1 
cr ~s = N-l E(xi-x) = E(x.-625.6)16 l. 

cr = 16 (2.5%) 

1 30/5/78 

1 31/5/78 

2 30/5/78 

2 30/5/78 

2 31/5/78 

3 31/5/78 

3 1/5/78 

4 7/6/78 

4 29/6/78 

5 7/6/78 

5 29/6/78 

6 3/7/78 

6 4/7/78 

7 7/7/78 

7 18/7/78 

9 1/4/79 

9 1/4/79 

stock standard solution at 

2 
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Standard samples - Sr analyses 

Date [Sr] *ppm 

1/4/7 1.86 

1/4/79 1.89 

1/4/79 1.96 

15/1/79 1.96 

15/1/79 1.86 

15/1/79 1.89 

8/1/79 2.00 

8/1/79 1. 93 

8/1/79 1.97 

29/12/78 1.9 

29/12/78 1.99 

1/8/78 1.95 

1/8/78 1.97 

17/7/78 1.97 

7/7/78 1.99 

4/7/78 2.00 

3/7/78 1.97 

3/7/78 1.99 

3/7/78 1.94 

3/7/78 1.96 

8/6/78 1.97 

7/6/78 1.99 

*[Sr] in 1600 ppm ca solution prepared from analar caco3 , 

computed from intercept of Sr calibration curve 

2 1 2 
a = E(xi-1.95)22 


a = .041833 (2.1%) 


http:E(xi-1.95
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Precisioh of Results 

Sr 

In cases where a regression error of >2% was obtained 

for the calibration curve were discarded. Repeat determina

tions of the Sr concentration in standard solution yield 

a a of 0.04 ppm. An error of 0.04 ppm would give an error 

of 10 ppm in the result calculated for ISr]s. Minimum 

sensitivity obtaine~ was 0.1 ppm in solution - giving a 

maximum error of 25 ppm [Sr]s. 

Repeat determinations of Mg in stock standard solutions 

gave a a of +16 ppm [Mg] s (2.5% of the mean value in this 

case) • 

Repeat determinations were made for most samples. 

Reproducibility is not as good in the range where the Mg 

calibration curve is non-linear but determination of Mg in 

this range avoids additional errors involved in diluting 

samples. 

Reproducibility was within 20 ppm for speleothem 

with <1250 ppm Mg in solution. Above this level repeat 

determinations show a larger variation - the largest 

difference was 126 ppm in samples with <2000 ppm Mg and 257 
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in a sample with 'V3000 ppm Mg. In these cases relative 

values remained the same for different determinations - all 

samples being analysed at one time. Precision is always 

better than ± 10%. 

Wei'ghing 

Weighing errors cause comparable error in determina

tion of [Mg] and [Sr] but do not affect Mg:Sr ratio. 
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Analysis of Interlaboratory Limestone Standard ZGI 

An 0.1 g aliquot of the interlaboratory limestone 

standard ZGI was weighed, dissolved in HCl and diluted to 

1600 ppm Ca as for stalagmite samples. An insoluble 

residue was removed by filtration before diluting the 

dissolved limestone. 

The solution contained 1345 ppm Ca after dilution 

(assuming the entire soluble fraction consisted of caco ).3

Analysis for Sr using standards containing 1600 ppm Ca 

and correction of the result using Ca suppression cali

bration chart gave a value.of 512 ppm Sr. The recommended 

value of [Sr] for this sample is 490 ppm. Our value is 

4.4% higher. 

Analysis for Mg gave results of approximately 

2000 ppm Mg. The recommended value for Mg in this standard 

is 7200 ppm. 

A second 0.1 g aliquot was weighed and dissolved 

using 3 ml HCl and 3 ml 48% HF. When analysed for Mg this 

sample gave a value of 5620 ppm Mg. The low result 

obtained is probably due to Si interference. (This sample 

gave consistently low values for Sr.) A calcite standard 

should be analysed - or analyses of ZGI for Mg should be 

made after dissolving the sample and removing the Si. 
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Repeated Weighings 

Difference 

0.00002 

0.00015 

0.00011 

0.00007 

0.00005 

0.00010 

0.00007 

0.00022 

0.00061 

0.00059 

0.00000 

0.00020 

0.00015 

loss of 

(samples 

Weights in grams 

2.93088 2.93086 

2.94045 2.94030 

2.96315 2.96309 

2.96273 2.96290 

2.85445 2.85440 

2.94712 2.94722 

2.85637 2.85644 

2.92263 2.92285 

2.9.7820 2.97881 

2.85691 2.85742 

2.98024 2.98024 

5.09570 5.09575 

2.72781 2.72795 

Maximum difference 0.0006 

precision due to weighing 

weigh 0.1 g). 

5.09570 

2.72780 

g. Maximum 

error 0.6% 



Weight of 
Residue 

g 

0.01475 

0.01725 

Analysis of ZGI 

Date 

6/4/79 

6/4/79 

1/4/79 

1/4/79 

3/2/79 

3/2/79 

Weight of samEle 
in solution 

g 

0.08537 

0.08279 

0.1 

1 r 
110 

limestone standard 

Sr, ppm Sample # 

528 1 


"520 2 


Mg, ppm 

5618 3 


5616 3 


2494 1 


2706 2 


:e:em Ca in 

solution 


1366 1 


1325 2 


'Vl345 3 


Samples 1 and 2 dissolved in HCl 

Sample 3 dissolved in HF 
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76129 

DateSample # 12/12/78 8/1/79 

Sr ppm 

1 147 168 
2 147 144 
3 172 168 
4 172 192 
5 196 192 
6 172 192 
7 147 144 
8 147 144 
10 147 144 
11 196 216 
12 221 240 

29/5/78 30/5/78 31/5/78 1/6/78 

Mg ppm 

a 1485 1521 1470 1472 
b 1561 1587 1568 1581 
c 1605 1635 1610 1616 
d 1518 1540. 1526 1520 
e 1475 1474 1456 1452 
f 1326 1343 1312 1330 
g 1440 1446 1397 1445 

*[Mg] > 2500 ppm, offscale on calibration curve 
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76130 Sr ppm 

Date: 29/12/78- 8/1/79 : 

Sample # 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

327 
402 
276 
352 
352 
377 
252 
176 
226 
276 
327 
276 
276 
276 
301 
327 
377 
352 
352 

337 
385 
289 
337 
337 
361 
264 
216 
240 
313 
313 
264 
264 
289 
289 
337 
385 
361 
361 
337 
337 
361 
361 
337 
337 
337 
289 
337 
337 

*[Mg] > 2500 ppm, offscale on calibration 
curve 
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76190 g -Sr-

Date (1978): 1/6 31/5 30/5 12/5 11/5* 

a 343 385 375 387 210 
b 337 386 375 386 220 
c 362 415 135 
e 362 415 392 406 140 
f 275 320 302 319 202 
g 514 546 541 552 135 
h 343 386 367 117 
i 374 409 392 415 137 
j 343 371 359 354 122 
k 362 395 383 152 
R. 269 298 286 182 
m 257 292 269 182 
n 269 298 285 162 
0 300 341 318 175 
p 324 365 342 153 
q 324 353 342 194 
r 311 359 342 209 
s 326 371 349 134 
t 319 371 349 136 
u 373 407 390 147 
v 265 317 300 149 
w 326 377 357 132 
x 311 365 349 122 
y 395 425 407 123 
z 402 443 423 107 
A 365 401 382 109 
B 350 395 382 120 
c 458 485 465 492 125 
D 402 437 415 112 
E 395 431 415 120 
F 482 464 474 118 
H 451 449 

*No Ca in standards results corrected for Ca suppression 
absolute values in error by ±5%. Relative values within 
previously stated error limits. 
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76191 Mg ppm Sr ppm 

Date: 11/11/78 1/1/79 29/12/78 15/1/79 8/1/79 

1 448 196 182 187 

2 452 172 159 164 

3 431 147 136 141 

4 390 147 136 141 

5 355 172 182 164 

6 354 172 159 164 

7 365 375 220 204 211 

8 324 330 196 182 187 

9 379 147 186 

12 328 147 162 

13 316 220 162 

• 




76108 Mg ppm Sr ppm 

Date (1978): 29/5 30/5 31/5 1/6 7/6 29/6 3/7 4/7 7/7 18/7 7/6 3/7 4/7 7/7 17/7 

Sample # 
a 

. 
893 873 154 154 

b 879 866 196 193 
c 947 963 84 87 
d 1260 1257 126 135 
e 1208 1211 126 135 
f 1216 1219 98 106 
g 1139 1151 112 116 
J 616 620 224 222 
K 1100 1121 154 155 
x 694 679 196 193 
z 707 712 196 202 
u 
n 732 750 715 735 

1079 1099 
715 

126 
196 

125 
185 

I-' 
I-' 

q 1205 1213 1158 1171 1158 140 136 Ul 

p 913 939 892 898 892 154 155 
0 750 768 734 741 734 182 185 
s 1093 1107 112 117 
1 1004 987 142 143 
2 1120 1114 123 121 
3 1270 1252 114 110 
4 1113 1097 133 132 
5 1187 1158 114 110 
6 1143 1141 104 110 
7 1255 1249 95 99 
8 961 944 171 165 
9 1223 1199 142 143 
11 1215 1250 118 128 
12 1174 1180 118 116 
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76208 Mg ppm Sr ppm 

Date (1978): 30/5 29/5 1/6 31/5 7/7 18/7 7/7 17/8 18/7 

h 795 760 796 753 

i 759 732 757 721 

j 795 779 802 753 

k 867 846 867 829 

R, 1002 972 985 944 

m 822 798 804 797 

1 785 812 224 232 

2 867 888 236 232 

3 806 829 248 244 

4 823 845 212 

5 867 871 224 209 

6 964 177 174 

7 950 974 177 174 

8 921 966 189 186 

9 883 916 153 163 

10 795 841 165 174 

13 743 232 240 

14 804 197 215 

13 812 232 253 

16 1002 232 240 

17 758 151 164 

18 789 186 189 

19 742 151 151 

20 703 221 227 
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76008 Sr ppm Mg ppm 

Date (1978) 8/6 3/7 7/6 29/6 

a 28 29 1047 1079 

3 b 28 29 1040 1065 

c 28 29 1040 1072 

d 28 29 1008 1030 

e 43 39 743 765 

6 f 28 39 780 805 

g 28 39 718 739 

h 28 39 799 811 

1 i 43 48 576 602 

5 j 43 48 699 712 
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GV2 

Date: 

Mg ppm 

6/4/79 6/4/79 

Sr ppm 

6/4/79 6/4/79 

Sample # 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

3392* 

3046* 

1892* 

1811 

1490 

2341 

1650 

2250 

2073 

2265 

1874 

1442 

1442 

1295 

3459* 

2789* 

1782* 

1696 

1405 

2282 

1663 

2134 

2033 

2273 

1805 

1431 

1399 

1278 

125 

117 

94 

78 

86 

125 

94 

94 

78 

110 

70 

62 

94 

62 

130 

122 

97 

81 

81 

130 

97 

86 

78 

110 

63 

63 

86 

63 

*samples diluted to 160 ppm Ca before analysis 
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APPENDIX V 


COMPUTER PROGRAMS 
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POLYREG 

SAMPLE INPUT 

No. of points on calibration curve 

2.5 139 

2.5 139 

1.0 92 Sr concentration followed by 

1.0 92 ), absorbance for standard 

1.0 92 solutions 

1. 0 92 

0.5 75 
..., 

5~~~~~~~~~~~~~No. of sample A readings 

10 

12 A for samples 

15 

16 (Y values) 

30 
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PROGRAM LISTING 


PROG~AM POLY~EG(INPUT,OUTPUTI
:::.xTc.><NAL F 
DIM~NSION xv120.s1,ALFA(21,IJOB(Zl,INDl91,VARBl151,ANOVAl16,51
Oil1ENSION XY'l(;,:; I ,"4A(Jl ,PAR!51 

DI~~NSION XSVl2ul 

t-!S AO •, N 
R:::Ao •,11xv11,u,xv1r,511,r=1,N1

C PLOT THE O~IGINAL X,Y VALU~S WITH • 
DO 7 I=~,N
XSVIII =XY II,::.1 

7 CALL PLOTPT(XYII,;.1,xv11,s1, ... 1 
00 1 1=2 ... 
O'J1.J=1,N 

1 XYIJ,Il=XY(J,11••1
"R l NT o~ ~ , I ( X Y ( I , J I , J =1 , 51 , I =:;. , H I 

601 FJRMAfl"~KAT~IX X IS ",/"C",2Cl5Flu••o/" "II 
M=..,.
ALFAI:.. l=ALFAIZI =·U3 
IJ0'3(l.l=u 
IJui31~1=. 

I~Ulll=INOl21=INO(~l=IN0! .. 1=1 

lX=2.J 
I9 =5 
CALL RLS~PIXY,N,N,IX,ALFA,IJOB,INO,ANOVA,XYB,IB,VARB,IERI
PRINT 6u3,IXY81I,11.r=1,51

11 C11FJ~~~T ( 11 Mi:AiJS 11
,/ , 21.l (SFlO • .,.., / .. "))

PR:NT 6;,,5,((XY,311,<:l,XYtllI,._l,XYfl(l,511,I=::., .. 1 
605 FO~MAT(" CJE:::.F",;.ox,"F-VALU~",SX,"PROB",51/" ",F10.4,5X,FlJ.4,5X,

+Flu .... 11 
C PLOT TH~ YHAT VALU~S WITH = 

OJ 9 I=;..,N
YHAT=X Y:31l1<::l" xsv I II +xva ('<;, 21 •xsv <I) HZ+XYB ( J, 21"XSVI II HJ 
++XY9(~,il"XSVIII"" .. 

9 CALL PLuTPT(XSVlll,YHAT,11
C START INT:::.~POLATIONS 

;;~AO •,NINT
P'<INT '6u7 

607 +:~~~~TJ;~~~J~,eokfTIONS",l~X."Y VALUE", 6X,"X VALUE", 
O::J 3 I =.it'

3 b~ ~~tk~~r~r~iN~ I 
•'-';:AO ,. 1 "AIH5 I 
:.PS=l• J.;:-6
NSIG=5 
N="
X= .:.. 3 
IT.~AX=l.u 

CALL ZSYSTM(F,~PS,NSIG,N,X,ITHAX,WA,PAR,IERI


C PLOT TH~INT~RPOLAT~O VALUES WITH + 
CALL PLOTPT(X,PA~ISl,21 
P~INT bJ~,PA~(Sl,x,x•123c.

609 FJ~HAT(" ",F1~ ••• sx,F1~.~.sx,F1G.*I 
5 CO l<T I Nlk 

CALL OUTPLT 
P'·UNT 6.:.3 

613 FOM~AT(" ORIGINAL VALUES•, YHAT VALUES=, INTERPOLATED VALUfS +"I 
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SAMPLE OUTPUT 
INTERPOLATIONS 

y VALUE x VALU::: x •12so 

7g.oooo .5231 653.8921 
y 17'+.0000 1.2266 153~.2208= A 

181.JCOO 1. 2 80 7 160C.8688 
186.0000 1.3195 1649.3971 

x = ppm Mg in 176.iJOOO 1.2420 1532.5140 
solution 16'3.0000 1. :1. 881 1485.1100 

135.0000 1. 0 811 1351.3 .... 56 
166.0GOO 1.i651 1<+36.3280

X*l250 = ppm 95.t.lOOO .6368 796.0553 
Mg in 91.0000 .6082 760.2'"-92 

95.uOOO • 636 8 796.0553stalagmite 103.0000 • 0 94 5 868.1735 
118.0000 • 8041 1005.l.~31 

98.0000 .658'+ 823.0217 
90.0000 • 6011 751.3247 
92.0000 • 615 3 76 9 .1846 

1!1.0000 .752~ 9:+ 0. g 38 5 
:l...>+1. 0 0 0 0 .9752 1219.0335 

SAMPLE CALIBRATION CURVE 

SCAL!::D LIHITS Xl'HN= .1a XHAX= 2.a YHIN= 15. YMAX= z.,71E+OZ 3Z. POINTS PLOTTED 
)( • • • e Xe• e 1 Xe• e eX e e e e )( e e. e Xe e o .x. e • .x I I•• Xe• e e Xe e e • x. •• .x •••• x• •• • X •• • .x. • • .x •••• x • .0.0 .x •• •• "· • • .x. • •• )(

J,JOC =Y Y= J,000 

2.70 0 =Y •Y= z.1 o o 

2 .4JO =Y Y.: z ... o 0 

2 .10 ~ =Y Y= 2.100 

1, 8JO =Y Y= 1. 800 

. ~ 
1.5 J• =Y v= 1.soo 

1. zco =Y v= 1. z~o 

y.• qJ (j =Y .900 

.coo =Y v= .ooo 

. 
•!JO =Y Y= .JOO 

u.ooa -=Y . Y; o.oao 
c:5co. I<.··· ~20 a.x. • •• ~:o c·x•• • ·~; oo· x. ···~a oa .x. • • i~ ao5 ·x• • ·i~ zoa ·x•• •i~~ ao .x. • • i~ ;,oo ·x. • • 1!aoa .x. • ·2!(joo 

Q,;)IGHIAL VAL~::f:~~ T~~A ~O ~~E~~~"!, P~~~~~POLA rt:ll VALUES + fYlj ff"' hi so kt-_ 
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LINREG 

SAMPLE INPUT 

17~~~~~~~~~~~No. of points on calibration curve 
0.1 15 } 

0.1 15 ) 
, 0. 2 31 } 

0.2 30 } 

0.2 30 ) 
0.2 31 ) 
0.5 73 ) 
o.s 75 } 
0.5 75 } 

0.5 76 ) 
1.0 142 } 
1.0 142 ) 
1.0 146 ) 
2.0 266 ) 
2.0 271 ) 
2.0 271 ) 
2.0 270 ) 

18 ~~~~~~~~~~~No. of sample Areadings 
79 ) 

174 ) 

181 ) 

186 ) 

176 ) 

169 ) 

155 ) 

166 ) A for samples 
95 ) 

91 ) (Y values) 

95 ) 

103 ) 

118 ) 

98 ) 

90 ) 

92 ) 

111 ) 

141 ) 
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PROGRAM LISTING 


P~OGRA~ LINREG!INPUT.OUTPUTI _ 
gfg~~§l8~ ~~2~Ni~1;~~vibo~<2.21,A<2.21,1NCO(JI 
H=2 

5 C M : NJ. OF VARIAaLt:S 
C N= NO. OF OBSERVATIONS !UP TO 2ul 

R::A O•, N 
R:::.Ao•, ((X (!,.JI ,.J=1,MI ,I=1,NI
OJ 3 I=J.,N
XSVIIl =X <I,11

3 CALL PLOTPT(X u,11,x II,MI , .. , 
IX =20 
I-3A S=2 
CALL BEHIRI!X,NtMtIX,XMEAN,B,AtS,IBAS,INCD,IERI

15 P~INT cG9,XMiAN,S(l 1ll 7 Sl2,21
609 FJ.;;.NAT l"l"1l5X,"X",i.,x, ..Y",l"OMEAN",6X,2Fl.0•'ttl" STD,OEV,",<!X,2Fl0 

+. !+) 

00 5 !=:;., N 

YHAT=Al~.2>•B11.21•xsv111 

20 5 CALL f'LOTPTIXSVII I ,YHAT,1) 
P~!NT 6"~,A(l,21,B(l,21

6JJ FJRMATl"CREG"ESSION iQUATION IS",/" Y: •,F10.~," t "oFlO.~,
+.. • X" ,/.... , 

P~INT 611,S< :.., 21 


25 611 FJRHATI" STANDARD ERROR OF REGRESSION COEFF!CiiNT ",F10.~J
R::AO •,NINI
PRINT oC:> 

f>OS FJi<M~T l''~INTt0RPOLATIONS'•,t+X,"Y VALUE", BX,"X VALUO:",
+sx,··x • ~SG'',/'' '')

30 OJ l I=:..,NINT
R::AO•, Y 
XV=Y/FJ 11, 21 
C~LL PLOTPTIXV,Y,21 
P~INT 6G7,v,xv,xv•2so.

35 607 FJi<HAT(" ",F~i ... ,sx,F10.4,5x,F10.41 
l CONTINUc ' 

CALL OUTPLT 
?~INT o:..J 

613 FO~MATI" ORIGINAL VALU£S •, YHAT VALUES=, INTERPOLATED VALJES +"I 
:..o Sf OP 

t:NO 

http:sx,F10.4,5x,F10.41
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SAMPLE OUTPUT 

x y 

HEAN 1.3571 103.0000sro.oc:v. .8018 25.3640 

REGR~SSION EQUATION IS =
y 60.0741 + 31.6296 • x 

STANDARD ERROR OF REGRESSION COEFFICIENT .2<+79 
INTERPO LA TIO NS 

Y VALUE X VALUE x Jf. 250 

10.0000 
12.0000 
15.0000 
16.0000 
30.0000 

.3162 
• 3794 
• 4742 
• 505 9 
.91+85 

79.0398 
94.8'-78 

118.5597 
126.4637 
237·1191.+ 

y = 1\ 
X = ppm Sr in solution 
X*250 = ppm Sr in stalagmite 

SAMPLE CALIBRATION CURVE 

SCALED LINITS XHIN:: JZ XMAX:: 2.5 Y~IN= 10. YHAX= 1.3qftQZ 19 POINTS PLOTT£0 
x•••• x••••

0 

x•••• x•••• x•••• )( •••• x•••• x•••• x•••• x•••• x•••• x•••• x•••• x••••x•••• x•••• x•••• x•••• x•••• x•••• xv
lo5JC. :y - 10500 

0 

1. J=v =; Y= 1. JSD 

~. 21C :l '= 1. zaa 

1. U3 0 =Y Y= 1.oso 

Y= •90 o 

• 75 L :V v= .1sa 

~: ~ /lo,. 1.-1 ·f Sifrr-!J "' st...J.,.J ,.w....., 
.ooc =;_..............-:::________:_~...:._---------=~ v= ~&a a 

• .sJo =Y Y= .JOO 

a.~ u a =; Y= o.ooo 
c:jc5 · '( · · •· :~jG .x • •• •~60 j" x. ·,· ·-~ qoo ·x • • • i :z ao .x. • • i~soa •x•• ·i: 800 ·x•• •2~100 .x. • • z:~oa •x. • • z~; oo .x. ··!!a Go 

IJ :o-=NJT~5 CO!'ICIO:.~IT POI"HS 
1FIGIN4L llALU:'.S-., 'PtAT V-lLu:.s =, INTt:RPOLATEO VALUES .. 



. ~ 

126 

APPENDIX VI 


RECORDS OF SAMPLE LOCATION, 


DATING AND COLLECTION 
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. I 

Sample Collection and Location 

Records of collection sites are kept in the isotope 

dating laboratory at McMaster University. Maps of cave 

. locations for English speleothem are given in the field 

guide by Glover (1971). 

Dates 

Dating was carried out in the isotope dating 

laboratories at McMaster University. Records of U and Th 

yields, concentrations and activities are filed there. 
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S ; Pits (possibly solutional) 
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S solution surface 
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