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ABSTRACT -~

Calcite épeleothéms,‘if shown to be rmed ugder con-
ditions of Rsotopic equilibrium with their'pargnt seépage yaters,
can be used to determine relatiQe changes in, the pést,clihates
from m;asurement of}ﬁlib of the calcite. Furthermore, if &' %
of the.parent seepage water cén be estimated and shown to be
equivalent to meteoric precipitation falling at the cave gite,
then depoéitional temperatures can be recovered from the tem-
perature dependen? oxygen isotope‘%ractionation of the calcite;
wa£er pairs. Cave températures generally refleét mean annual
surface temperatures above the cave. Thus, should the deposi-
ticnal temperature accurately fecord the cave temperaturet then
anélysis of successive growth iaYErg;in;speleoéhems should” pro-
vide =z direct measure of past tqmpe}atur; 9hange at a given

'égte. Estimates of ﬁl'b of'past'seepagg‘water can be médé, ;n
pginciplg, because speleothems incorporate seepagé wééer with-"
in inclusions as they grow. Howeve;,Asince oinen in the f{Pid
inclusion water.may efchangé with ihat in the carbénate phase, -

— _ .. _
hydrqgen.isotopes, which cannot exchange, are measured instead;
. Qﬁso of the,oriéinal éeepage water can theﬁ Sé inferred from |
6p, if seepage water can.Be shown to be equivalent to included
water, because meteoric relationships é;ist which link.them.
Work priof to this study suggesﬁed that,-ﬁollowing'the,mi;hod

L]

qutlined.above, isotopic temperatureg,could be recovered:from
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A

The early part of this study involved the construction

speleothgms.

and operation of a mass spectrometer. and associated extraction

L

line for 6D analyses and-somenmodification to existing .appara-
tus for 6'® analysis.
Water samples were then analysed from a number of cave

sites, .mainly in the Eastern U.S., to check the isoctopic eéﬁiv_

)

alence of seepage water to metearic precipitation and observe

.

seasonal ‘isotopic variations in seepage and scil water with

" respect to'meteoric bpegipitation. The_gengfai conclusion
reached was that seepage water was equivalent to meteoric pre?‘
‘cipitation and that no seasonal variation. oécurred in those
caves studied in detail. Séudy of an Antarcfié‘lce Core
.showed that\jheléﬁa -68D rélation of meteoric pfetipigatioh

during the‘Wisconsin-Glacial'Maximumﬁwaé‘d;fferent from that ,
. ) . / - -

-

. 8

at present.

1

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 samplé in vacﬁum
Jprior tp %regziné over therliberated water, was found got,to
‘be as ggproducible'as had been stated in the literature, aﬁa,
as a result, an extraction.methoa by heating was developed to .
replace it. Althoughrgfeat difficulty was encountered in get-
ting this technique to fuhction, it was.fdgné, eventually, to

-
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i
save time in operation, to liberate up to 2.4 times more water
and give greater“reproducibility than the crushing methodl
Attempts to demonstrate the isotopic equelity of the two
methods wes only bartially successful however, but both metheds
seemed to xield water from speleothems that was isotopically
depleted w#th respect to their parent seepage waters.

For the }atter reason,. experiments were undetrtaken to
characterise the water Qit?in the calcite because of the pos-
sible presence of structural, isotopically medified water. d“
Petfographdqlobsefvations left no doubt as to.the presence'of
£luid inelﬁsidns from SOum{down to unresolvable dimensions but
it was‘ques;ionable as to whether or not all the water lay in
ehese*sétes. IR, ﬁolarized IP and neutron difffact!on spectroi
scopy| of powéers'in the IOQum renge faiied to reveal the pre-
sence|of oriedted water inﬁéhe calcite lattipe.although\'lidu%d'
waEEriwes still ob%e:ved. | , ‘ | .

o _The isotopic'depleﬁion-of calcite-bound water with res-
pect to parent‘seegage watér.in‘modern' samples was found to be
22.1 ¢ 3.9% in GDJ' This daiue; when applled to 6D profiles of
51x fg sil speleot ems to retrleve original seepage water 6D, Cives
rise to calculated calc1te-water paleotemperatures that

» L]
are  above zero. fComparlson of Qhese modified 6D and tempera—
ture proflles w1th other records, such as deep sea and ice cores
suggested that paleocllmatlc informatlon ‘can be obtalned from

isctopic studies of speleothems. The mechanlsm(s) respon51ble

v
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for the isotopic fractionation of calcite-bound water as. it is -

.

incorporated into the speleothems during growth is speculatéd

upon as an absorption-like phenomenon but' no firm conclusions

r 1

.are reached.
. : i

~
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| Depositlon of calcite 1n caves occurs when dissolved 002

CHAPTER ONE

1

STABLE ISOTOPE STUDIES OF SPELEOTHEMS

1.1 Geothermometry

Speleothems are deposits formed within caves by
chemical precipitation. Although a large variety of* mlnerals

may oécur as speleothems, calcite 1s most frequently encountered.
L -

usually generated 1in the soil zone, cutgasses as seepage

water comes 1into contact with cave ailr at considerably lower o

PCO S Ir éuch deposifs can be shown to have grown in 1sotopic
-2 % ' -

equllibrium with the seepagé water,* oxygen lsotope ratiocs . é'
can be used to recover depos££ional'temperatﬁres. Criteria

for recognizing a deposit grown iﬂ isotopic equllibrium have
been set out by‘Hendy (1981). Calcite-water geothermometry

was originally suggesﬁed by Urey'(1947) and subsequently appliéd
to marine biqgehic-deposggs by Urey et al. (I9M7); Epspfin et
al. (1951) and (1953) and Craig (1965). Since speleothems

can also be dated by various meané, including-~U-Series dis-

N . )
equilibrium methods (=®ee Chapter 2), they have godd potential

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

-
[



The paleotemperature scéle proposed by Urey et al.
(1951) is based on the fact that the equilibrium constant
for calcite-water 1sotopic exchange (ch) is dependent on

temperature; the reaction establishing the constant being:

16 18 184 16 T LN
l/3CacC 03 f H2 ;Pﬂl/B O3 + H2. 0 e e et aaaens (1.1)
’
for which ]
_ A8 A1/3,0 0 1 1/3 10 !
Koy = {(Cgf 03) (H, ¢0)}/{(cacC G03) (H, 0} ..... (1.2)

or rewritten as

K, = {(Caq *0,)/(Cac “03)}1/3/{(112‘90)/(}12150)} e (1.3)

-
-

Because the regction involves a one atom exchange, at equlilibrium

. ¥

where i is the measured separatlon factor for calcite-water
and R, and R refer to the '°0/'°0 ratios measured in calcite

and water phases respectively.

The relatlonship between C P andﬂ;emperature (TOK)

was experimentally determined by 0'Beil et al. (1969) and

modified by Friedman and O'Neil (1977) .for CO,-H,0

ekchange‘at 25°C, yiéiding the réiationship used throughout



this work, namely , s

3 6,.—2

10 lnc:cw = 2.78(10°T ") - 2.89 ...t iiiaiiaaiaa.. --(1.5)

If the del form (see appendix (1)) is regquired then

J

@, ={1000 + 6'°0(calcite}}/{1000 + &'%0(water)}...... (1.6)
' l Y

or

103lnacw n 8'%0(calcite) - 8'°0(water) ...... R & 1 3

N

may be applied. Equation 1.7 cﬁq be used for convenience in
reactions at ambient temperatures since the approximetiOn
results in very small error in estimating the fractionation.

i

The problem elmost.invariably encountered with
an;iept deposifs is tﬁat genefally the water phase is_absent
and assumptions have to be made as to iﬁs'isotopic'coﬁpbsition.K
Fortunately, speleothems always contain water and if this
water can be shown to be an unaltered aliquot of the prec1p-'
1tat1ng solutlon (an allquot of the paleowater) then 1sotop1c
temperatu;es can be deterq;ned by the above method. However,
a problem arises here too in that post-depositional exchange
of exygen-between calcite and water mey.occur as the site

changes temperature with time. Since small quantities of .

"water are involved (typically 0.03 wt.%), calcite oxygen



4

Qould essentially be unaltered but, convgrselx,fthe 1sotopic,
ratlos pf water would bé radically changed. A way of - avoid-
ing this problem is to measure the hydrogen isotbpé éomﬁosifion
instead, because theré ié né hydrogen in thé calcité. To apply
this, the relationship.bet%een 6D (appendix (1)) and 6'®0 must

be known in qrder to infer oxygen 1lsotope ratios of the water

at'the time of deposition. To a firsg,grder relatlionship

§D = 86 180 + A e rereneneneana(1.8)

where'dt 1s the intercept at t}me't. d, = 10, the pfesedt day
" value, may be appligd_sincé it fits most ﬁata for moderﬂ-
meteorlc waters (Cralg, 1961 and Dansgaard, 1964),. It.is
assumed above that- cave seepage watef %s equivalent fg :
méteoric'watér falling at -that site. However, evidence 15
accumulating to suggest tha’c.dt varies both spatiélly (for
e;ample.Evané et al., 1978, Harmoh et al., 1978, Ambach et
al., 1976, Molinari, 1977.) temporally (see 3.2). This
. subJect will be discussed in éfeater'detail in Chapter 3.

' Wigley (1975) has shown that caves rigPond slowly
to changes in external climatic conditions such that cave
temperatures tehﬁ Eo be_one to two year aterages of those of

the surface above the cave. Speleothems thus respond to secular

climatic changes as they grow and in dq}ng s0 are potentially effective as

L 4
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paleoclimatic recorders. ' N

1.2 praleoclimatic Interpretation based on Calcite only

Having described-the spelecthem geothe}mometer and
alluded to sdmé_of its associated problems, it seems approp-
riate to ¥eﬁiew paleoclimatic studies based on the calcite
phase iny.'lTwo approaches are possible with the measurement
of both carbon and oxygen isotope ratios. 1If these are
measured along a growth axis of a speleothem £heﬁ profiies
can be dbta;ned which.may be interpreted in terms of climatic
change for the period Qf‘growth.. Analyses along a growth
layer are used to determine whether or not equilibrium depqs-
ition has taken placé (Hendy, 1971}. Figure 5.1 shows such

profiles. Variations in 6!3C (appendix (1)) may reflect

'change in vegetation type which contribute CO2 to the system

but this is further complicated by interaction between dis-

. solved carbpn species and the bedrock before deposition (Wigley

and Prowm, 1976). Variations in §'°0O(calcite) for an
equilibrium éepos%t are due primarily to two fac¢tors:
1) chanég in cave temperature,
2) chaﬁge in 6'°0(seepage).

The first contributes about —0.25%./°C at ambient temperatures

‘whereas the second is variable both from site to site and

through time at a given site. Factors affecting é6'°%0(calcite)

have been described for example by Harmon- et al. (1978} ané&

more exhaustively by Gascoyne (1979). These are summarized
below:

i) temperature dependence of §!°0 of precipitation
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(IAEA, 1979) can yield values from +0.9% / °C for Antarctic
snow to as low as +0.01% / °c for Bermuda. Continental sites

tend to be around +0. 3%/ °C which works in opposition to

factor. 1), the temperature dependence of ao_ .

CwW

ii) effect of changing storm trajectory on §'°0 of.

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

icult to assess but climatic modelling has been attempted for

North America duriﬁg thé Wisconsin glacial maximum (Gétes,.
1976{.4As—;'r§sult, Harmon et al. (1978) have concluded that
sincé thefgyecipitation regime at the time is equivalen; to
winters of today in mid-continental U.S.A., then little
change in §'%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 appli;s during glacial/intergiacial traﬁsitions

remains to be investigated.

iii) ice volume effect which causes the .'°0 content

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

- the continents. The maximum enrichment of '°0 in the oceans

has been détermined as +1.80% (Shackleton and Opdyke, 19?3,

Car

Ninkovitch and Shackle;pn} 1975). Further uncertainty is
attached to this effect since the correction dépends on match-=»
ing speleotheﬁ dates to deep sea core records.

‘ Thus it may bf seen that the uncertainty in magnitude
and sign of the temperature deﬁendence of §'%0(seepage}, and
hence, subsequent determinations of Gfao(éalcite)-variations

in terms of temperature only is cbmplex and difficult. In



spite of thls, considerable contrlbutlons to glacial chron-
ology have been made by many workers prlnC1pally, Hendy and
Wilson (%963),‘Thompson et al. (1974 and 1976), Harmon et al.
(1977, 1978a and 19-)853) , Gascoyne et al. (1978 and 1980) and
Gascoyne (1979). ’

One further point should .be mentioned; Observati?ns
of §'°0 of modern calcite allow §'%0 profiles to be interpreeéd
in .terms of warmihg and cooling phases. This is possible
because there is presently'anﬁinterglacial ma*imum: modern
calcite §!%0 thus pertains to a warm period. Peaks and:troughs
of §'%0 along the axial proflle can be compared to the modern
calcmte value and the sense of temperature change can be in-
ferred (see for example fig. 1.1). A general conclusion is
théﬁ for most sites studied speleothems ﬁenﬁ to be enriehed
in %0 with respect to modern .and interglac¢ial calcite and .
dé'®o/dT < 0 except for Caveslon Vancouver Island where the
trend was found to be reversed (fig.4.§). This reversal ef
"trends ‘is probably due mainly to faetor i) in which the high
~ value of d6'°0/dT (temperature depehdence of §'%0v0f precip-
itation) causes the sign to change (Gascoyne, 1980)

The analy51s of "paleowaters" from speleothems does,
in principle, remove the need to applywiaefbrs 1) ,.1i), and,
iii) which lead to uncertainty in ddi?O/dT of seepage. |
ﬁxtraction and analysis of fluid inclusions could be used to
-determine temperatﬁres directly. This important approach and.
progress made to date is reviewed in the latter part of this

,v/‘/

Chapter..
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Fgéure 1.1 variations in the_’“O/‘“O ratio of calcite
speledthems from six areas of North America
over tpg_past 200,000 years. The curves were
visualfy fitted'tg data éoints uniformly
distributed throughout the méasured interG;ls.
Ve}fiaal arrows indicate 23°Th/23%y age

' contrbl for each composite record.

After Harmon, (1975),
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1.3 Water in Speleothems

1.3.1 Optical Observatlons

.
>

In thin section, water 1is ohserved to be trapped 1n
cavities from 10-15 im in diameter (plate 1.1). Larger cavi-
ties appear to be elongate, tear-drop shape inclusions or
negative crystals. Incluslons are numerous in some growth
layers and completely absent 1n;others. .Elongate in;lﬁsidn;
are often oriented at right angles to the growth layers and
subﬁérallel to the crystal c-axié spggestive of trapping at
compmeise'boundaries as competftive erystal growth commenced
(Bathurst,.l97u and Schwarcz et al., 1976). Although most
large lnclusions are filled with water, some, when viewed
microscopically 1in polished section, appear to be- only paré—
ially filled which may be due to leakage or trapping of air
Bubblés: Some appear‘to be anastambsing into channels
that may account for leékage, should 1t occur. Cutting of
sections may also result in leakage.

Smaller inclusions are more common and tend to be
liﬁéar (spindle-shaped) cavities (plate 1.2) often closely
spaced and parallel to the crystal optlc axis, even where the
axls 1tself 1s not normal to gfowph i;yers.

Inclusions that aré.not resolvabfg.gy light mlcro-
scope are pseudo-pleochroic (w=mld-brown, g=colourless)
and under SEM are seen to be similar to the linear inclﬁsions

described above. These are concave and triangular in cross-.

section (plate 1.3).



_Plate 1.1 Detail of large, thorn-éhaped inclusions showing
marked growth anisotropism and constrictions
{(arrowed) ; |
Host calcite grew towards the 1-:op of- the
photograph; |

After Kendall and Broughton, (1978)..

-
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Plate 1.3

L4

Fracture surfaces of columnar calcite crystals
in stalactites.
General SEM view to show inclusion-rich layers.
(scale = 20um);

Detail of & (arrowed),inclusions appear as

. spindle-shaped depressions and are interpreted

as parts of elongate cavities that lie between

close-packed, partially coalesced cryétallites

{scale = 100pm); a [ . T

SEM view of fracture surface oriéﬁfed normal to
that in A and B, and approximately parallel to
a former growth éurfacg; _triangular.pores
(arrowed) are intefpreted as remnants of former

iq;er-crystalite spaces (scale = 10um};

After Kendall and Broughton, (1978).
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Water is also seen in thin-section where rhombohedral
terminations oocur at growth layer boundariles and someétimes
within growth layers themselves where abundant impurities
exist, |
‘In hand specimens, ozly the larger Inclusions have
a milky-white aspect. Where micro-inclusions are present,
Speleothems may appear qulte transparent. Growing stalactite
surfaces are rough to the touch, indicative of crystal growth'
rather than to dissolutional processes. This suggests that
the inclusiore probably result as crystal growth advénces,
trapping water betwpen the crystallites. Genetilc 1nterpret-‘
ations of speleothem fabrics will be discussed {n Chapter 4

1.3.2 Extraction of water

Water has been extracted from speleothems by crushing
the sample under vacuum and transferring the released water
vapour to a liquid nitrogen trap. :The'crushed reslidue is
heated gently at ebout 200°C to remove any abscorbed water
(see Chapter 2 for detaills). .

In a preliminary study Schwarcz et al. (i976) made
isotoplec analyses of what they referred to as "fluid inciusions"
in speleothems. They set out to demonsfrate that these fluid -~
inclusf;ns were aliquots ofsmeteoric wate;, first by showing
that cave seepage water and local meteoric precipitation
had similar 1sotopic compositions/at sev sites across North

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

from Bone-Normare cave in West Virginia.



Figure 1.2

D/H and '°®%/1°0 relationship for cave seepage and
spring waters in study aress. Seasonal data from
the Mammoth Cave National Park, Kentucky site are

shown in the insert (after Harmon, 1975).

~ .
'



19

(MOWS°%) gg

Bl-r—r——7— > T Y T T T | EEeca—
| uoyopdidad ) .
sdup as0d @ n ' SIUI0INIAL JSIMYLION,,
09l-|- . dop- ' -
- ! DLRGIY ‘seploy weyinog
ovl- |- viva 40¢- -
AYNOSY3S :
AMINLNIN
! ] \
0z21- | 1 1 1 1 1 1 0z- Lo 4
G- g- i~
00I-} Jewwns) se[¥ooy ulayino ¢ -
) { ) sepyooy winos 4 . o ) 7
487 (s oa m
- o/. _
08-}- W0 -
09-- . -
\x olwibiig sam
ob- |- . - -
150[0d 51077 upsg ' . 4
Mmous g upJ +
.| epruna
0eg- |- sbunuds © -
[
sdup 3ap0> @
o 1 ) L 1 1 1 L
0 2~ - g- 8- *0l- 2I- tl- 91- Bl- - 0O2- - ce-

(MOWS °%) 05,3



a2

20

In the first case, considerable scatter about the meteoric

water line was encountered (fig. 1.2). No regression line

.. was calculated presuﬁably because of the tendency for each

area to generate its own particular relationship. However,
their conclusions pointed generally to isotopic equivalence.
The study of modern deéositg 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 monthé. In retrospect
though, this seems a little odd since subsequent work (see
Chapter 3) indicates thét at most sites, seepage wateér repre-
sents an integrat%on of at least all annual meteoric precip-
itation and its isotopic composition does not chané 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 §'°%0
inferred from this "new" meteoric line changed only a small
amount (1.5 OC) as compared to those calculated from the

globdl line given by d, = 10. This amount is insignificant

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 incIUsiom;couih be made and post-depositional leakage .
remained a.possibility. However, températures calculated
from\{modern" deposits ranged from 5.4 to 14.1 OQ'yielding an

® :
average of 9.0%2.3 °c compared to 11 °c for the site today.

-~
k)
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studies of seepage—water éoda—straw calcite pairs’ for five
areas gave isotopic temperatures the same as cave temperaturos
within experimental error.

Given the uncertainty of isotopic temperatures in
modern deposits, their findings for old speleothems wero
roughly in accord with.other glacial chronologies. They
further observed that temperatures between cold perieds rose
to values greater than or équal to those todayr Bermuda was
problematic in that their interglocial temperaturo of 4 °¢
is extremely unlikely since evidence from. coccoliths suggests
tempera%ures in excess of rp O¢ even during full-glacials in
the region {McIntyre, 1967). ..

In all the areus studied,except Mexico, the domidgnt
effect on 6186 of calcite was found to be a ., which in turn
depended ouly on cave temperature, hence allowing. a generaL
ihterprétatiou of isotopic profiles in terms of warming and
cooling events.

In a further study, Harmon et al. (1979) considered
. the change in 6D through tlme from five- North American sites.
A 51gn1f1cant change in 6D of around 12%- ‘from the Wisconsin
Interstad1a1 to Wlscon51n Glacial Maxlmum was suggestlve of
the integrity of fluid inclusions. Had they leaked, some
sort of homogenization of the record would have been antic-
lpated. Their conclusions p01nted towards a depletlon in

.deuterlum during glacial perlods by a maxlmum of 45% and

an éverage of 12% compared to modern precipltatlon.



| | ~;~/’; )
Enrichment in deuterium occured during the ;ast interglacdal.
They found trends to be the same 1n different areas and a
correlation with foraminiferal records used for determining
past cean water compositions (Ninkoviteh and Shackleton,
1§75): Comparison.wifh the modern 6D contour map of North
- America (Taylor, lé?ﬂ) showed a southwdrd shift in contours
consistent with that determined for ice margine: In passing,
:it should be mentioned that a 12% decrease in 8D - dUPing full
glacial stands is at odds with some records such as paleo—
waters from the London Chalk (Smith et al., 1976) and;ﬁuoridian
aquifefs (back and Hansheﬁ, 1979) and ancient trée rings
kYapp and Epstein, 1977), while agreeing with sone other
paleowaters (Sonntag et al., 1973, Dawles et al., 1968).
In a final cdntribution, Harmon and Schwarcez (1981),
using the"dgta of Haﬁmon et al. (1979), tried to re- *
concile the fact that 38 out of their 49 fluid 1nclusion
analgses when combined with & 1!%0 dT their host calcites,
yield éegative temnefatures. Using theoretical calculations
(Merlivat and Jonzelf 1979) and experimental data (Epstein
et al., 1970), ﬁhey“obtained positive temperatures by a shift
) 8r tne_neseoric water line such that d; Ls,reduced from 10 to
) (see eduation 1.7). In conclusiocn, the& suggested that a
-‘.continuous,ﬁhange in d from 10 to O normarly occurs over

'glacial/interglacial transitions and that examination of appro—

prdate ice cores should allow paleotemperatures to be correc;pd at least from the

e AL ki e g o uf s kg et il 5 = st s
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last 'glaciation.

1.4 Justification of the present study

The possibility of direct detérmination of isotopic
paleotemperatures potentiallf places speléoﬁhems high in
importance amongst‘other Pléistocene paleoclimatic recorders.
ghe need for further work from fhis point §f 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
detefminat}ons ;re clearly a problem. lAre these really an
effec#/9f\past meteorological variﬁtipns or due to some
mechgﬁism acting during or after speleothem préc%pitation?
Perhﬁps such effects are experéméntal artifacts..

* In attempting to answer.these questions work has
cen£red‘on'improvement of e;berimgpta} techniques for extract-
ion and analyses of watgr from speleothems. The research
first rgguired the.constructioﬁ'of a mass spectrometer for
measurement of D/H ratios. Subsequently, on-line. extraction
systems that-éould be modified were developed. New extract-
ion technigues were also éttemptedhand characterization of
water within épeleothems bgcame‘an important part of the
study. : . ‘

An initial stdig of cave seepage water was made to

‘try to elucidate seasonal biases in precipitation and

establish geographic variation in meteoric isotopic relation-

T

ships. Furthermore, an ice core was studied to confirm

meteoric isotopic relationships during the Wisconsin glacidl
. ‘J . -

8]
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staée.

Given that systematic problems can be overcome, é
wealth of knowledée can be obtained from these ubiguitous
deposits. Not only could paleotemperatures be worked out,
but in addition, secular variations in mefeoric_precipitption
over glacial cycles could be studied and rates of deglaciation
assessed. A few temperature determinations made on a given

speleothem would allow a detailed GIBO(Ealcite) record to be

-~

calibrated and.variables "affecting §'°0 of the calcite could

be calculated. New extraction techniques could lead to the

use of smaller samples thus allowing detailed 3D (water)

profiles to be generated too.

* As an extra bonus, the new extraction system developed

in this study was found to be applicable to other materials
besides speleathems; namely to various types of.hydrothermal

and hydrous minerals.

’



CHAPTER 2
- EXPERIMENTAL METHODS

2.1 Dating of Speleothems

2.1.1 Introduction ' o ‘ ' .5

A number of(jpproachés 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'ﬁere acquiréd using uranium series_dqting, it is
beyond thé écope of this work to go into thé more or less
esoteric methods or approaches other than to mention them
out of intérest with appropriate bibliography. They fall
. into two cat@g;ries, those employing decay, schemes and those

utilizing cor{elative and/or extrapolative criteria. These
follow respecélvely: | ' '

i)-ﬁlectron Spin Resonance (Karakastonoglou, 1981),
'%c dating (Hendy, 1969), fission track (Truscott and
Schwarcz, 1978), and “!Ca (cosmic rays on)travertines,

' Raisbeck and Yiou, 1979). '

ii) Growth band counting (Broecker and Olsen, 1960),
cave'gtrafigraphy {(Waltham, 1970), d;positian rates of modern
deposits (Hendy and Wilson, 1968), And matching\of paleo- ,;)

magnetic and stable isotope profiles (Laﬁham et /al., 1979

T
~

and Harmon, 1975 respectively).

=



Figure 2.1 Eecay 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 déting,'there
hasrbeen_a number of contributions: Sghwarcz @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 relevant daughter products, 2°°Th and 2?%!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 thé growing speleothem.
After a time t , %3%%Th and 2?%!pa dccumulate and may be used
in conjﬁnction with in situ uranium nuclides to détermine
the time elapsed since precipitation, providing that these
dauéhters have not yet grown into equilibrium with their
parent uranium isotopes. ' Thus, for a speleothem initially
containing no 2?°Th, after time t:

b}
) >

230 _a—A230t .
Thy _ 1l-e "7°° "~ + (—r230y.3- 1 ) - A

23uy "t (ZS“U/?an)t Azao-Az3y (23“0/233U)t




¢

Figure 2,2

a) Isochron plot of ?*“U/23%y ana 23°rh/23%y
ratios. Isochrons are in years.
b) Isochron plot of ?°“U/22%y and 2?3'pa/?3%Th

ratios. Isochrons are in years.

Pashed lines show.a typical chance in nuclide

ratios as age increases, with ap initial

2

238

34U/ U ratio of 2.
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where A = (:}\—e'““""‘“‘*)t) ...................... e (2.1)

L]

(see also Figure.2.2a) and likewise if no 2%'Pa is present

initially then:

where 23°Th and ?°!Pa are the daughter products of 2**U and

235y respectively; and 2%"'U the daughter product of 233y

‘(iéotope abundances are in activity units). .Az234, Az231, and
‘ .
‘230 are the decay constants for ?°*u, 2?3!pa, and 2°°th

respectiveiy. The half lives for 23°Th and 2%!Pa are 75.2 ka

and 32.5 ka respectiyely\qnd.the activity ratio for 23%uy??fy

- is generally greater than one due to preférential leaching

»

of the light isotope from damaged lattice sites during the

-

initial dissolutidn of bedrock (Gascoyne, 1979).

™~ Equations 2.1 and 2.2 are combined to give:

t2'pa = 1-er231t e resianeee erveeeae(2.3)
23 0qp 21,7 (l_e-t\zaot) + B < .
23y . _ _
where B = v _ 1)-...&3&1__ - (1-e (L2390 lzau)t)}
238y Az230-Az234 ' -
\

where 21.7 is the activity ratio of ?3*%u/?%*%y. 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 witﬁout the
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addition of a radiocactive-tracer since the ratio of
227Th/?%%Th can be determined directly and 2277Th is in

o
equilibrium with ?°'Pa. However, 2°“U/23°Qy must be determined

Y_
independently.

As mentioned, in practice'some detrital 2?°Th may be -
carried into the system. Measurement of 23°Th/2l—”Th allows
fof corrections to be made as 23%Th is eﬁtirel@ a detritally
derived componént. 'Too much detrital thorium ié,howeverp
undesir‘able when one ponsideés that typigal uranium |
concentrations in speleothems fall in the range 0.1 tq 2 ppm
an? uncertainty in the 23°th c?ncenfration leads to la}ger
systematic errors. .

The decay .of %3"“U excess into éeéular equilibrium
with ??°U unfortunately cannot be_used because of the
uncertainty of initial 22%0/2%%U in freshwater systems. This
is regretable because éates back to 1.5 Ma coﬁld be obtained,
.in princiPle. A means of getting around the problems of
initial ratios was cdncéived by Thompson et al. (i975) for
samples whose age range fell on either side of the 23:Pa/uf’Th
limit of 350 ka and using ‘initial ratios determined from the
datable portion of the sample: -Unfértuqately, 23%u/23%y ratios
fluctuate too much in time and space forithis.approadh to be
tenable (Thompsonlet‘al., 1975a). An alternative approach A
suggested by H.P. Schwarcz is to leédh 23%y, dérived from in
situ 2°°%y, from damaged lattice sites in hope that authigenic

23%y is more retentive; but the effectiyeness 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 HNO3 along with the tracer containing
an equilibrium mixture of 272y and 22°Th. Uranium and thorium
are‘coprecinitated on Fe(OH)3, separated by ion exchange resins
and Fhen plated out by evaporation of a solution of TTA on a
steel disc. Their  alpha activities aré_counted on silicon'

. ' LY .
barrier'detectors and yields“determiﬁeﬁ3by isotope dilution
me thods. |

2.2 Stable Isotope Analyses

2.2.1 Preparation of Samples

Isotope measurements were either made on samples ef
water or celcite. Bulk water samples needed no prior prep:
aration since concentrations of dissolved salts were not
sufficiently high to warrant purificatipn.

Speleothem samples were generally sectioned axially .
to reveal growth bands and then sketched or photocopied
Powdgrs for oxygen and carbon analy51s were obtalned by
drllllng after the speleothem axis had been located and well
delineated growth bands selected (see Figure 5.3). Drilling
d: 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 OC; see section 2.2.2). Samples for

water extraction, on the other>;aﬁd, were cut from a 0.5 to
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1 cm thick slice taken parallel to the axis. Cubes or similar
shapes typicallf from 0.2 to Ohﬁ g in weight were then cut

from the same places as the powders had been obtained, us;ng

a dlamond band saw. The band saw designed to cut around
corners,could be used to follow gfowth\}ayers of quite complex .
shape (see Figure 4.1, for example).

| 2.2.2 Oxygen and Carbon from Calcite

Two mefhods were adopted for measuring these isotopeé
in calcite’ involving the release of CO, on reaction with
'100% orthophosphofic acid at a given temperature. The first
method requires about 25 mg of sample powder and reaction at’
259 in an evacuated flask for 12 hours. The gas generated
.is dried via three passés through a CCl4/CHC13/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 SOOC. Successive. )
.aliquots of sample powder are reécted 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 ig
delivered from an*intérnal reservoir. 'Drying of the sample
gas is done via one pass through the cold trap en route to |
"the mass specﬁrometer (after Shackietén, 1979): Tbis
latter method‘requires some caution since calcites of radically
differing isotopic composition, run one after the other, can

be subject to some memory effect. co, liberated from.the
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50°¢ reaction is 0.98% lighter in !°%0 than that from the 25°
reaction. Reaction temperatures are maintained to bettef
than +0. 5 °c. All results quoted are expressed with respect

to VSMOW and PDB standards\fg;;oxygen and carbon respectively

(section 2.3).

2.2.3 Oxygen- and Hydrogen from Bulk Water Samples

2.2.3.1 Oxygen

Oxygen isotope ratios of meteoric pPrecipitation, cave

seepage, and soil waters (designated 'bulk samples ) were
determined on CO, equilibrated with 2 ml of sample at 25 c.
A drop of concentrated 32304 was added to enhance the
'equilibration process (after Epstein and Mayeda,1953).

. The procedure adonted in this study was slightly
modified from the above methods of Epstein .and Mayeda in that.
‘all the C02 was removed from above the (frozen) water sample
and taken via a spiral trap (CCl4/CHC13/dry ice.slush) into
the mass.spectrometer for analy51s folloWing 24 hours of k\ )
J’Elllbratlon in an agitated water bath. Such streamlining
of procedure cut out the’ timewconsuming operation of' freezing
all the CO2 sample into a storage vessel from the reaction
.flask Precision dld not seem to be. measurably affected. '
Agitation of the water bath speeded. up the equilibration
- reaction but samples removed after 12 hours were found td be
up to 1% lighter than those removed after 24 hours when the -
reaction had gone to completion. Each batch "of 15 samples

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

LI
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‘conversion to VSMOW calculated according to the procedure

described by Schwarcz (1971) with'mpaifications by Knyf(1980).

2.2.3.2'defogen

i Water was reacted with depleted uranium in vacuo at
800°C following the method of Bigeleisen et al. (19525.
Large quantities of standard reservoir hydrogen released from
DTAP '78 and SWISS/DEEP"79 wae generated using the design of
line descriﬁed by these workers. However,‘to improte the
speea of analyses and reduce sSample siee, an on-line system
was built (F;gure 2.4). Here, a water sample is injected ’
into the system via a microlitre syringe atd 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 l;berated Hy fills the
system, including bulb X and is allowed to leak directiy

through to the mass spectrometer via VX3, VX, and Nl. No
attempt is made to collect the ges (normally,.Toepler punips,
freezing on activated charcoal (Thompson, 1973) or forming

E hydrides (Friedman and-Hardgagtie, 1970) would be used to do
thié).. A furtherfadvantaéento the speed of aealyses is that
yields can be monitored on the mass spectrometer®and

‘ﬁoﬁp 1etion of reaction observed. Water was found to be
completely converteq, followinéecaifful cleaning and packing
of the uranium, to 0204 and Hz.and no water was observed to'f

pass into the mass spectrometer. Five minutes is generally

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

TE M e e e
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-
wherever wéter must pass through the system, V6 stopcocks are
employed, and no heating of water carrying conduits is
applied. Detailed'bperation p;bcedures and calculation of D
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 spel;othems. The first has heen
described by Harmon et al. (1979) in whioch the sample is
crushed and heated to 180°C in an evacuated, degassed stainless
steel tube. The liberated water vapouf is then frozen down
into a pyrex finggr with liquid nitrogen (Figure 2.3).

an élternative method has been developed.in which

' ——
water is released by heating (Yonge, 1981 and appendix II).
As yet, only‘hydrogen has been measured byrthis technique.
Oxygen analyses of the water.may not be possible because
there may Jbe isétopic exchange with calcite and 002 oxygen
at the elevated temperatures used (850°C). Nevertheless, it
is pe?haps.worth investigating because of the higher yields
and precision fgsu;ting from the mode of extraction -(sections
2.4 and 4.4.3.

Saméles are cut E;bm speleothems of a size such that
they ma? cogtain'l tobé ul of water. 'Ciearly, initial tests
are required to'estaplish this ﬁut the fanéé'éxtends 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
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usually at 850°C, such that complete calcining takes place.
.Both water andg CO2 are then frozen onto a spiral trap T2 at
ligquid nitrogen temperatures (Figure 2.4). The furnace is
closed off when this is finished (% hour is usually allowed)
and liquid nitrogen replaced by a dry lce/methanol mixture
whlch holds the water but releases the CO to the vacuum
pump R;. Eventually, the water can be transferred to the
U-tube and handled in the usual way for 3§D ana;ysis ksection
©2.2.3.2). It should be mentioned, in passing, that several
other methods of Qecrepitation were tried with a considerable
lack of successg Thus, for exa@ple, pumping the sample
COZ/H 0 mixture through the spiral trap directly at dry ice
temperatures results in the lighter isotopic fraction ofl
water being carried away to the pumps by the copious
quantities of CO2 produced. Replacement of the spirel 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 C02/H20 mixture, .
also results in a similar loss of water. Another technique
was to allow the sample mixture to pass throuéh the uranium

furnace and freezing the CO down themsgfter. Unfortunately,

2
hydrogen condenses on the frozen co, leavrng the residual
hydrogen ﬁsotopically light.

The method of total freezing of the COZ/HZO mixture
with liquid nitrogen in a spiral trap (closed to the pumpsf

and subsequent release of coz, although taking some half an

' .



' Figuré 2.4 System fgi/ﬁxtraétion/collection of water from

samples and its subsequent conversion to

e hydrogen for mass spectrometer analysis.
. V = valves, V6 = 6mm bore valves, |
fP = pumping line,~ E = extraction line
. X = sample line, S;? standard line f
T = cold trap, B = Pirani pressure gauge

N1l = 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 éD'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

Sincé water extracted from speleothems by crushiﬁg is
aquired in small quantities (0. to 0.0l wt%), oxygen is
reléased.with BrF5 and subsequently converted to CO2 by
reaction with hot carbon at 1100°. (0'Neil and ﬁpstein, 1973).
A detailed procedure has been written up by Yamamoto (1980)

and the results quoted in appendix IV are taken from this

ﬁx\\%#_g,//éggzzzgation too. ' -

2,3 Standards
A summary of the standards relevant to the present

study is included in table 2.1. The internstional primary
F

standard for reporting 6%C and §'°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 jin current usage at
> .

-

the McMaster laboratory: GCS (a marble from the Grenville
Province) qnd Nﬁé 20' (a sample of finely ground Solenhofen i
Limestone). The fdrmer has been.ﬁsed throughout this work.
o . All values for &§'%0 éhd 6D from water samples are
quoted with respect to VSMOW. However, a number of otﬁér
IAEA standards were used to determine mass spectrometer

—

corrections and calibrate laboratory working standard
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hydrogen samples (see next section). These inclede NBS1,
NBS1lA, and SLAP (Gonfantini, 1978). H, working standards
were‘made up from D{gp '78 and SWISS/DEEP '79. The former
was used where grotndwaters were being measureﬁ, and the
latter as a standard for Antarctic ice. DTAP '78 and VSMOW
were used as dally working standards .for groundwaters |

whereas SLAP was used for the ice core. _ '

2.4 Mass Spectrometry

»
2.4.1 602D Instrument for §'3C and 6!%0

The Micromass 602D has been specifically designed for
stable isotope analysis. It is oné of a family of Micromaes
6 spectrometers, ell 6f'whrch are 90° sector, magnetic
instruments of 6_cm radius. Ithas two thin bucket Faraday
collectors coupled to a ratio recording output stage and a
comparison of aﬂ unknown ‘gas to the standard may be made via
.switching.solenoid-valves. As such, the construction is
basically of the Nief-McKinney type (VG Micromass manual and
McKinney et al.’, 1950).

The insrﬁment'can.be tuned to '°N and %S although
its major use ts in the analysis of co, where enrichment of
13¢ and 1?6 are measured. The 602D is designed to run in
the dynamic mode where the geses for comparison are bled
from caplllary leaks and are ;iternately admltted to the
mass spectrometer source. Stable gas flow is achleved by
pumping the gas stream not being analysed with a phenol-

-

-ether pump. .The resulting ion beams are individually
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amplified and sent to a ratio inteérator uhit where the
minor/major peak ratios are displayed and printed out.
Subsequent §'’C and §'%°0 values are calculated following

the procedure of Schwarcs (1971). which takes into account
isotope abundance effects. Machine corrections such as‘
tailiﬁg, discrimination, and valve mixing were foci? to be
so small as to be considered negligiple ; their Correction
factors Seing in the order of 1 part in 105.\ Detailed

procedures for calculation are from Schwarcz (1971) with

modifications by Knyf (1980).

2.4.2 The D/B Mass‘Spectr?meter

2.4.2.1 Description

Since this instrument is both 'home made' and
responsible for all the §D data presented-lh this disgﬁréation,
it will be described in some detail. The mass spectrometer
was de31gned by C. E Rees of‘éhe Chemistry Dept., McMaster
University in 1973 and it was partly constructed at that

“\_“fimef Unfortunatez;: it fell'victim'ic lack of fﬁnding and
remalned untouched until 1977 when R. Bowins commenced

' design and construction of the ratio integrator unit and

df\hLBEher components, described later, became available. At this
point the author took over.

The instrument is a 90° sector type, of 6 cm radius.
H2 gas is ¥nized byJeleccron bombardment and accelerated at

1845 V through a fixed magnetic field to two Faraday

(Eci;ectors. 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
Philprick electrometer amplifiers. Voltages from the
amplifiers are converted to frequency pulses. 106 of such
pulses from each collector are counted on a time base. The
ratio of the times (minor/majdr) 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'iﬁ{et system of the instrument is a
conventional Nier type (Ha&don and Inghram, 1954 and Yoﬂge,
1976) set uﬁ for dynamic gas flow. Pumping, achieving
miniﬁumnéréssures of lO-8 torr, is stabilized by an Edwards
bhenbl—ether Diffstak pump and Sargent-Welch Directorr 50%s
rotary pump. The reliability of the former wés exemplary,

™

whilst the latter leaves much to be desired. The emission

re;ulator and focussing unit'were bui££ following the design
of Beaver (1974) and an accelerating vo}tage is provided by
& Fluke 415B éupply: Mass,spectromefer p}essure5<are '

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

of the mass, spectrometerinletszstenzisseen in Figure 2.4 and

funning characteristics in appendix II. !

2.4.2.2 Operation - \

Hydrogen generated from the uranium furnace filig
the bulb X (Figure 2.4). Similarly, the bulb S is filled
with an.aliquot f;om one of the two reservoirs (light or‘
Reavy) depending on the isotopic composition of the unknown

gas. Hg from bulbs X' and S' is raised up into X and S

-

1
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respectively by applying air pressure té X' and S' via a
system of Fairchild regulators fed from a Wall,comprésseé

air supply. The fine tuning of the respeétive 2 1lb/sq. ins.
regulatoré‘easii§d5rings pressures of X and S.within 1% of ~-
one another thus ensuring the production of H; to be the same
for both gases (Beavér,.1974)J Each gas is then bled via

60 cm crimped capilliaries to solencid switchég which admit
each gas (standard and unknown) in turn, vié a Nupro‘valve,
into the mass spectwometer. In practice, priof knowledge of
sample size meant that very 1i§tle movement of the Hg was -
necessary to equalize pressures. Pressure equalization -is
achieved by monitoring the mass 2 peak , and ﬁith this done,
the computér facility can be brought into play Mith the &
aépropriate corrections typed in (described next) and data
collection initiated. See appendix I} for a more detailed

account of the above. “ ' .

2.4.2.3 Corrections

In the follqyiﬁg discussion, possib%e corrections to
the raw 6D data are considered and their application explained.
Possible corfectiops are:

i) Solencid Valve mixing;

ii) Tail effects;

®
iii) Fractionation of reservoir standard with time

(in bulb S); : ' .

iv) Periodic standard reservoir corrections;

+
3

v) H
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Valve mixing: this'éfféqt 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. -

Tall effects: -although the mass 2 beam 1s typically

3.5 X 103 greater than mass 3,—the resolution at
these low mass numbers 1s so great (%m) that mass

-

3 1s not effected by mass 2 talling.
Fractionation of reservolr standard with time
dur;ng a run: this was determlined to be 0.08%0/min.
when the capiliiaries were crimpéd such that PH2

dropped to 60% of dlameter. More crimping

".would have resulted in an unaccpetable loss of

sensiﬁivity; thefefore,.a compromise was
achieved. Howevery aliquots of the QE;;aZrd gas
were changed always»within % hour of use.” The
maximum corpection was then 2. 4%, aﬁd'the
residence ﬁime of the gas could be introduced
into the computer program at the beginning of

v

each run. While crimping was Bndertaken, null

v o ogas determinations were performed until no

\

iv)

. - ' . &
\\_///T—ﬁﬁ\\$ | - | |

differences between X and S were obsermed:,

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

_the iéotopic composition of the working standard and

H§ contributions. The SDk(reservoir-VSMOW) was . .

updated as experiments progressed although, in general,

only small changes in the fiqal D were made (see

appendix II). | o

v) H; correction; H; ions are genetated'through
collisions between HZ‘ions and neutral h&drqgen
molecules in tpe source‘(Friedman, 1953). Since
the metastable,H; ion can survive.longienough to
be collected at the mass 3 Faraday cup, it is a
source of interferénéé.{zfpe first step ig to
reduce its contribution to the M/e = 3 itn'beam B
to a minimum; less than 5%'i; somewhat arbitrarily-
taken as being desirable by most workers in the
field-(O'Neil? 1978). As the conéé;tration of_H;

:is directiy proportional to pressﬁre'at low .

prestures‘(Friedman,_1953), there is a ttade—oft‘

-

between sensitivity and H; contributiot; The H;
contribution was initially lowered by both drilling
a matrix of holes in the case to allow faster
pumping ?way of Hz, ;nd applying strong-soqrce
magnets so that a 1oﬁering.of pressﬁre in thg_ﬁgse .
was offset by a rise in the ionization efficiency.

Comparatively high accelerated voltage combined

glectiiijwijigs to draw ions out
. . [ -
. l . # S "

w1th a repelle
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of the source quickly thus reducing Hg‘genereting collisions.
The second step is to determine what the magnitude of the

eontribution of H; is and to what extent it changes with time.

Although isotope Eatios can i)e extrapolated baac to zero

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

., is not very accurate gecause of non-linearity gue to noise

et pressures close to zero. A more desirable me thod involves-

the use of interlaboratory standards in which measured 6D's

are compared to the independently ¢alibrated values_and an

H-; correction is obtained from this comparisen. T It is

calculated as follows:

_The measured mass 3/ mass 2 = R_ = (HD + Hy) (24)
| H, ‘ :
v
whereas the t atio = R_ = HD
"
/ . . = {lfHDJ“H;’ - H3l . (2.5)
. C . H.,

2 o

Y
and since the pressures are kept equal, the H3 value remains

the same in all cases.. N,

Two J.nterlaboratory standards were used, VSMOW and
S'LAP, to establish -the H3 correcta.on because they represented
the full’ range of 6D values encountered NBS1A was used as
an J.ntermedlate to check the H3 value. |

{ -



Thus:

Rt(SLAP)

5 (SLAP) = {( ) - 1}+10° = 428 ..nnnn.... (2.6)

D
VSMOW R, (VSMOW)

(Gonfantini, 1978)

Combining equations 2.4 and 2.5¢°

-

R=R_~-H
£ Ro " H3 T S S

Hy
Equations 2.6 and 2.7 combine to give:

~

H, {1000°R_(SLAP) = 572+R_{VSMOW)}
. ) —_ = H = - ...-..'(2.9)
L H, - 428

X

.\. N
. . . }
Since D(SLAP) and D(VSMOW), from which R _(SLAP) and R_(VSMOW)
are taken, are determined with respect to_Rm(reservoir) then
the two values must be normalized to the single mean

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

he computer program in appendix II where it corrects ratios

./
agcording to equation 2.7. The correction is normally
/’\;grw n 4 to 5% for a running pressure of,10"7 Torr (measured

. P -
at the diffusMn pump) and a P 4quivalent to 8 X 10 9 morr

H2
and does not seem to chahge 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 H,-standards were generated from DTAP'78 and
SWISS/DEEP'79 for analysis of groundwaters and Antarctic ice

respectively, -.
o T -

2.5 Precision and Accuracy

All & values given in this work are related to VSMOW
(6D and 6'°0) or PDB (6!3C) standards (section 2.3). Table
. 2.2 depicts systematic errprs associated with the various
isotopic methods.
Errors associated with oxygen analyses on bulk water
v samples and hydrogen analyses on all water samples were
determined during this study and are discussed in a little.
more detail. The error calculated forﬂﬁrao of bulk water
samples is based on all the DTAP'78 standers run and
represents an overall error including that due to the
temperature of the water equ111brat10n 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 C02-sample dzo equilibration and the coﬁposition
and .volume of the CO, introduced taken 1n;o account. With_
thlS and- determlnatlons of DTAP'78 made on the BrF, line,
the accpracy of the methed_is’reasonably assured (Table 2.2).
: The errQrs of &D ana%yses/of water have been established

with a number of interlaboratory standards (Table 2.2) and

it too represents an overall error. Because standards can be

B e

oemeea adaa . —_—
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" Table 2.2 Precision (at lg) of replicate analyses of standards

and samples (data

from appendices).

a) Analyses of standards (injection of water sample into an on-

line uranium furnace).’

Water No, .analyses 18. + period of
Standards 8 b SomBi ~ (8 SDguo + (% analysis
>
VSMOW - 32 - - 0.0 2.4  .1/79-9/80
- 2 - - 0.0 1.1  9/80-10/81
SLAP - 10 - - -429.1 2.4 9/80-10/81
‘NBS1A - 11 - - -180.9 3.0 . 1/79-9/80
3 - 6 -~ - -1B1.7.1.1  9/80-11/80
DTAP'78 . 34 5 -7.35 0.30 -51.7 1.1  5/81-5/8l

g

b} Replicate analyses of the carbonate standard and waters

NEBOAnal seg

& kk

Ckkkk . ¢
See Appendix V.

Reaction of water witl BrF

2
5

- Sample . 6D + SJ_'BO +{D (%) Exp. Method (§D)
. ' : O .
Carﬁﬁ?fﬁf std. 232 0.10 » H,PO, at 50°C
’ * * * = *
All H,O stds. - 32 64/42° 0.2/0.3  1.1/2.5 H,0 injection
Fluid Inclusions -, .26 “xkkk 1.8 .Decrepitation
in calcite 23 19 0.83 . 8.3 Crushing
) dk kK )
Fluid Inclusions - 4 pairs - 1.3 Decrepitation
in other minerals : ~
' : *k k& S )
Hydrous Mimerals -~ - 0.9 Decrepitation
in granite ' :
- L]
* From 1/79-~9/ 80 ,
*k ;
Equilibration of sample with CO, -at 25%

g
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analysed from time to time, and used to adjust measured SD
values, all errors in standars can be corrected. Waters
from speleothems, on thenother hénd, present a problem be-
caﬁse no two samples are know a prioril to have identical'
6D values. Analyses of water of growth layers from equil-
1ibrium deposits give.surprisinély good replication by
decrepitation but not so good by crushing, as shown in Table
2.2b. The accuracy of these determinations 1s quite another
matter, ilnasmuch as no standard fluid inclusions exist.
Seepage watefs coexisting with modern speleothems do nof
possess the same 6D*s as the speleothems and ;o precisian

of replication and yleld are the only guide. This point

is discussed further in Chapter 4.
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CHAPTER 3

MEfEORIC 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 gegeral equivalence to
isotope ratios of meteoric precipitation to cave seepage water
has been noted by Schwarcz et al. (19765, Harmon (5579) and
Duplessy et ai. (1971) for North American and Western é%ropean
sites. The nature of this equivalence is that preqibitatioﬁ
and seepage water in a given area are.not only isotopically
concordant with the same meteoric water line but also fall
génerally on the same part of the line (see Fig.lfz).

However, these studies only partly answer thqi&ﬁesﬁion as to
whether or not cave seepage water varies isotopically . through-
out the year in response to highly variable isotope ratioé in
meteorié precipitétionﬂ This- is an impo;taﬁ£ consideration
for fluid inclusion studies because if calcite is precipitated

at certain times of the yetar, the 6!°0 (and 6D) of fluid

inclusions, and concomi tantly, the 6'°0 of calcite may record ™

&

a seasonfal biag* say, towards summer isotopig ratios. Should

v
this occur, it wouldgkot affect isotopic temperatures because
f . r ) ' )

of the following argument:

. At any given site sufficiently deep within a cave, tenmperatures

- \ =

~
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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,
‘1sotope partitioning is a function of temperature regardless
of the source of water. It is assumed here that §'°%0 can be
inferred from 6D of the inclusion water anﬂ-temperature cal-.
culated from Equatlon 1.7. 1

A serious flaw in this line of reasoning could arise
in assuming that inclusion water represents the solution
which generated the surronnding calcite. The trapped water
may have indeed exchanged with the caf; drip water throughout
the c;;;se of a yeérﬁor more, and as sych, Be whol ly ¢r
partly homogenized towards mean annuglncompositions; _Bhoulad
this be the case. then the heavier summef isotopjc ratjos of
calcite yould lead to temperatures_that were too low.
Conversely, if winter calcite precipitation dominated,‘tempw
eratures would be too high. .

'‘Paleoclimatic interpretation based on §!%0 of c&lci;g
alone (Chapter 1.2) might also be affected by seasbnal
varlatlon although if seasonal biases are malntalned over
extended perlods when secular variations occur, it would not
matter. Should the seasonal periods of preferential deposition
. '
.alter in length with time then the tendency towafds smoothing
out of secular variations would result.

6D of fluid inclusions alone, should these record the

same seasonal uarié%ion, 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‘by kinetic
fractionation. 1In fact, where rapid outgassing of CO2 in a
cave atmoshere of 100% humidity is thé mechanism of depoéition,
hydrogen iéotope ratios would not be affected at all. This ~
poin% is taken further in Chépter 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 60 = 10),
they give inferred values of §'%0 for fluid inclusions as.

.—8.9 t 0.2% while summerwmeteqric precipitation averages to
-9.1 ¢ 1.6%o. A criticism of thgir conclusion can be made
because winter precipitation lie% to the left of Ehe meteoric
watef line (Fig. 1.1) leading to the-possibility of the line
shiftingﬂéuring the winter peézod. In this ca;e, new oxygen
values can be inferred from the §D data which would compare
favourably with the average winter precipitation values of
-10.3 + 1.0%e.  If the modérn cave temperaturé is used with
the oxygen isotope data from calcite to calculate seepage
water oxygen yalues from Equation 1.7 and-pIOtting these with
SD‘from the fluid inclusions, the Craig-Dansgaard line is"
implied. However, using this line, isotopic temperiﬁureé.

range from 5.4 to 14.1 ¢ which does not make the afgument for

summer calcite precipitation very compelling. Nevertheless,



two fluid inclusion analyses of modern calcite from Cold
Water Cave, Iowa, gave 6D = —55.6%. against summer seepage
values of -52,2%,- (Harmon and Schwarcz; 1981). .Temperatures
calculated basedvon the fluid inclusion-calcite pairs and the
me£eoric water line (dé = 10) are 9q0°C against 8.8°C for
measured cave temperatures. .Furthermore, in excess of forty
soda straw calcite~summer seepage oxygen isotope‘pairs.from.
five North American siteé, including Bermuda,'yielded reason-
able cave temperatures. It should be stressed that oxygen
1sot§be ratlos,from Seepage water were measured dlrectly
Whllst the work of Harmon and Schwarcz (1981) does not contra-
dict the supposition of preferegklal summer calcite dep051tlon,
no winter collections of seepage water were made and it is
theféfore not known whether the seepage wapgr in all these
cases changes its isotopic'gignatuie during the wintér or ndt.
Ambiguity éxists as to the presence of seasonal
isotopic Variatiops 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 detalled
water studies. Description of thls work ¥ollows.

3.1.2 Field Program

Three sites were studied in detail: Tumbling Creek
- Cave, Mlssourl (soil samples were taken in addition to meteoric
prec1p1tatlon), Indlan Echo Caverns, Pennsylvania,. and v

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—ﬁorman Cave, W. Va.
Marengo Caverns, Indiana, Wind Cave, South Dakota, McFail's
Cave, ﬁew York, various caves'in Alabama, Cumberland Caverns,
Tennessee, various caves on Vancouver Island and a cave in
" South Georgia (appendix III).

In all'?ases, except  for some samples from Alahamé
and Vancouver Islénd, 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 waterf
one containeli in a plastic bottle and_the other in glass, were
1eftvf$r eight ménths on a window sill, the p;hstic bottle water
' :hangéd }Fs hydrogen isotopic composition by -30% whereas
the glass bottle water remained the same. This is the
opposite of what might be expected from membrane diéfusion
through the plaétic container wall. An alternative explanation
could be tﬁat sunlight in tendlng to depolymerlze the plastic,
had allowed 1sotop1c exchange to occur between the walls of
the container and'Ehe water. Hydrogen in manufactured goods
might be expected to be light due to kinetic fractionation
taking place as thé\ma%erial is processedl Although the
above depicts the worst possibie storage situation, glass was
used as a cauﬁnmﬁvneasure, and in addition, bottles were
stored in fhe cave aftér sealing until final collection.
After arrival in the 1aboratofy they were stored in the
refridgerator. ’

-

Water from the three principal caves of this study was
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3

collected from a number of drip stations within each cave,
whereas other seepége water‘was obtained from milking clusters
of soda straws (in preference to taking fast dribs from a
single straw). Ih the latter case, bottles were attached
carefully to étraws as shown in éig. 3.1la and collected at
intervals ranging from two weeks to two months (see.appehdix'
III and Figures 3.2, 3.3, and 3.4). When sufficient ;ampie
had been collected, bottle caps were sealed doubly with
électricians tape._~Meteoric precipitation was collected in
the same kind of glass bott1e\>s but .some attempt was made to preve;it
evaporation during the period of collection (see Fig. 3.1b):
Rain water passes'through the funnel and pipette into the'
bottle, a further pipette allows air to pass out. lThis some- |
what perfunctory system worked well enough except the funnel 7
pipette tended to become blocked and frbsts wére unkindlto
the apparatus. Fresh Enow waé simply scooped into the bottle
and éeaied on the spot. |

Unfortunately, to obtain é complete fecord of meteoric
precipitation over the period Juné'1978 to August 1979 would
have entailed more sophisticated apparatus or zealous sur-
veillance of th; researcher, peither of which was possiﬁle.
" However, a number of studies involving tdé%l precipitation
have been undertaken by other workers and these are discussed
later on in this Chapter. 4

Soil water was taken from a depth of about 1 m

: (] ,
adjacent to the entrance shaft of Tumbling Creek Cave by

N

rd . N
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Fiqure 3.1 Cave seepage and rain water collectiqgn 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 Tumbling

Creek Cave, Mo.

Tumbling Creek Cave has been set up for scientific
pursuit . and deeignated the Ozark Upderground Laboratory by
its director Tom Aley. _The cave is in the highly disseeted,
rollin% itAs of the Western Ozarks just south of the
‘Springfiel Plateau. Topopraphic relief ranges between 150

and 300'm. Genetlcally, the area i5. lquate youth to early

" mature stage of fluvial development, orlginal plateau remalnlng

at the higher elevatlons. The hlllSldeej;mmedlately above
Tumbling Creek Cave are forested
The host rock in the cave is‘the-didovician Jefferson

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

crystalline dolomite and\3£gillaceous doloﬁite.. Exposed

outcrops show vert1ca1 solutional enlargement of fractures

I
and jOlntS. Reglonal beddlng 19=essent1a11y horizontal.

Wlthln the cave 19 llthologxc sub=-units have been xdentlfled.

dolomite, chert, shale and.sandstone, comprx51ng a thlckness
. ‘ . i

of around 15m (Thomson and Aley, 1971). Seepage sites were
) _ Py

ek

situated at about 1l0m belqw surface.

‘

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

; u

regular basis.  Because of the uﬁ&formlty gf the data,. y

(appendix III) ..no attempt was made to dlscrlmlnate between

;él;es. Insteadjan_average of all the drlpwgites_ggmpled

¢+ S . : J
- . : , i

N - .
1 - -
: » - - ®
. . A - : .
. . . . -
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has been;used te represent average recharge water. 1In

figure 3.2, the points marked "drlp"'deplct the average

‘_data of periods froméaay 154, 1978 to day 257, 1979. Soil

and precipitation points are based on single analyses.~ The

ordinate of the graph is. scaled so that Gp'end 6'%0 profiles
represent departures from the meteoric water "line (equation

1.8, d_ = 10). | , ' : -

¥ Figure 3.2 exhibits isotopic fluctuations in

groundwater and soil moisture as a response to seasonal
~varietions in meteorie brecipitation. Meteeric precipitation
is quite variable and Dansgaard (1964) describes'séverel
factors which influence this isotopic variation:

.i) Degree of evaporation from falling raindrops, a funetion
of temperature and humidity, (6's§rise with’;ncréesed-
eanoretion). | . \ ‘ .

ii) Condensation temperature (6's.fa11 with falling '
temperature).' ' .

iii) Amount of urecipitationlformed (6"s fall with increased.

rainfall). |

[

iv) | Seasoual ehift of precipitation source area.

The above factors appear u;dbe responsible for the
precipitation profile'of figure 3.2 but to uerying‘degrees.
The condensation temperature is;almost Certainly.resbonsible“
for the . January/Febr minimum (snow sample) and the
genéral swing to heav1er values in the summer months. The
-summer values may also be. 1nfluenced by fronts. derived from

T



¥

Figure 3.2 Yearly.isotopic proflles for soil and cave seepage
Y

water and meteoric prec1p1tat10n from Tumbllng Creek

Cave, Mo.
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TUMBLING CREEK CAVE, Mo (1978-1979)
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the Gulf of Mexico-as well as from evaporation of falling
raindrops occuring preférentially in the warmer_periba. The
lig?t pulse around 0c£ober may reflect the "amount effect"
following a heavy tbﬁnderstorm. April and May have the
heaviést-rainkall tThomson agd Aféy, 1971), but the amount
effect is not segé due to insufficient collection. Harmon
(1979) and Sea:ﬁf(l976) hqwever, report large negative
pulses for theée months but do not observe an amount effect.
If 1sotop1cally heavy summer samples had been affected by
evaporatlon then departures to the right of the meteorlc
water llne should be seen. The scatter of Precipitation
data about the meteoric water line (Flgure 3.5) is v
‘ suggestlve of evaporation.but tpis could be due to collection
procedures (fres? snow lies close to the line). It should
be noteqd, for,thé moment, that soil values are less
sciftered and are close to the line characteriéed by
d, = 7.8 + 1.5 and mean seepage dgfa, with very little
scatter, defines this line. .The fact that mean seepage
data also lies to éhe right of the meteo;ic water line may
be due to a net evaporation effect. This point will be
.returned to. Both.Sauzey (1974) and Dansgaard (1964) also
lrepoft scatter .of precipitétidn data aboﬁt the meteoric
water lipe.- ) ’

The soil data“is scar;e‘gue'to the budgetary

contraints on the use of Lysimeters: However, the results

are interesting and regquire some discussion. The soil
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profiles in figure 3.2 seem generally to follow those of

precipitation insofar as the data permit interpreration,
but considerable damping of the signals has taken place.
Most importantly, damping seems to be complete at the drip
sites within the cave.

Zimmerman et al. (1967) have shown that isotepic

mixing through diffusion is very rabid and fast enough to

, .

produce equilibrium at any one point in the_seil. *\ﬁi.
Re-equilibration of soil water takes place very quickly
compared to downward flow rates. For‘exaﬁple, they found
the top fe& cms of soil labelled with HTO remained as a
distinct layer for up to six monrhs after applicatien,
reflectiﬁg egtremely elow %§ﬁnward ihfiltratidn. Foster
(19?5) propdSed a similar mechanism fer recharge in chalk

in which high ié;els of thermonuclear tritium were not
reflected in theigroundwater.w qué of tritium was .
attributed to diffusion to stationary water in sma;ler“'
poreé'whilsr infiltrating water moves downward to the

water table. Sears (1976), working on 50115 in Pennsylvanla,
found recharge water to. .represent less than 1% of the total
water present. He'further reports that only a small
proportion of toral precipiﬁ%tion-reaches the water table

. T

(in this case a dolomite aquifer) by supposing that

groundwater represents a welghted avgra e of all precipitation

‘reachlng the aqulfer. If complete mixing in the 5011 b4

h
takes place; then the_groubdwater will be constant.and
-

- R e wae s
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equal to the we;ghted avérage. However, a total of 106 cm
p;ecipitation for the yéar 1973)74 gave a weighted average
heavier tﬂan that for groundwater by l.6% in Oxygen and
10%.in hydrogen. Sauzey (1974) reéérts the same effect in
111%hois and suggests the dominance ;f autumn and winter-
recharge. Sears (1976) finds that 65-70% of precipitation
is lost by evapotranspiration. Of the remaining 30-35% -
getting to the’ agquifer, most is during the cooler ﬁonths
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. bDrip sites.are observed to dry
up completely at the height of‘summer. ‘Alternatively,
transpiration may be a noh-kinefically fractionating
mechanism, _ﬁll cave seepage waters in general lie to the
right of the meteoric water line (Figure 3.6) defining a
line corr;;;;Ra}ng to do = 7.8, ?nd. ag mentioned, may be
due to a net summer eVapoéatioﬁ effect. Agaih an
alternative may be that such a line more closeiy resembles
continental conditioﬁs.in general. For example, Taglor
(1974) chqosés an intgrcept d0 =5 as.being fepresentative
of WEsterﬁ U.5.A. groundwaters. |

The observation that drip waters in this study

were seento increase in flow rate almost- concurrent

the onset gf eavy precipitation but with no isotop
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observable requires some explanation. Reeves (1979)
working on chalk aquifers proposes a piston flow mechanism
_/ih which hydrauliﬁ conductivity increases with increased
saturation of the aquifer. This mechanism could be
operating in karst terrains too. Thus, saturation of
increasingly large microfissures maywéccuf until tﬁg
vertical unsatbrated hydraulic coﬁductivity is sufficient
to match the rate of inflow. As explained, inflow water
will constantly exchange with pore water mainfaining a
composition almost identical tofadjacént pores. This
process is known as pistqﬁ displ§cepent through pores and
further explains. the coincidence of qbservea tritium
‘migration rates and poré pistonkrates (Zimmerman.eﬁ al.,
1965). However,purep&stOn flow cannot be operating and ’
must be cotbined ~ with some vertical mixing in 6rder to
smooth the isotope record observed. As cave drip rates
#ere seen to incfease with jpecreased infiltration, so
copious amountspof_calcite were precipitated around
‘sam@le containers, suggestive of resident saturated
groundwater'ﬁoving_in responée £o surface water injection.

3.1.4, Meteoric Precipitation and Seepage Water from Two

Other North American Sites . (

oy
Two éther sites weré_studied on an annuallbasis;

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

Shenandoah Caverns, Shenandoah Valléy, Va. Indian.Echo

t Caberqs are fored in the Conococheague limestona»'subgroup

| ... P
., . * "‘

\

»



of the Conestoga formation of Cam@ro-Ordoviéiaﬂ age,
situated on the eastern side of the Valiey and Ridgg‘h
structural unit. Shenandoah Caverns are formed in the.
Newmarket limestone within the Appalachian Basin and are

of Lower to Middle Ordovieian in age (Fishe; et al., 1975
land Eardléy, 1962).

The isotopic records from both areas (Figures 3@?
and 3.4) appear very similar to that of Tumbling erek Cave
(Flgure 3.2).. The essential dlfference is that both sites
tend to be 1sotop}cally llghter than Mlssqurl 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'closé
comparison to be made between the three sites. Worth
mentioﬁing,is that higher sno&ﬁalls at the-more northeriy
caves may dominate their ultimate groundwater values to a-
greater extent than at Tumbling Creek Cave.

All three drlp water 1sotop1c proflles {(Figurgs
3.2, 3.3. and 3.4} indicate a lack of seasonal varlatlon.h
None of the records appears to respond to, for example, the
very light isotopicinput in winter. Indeed, from the -
preceedipg arguments in section 3.1.3, it seems unlikely
that a seasonal variation is likely to occur. It would be
highlylspeculative to ascribe even a year to yéar variation.

However, the Missouri-data hint at this possibility with a

. L
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Figure 3.3 Yearly iéotopi‘fc' profiles for cave ‘seepage water
! 4
and meteoric precipitation from Indian Ecl';o Caverns,

Pa.
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0.5% and 5% difference in §?°0 and 6D respectively for the q\\~

summer data of 1978 and 1979." These areﬂreasonabie values
for yearly mean verietionstin precipitation at many sites
(IAEA, 1979). It is also worth remembering that 1977 was
an unusually cold winter and that the record may be
resp?nding to this. Such differences are not seen at the
other two sites whoee drip sites w§re situated at around
the “same depth (about 10m}, but without the tortuosity of
groundﬁeter flow that Tumbling Creek Cave must experience
from several thin aquitards within tﬁe ceve'e liteology.
Indian Echo lies ﬁithin flat lying, massively bedded *
limestone whereas Shenandoéh‘Faverhs are forﬁed on steeply
‘dlpplng beds both should allow a relatively more dlrect
passage of water. ‘Perhaps these lattér caves had already

LY

responded ‘to the lighter 1977 water.

W Tha~ exten51ve isotopic data (appendlx III) that
lﬂﬁd to the concluSLOn that the isotopic composxtlon
regharge water is contant_and.essenthlly equal tg the
weightj:ed mean annua:l precipitation, sraﬂds in conrrast to
the findings oflﬂarmon (1979). The Kentucky ‘cave seepage

-data from this study are varlable and- suggest a two week

" isotopic response to meteorid precipitation (§!'%0 measured

.~ n » - - L . -
only). One criticism of this work is that this conclusion
. . . LY

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

L4

. . - 4 - . s . .
‘drip sites in Gredt\Onyx Cave were 20m Below a surface that
. ' ’ » . .

admirtedly has a "thin veneer of sgil“'but these sites are

»”

-
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Figure 3.5 &' % versus 6D for soil and seepage water and

£l * . 3 3 3 ) " - []
meteoric precipitation for four, Eastern U.S. cave sites.

‘ Sinéle or filled circles are precipitaqion and double

circles are mean seepage water values (see 'Appendix

III) .

~
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at‘gyice the depth ?f‘the three eaves reportegﬂin this
study. It is tempting to conclude that Turther measurements
might have smeared ‘out isotopic trouéhe that perhaps
appeareé fortuiteuSly afte;'puises of isotopicelly ligﬁt

rainfali.t

»

3.1.5 Seepage Water from Caves in Other Areas

" 1fGne ;ecepts the tenet of 3.1.3 that the constancy
of.isotppic ratio'in'caée drip waters reflects weighted mean
precipitation over a ﬁeriod.of at least ine year, thee it
wpuiéu be generally applicable to all cave siﬁee. Figure
3.6 is a plot of all drip watef data (the mean for_, each
area; see also aPpendlx III) including the three locales
already discussed. All data lies to the rlght of the line
defined by the i’ntercept-do = 10 with the exceptlon of |
various data from Alabama. The line defined by d, = 7.8
calculated for the three oclosely séudied caves, éees not
change significantly if all (weighted) data is taken into
account exeePt valees for Wind Cave and McFail's cave. The
§1%0 values for these latter sites are difficuft to in;erpret.
The hydrogen vaiees_seemﬁto'compare favourably with expected
meteoric précifitation but.the oxygen values do not
(Friedman et al., 1964).. Failure to. fully equilggrate the
+ €0, for analysis generates more negative values (see
Chapter 2). Eve;oration leads to heavier,
values but along a slope of abeut 5 rather than 0. The (1a) ,
Merengo cavé” water, on the other hand,is displace%’aloﬁg a

»

/



Fiqure 3.6 6! % and 8D for mean cave seepage of eleven North
) 1 . ~a

American sites and one site from South Georgia. (x, y)
. N ¢
represents the number of analyses of S’SOS and 6D res-

pectively.

L3
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~ mean -annual rainfall {5 plotted against mean annual
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line of slope 4.7 which is probably dué to evaporation
fesulting from enhanced air circulation due to the
cantructiOn of a Qecond entrance to the cave.

The general trend of seepage water being slightly
heavier isotopically than meteoric precipi;ation is ‘
suggested for the majority of sites studied and the reasons
for this have been dlscussed in section 3. 1.3. There is
also geographlcal con51stency in the data, partlcularly

with regard to hydrogen measurement which plot conformably

_on the hydrogen isbg%pe contour map of Taylor (1974).

The seepage water data also permits the calculation
of d8'%0/dt (factor (ii) in section 3.1.3} for regions of
North America‘ (See Figure 3.7). Discoﬁnting the results
from Belize, the value obtained for the-remaiﬁing drip
water is 0.58 i-O.U{-'%./OC. If data from six North
American IAEA precipiégpion sites is inciﬁded this figure
fhanges by'oqu a small amount fo 0.57° + 0.05 % /°c
{(Véracruz data exluded). These Yalues are quite different
from those published by a number of workers (See Tables 3.1
and 3.2) who cite values of around 0.3% /°C for continental

’

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

latter values have been obtained guite éifferently from the

method adopted by Dansgaard {(1964) for middle to hlgh '

latitude, essentially marine, envlronments. In this case,

Cad v, , /'M. '
temperature for a number of sites, foraAwhich the value

[
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Figure 3.7 6'°% versus temperature of cave seepage water and
meteoric precipitation for 20 North American sites.

Data is weighted least squares fitted fsee alsc\ Table
3.2).
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Table 3.2 a)

!
8

a

QO of Seepage Water and Mean

*

87

Anmnual Meteoric

Precipitation for 20 N. American Sites

18

AREA STUDIED § O(% ) '~ MEAN TEMP(°C) REFERENCE
. . »

Texas - 3.4 20.0 Harmon et al., 1978 [0
West Va. - 8.0 9.5 Harmon et al., 1978 %
Iowa - - 7.8 8.8 Harmon et al., 1978 |?
Bermuda - 2.1 21.0 Harmon et al., 1978 %
Kentucky - 6.0" 13.5 Harmon et al., 1979 o
Vancouver Is. -11.0 7.0 . This study o
New York - 9.7 8.5 This study g

Pennsylvania - 7.8 11.1 This study
Virginia ' - 8.3 10.8 This study =
Missouri - 6.4 14.4 This study g
Tennessee - 6.5 14.2 This study H

Alabama - 4.7 13.7 This study

Belize*. - 3.5- 25.0 This study S

=
[ Y [y}
Chicago - 6.4 10.5 IAEA, 1979 T
Waco - 3.8 19.7 IAEA, 1979 0
Hatteras .. - 3.6 16.8 IAEA, 1979 al
Santa ‘Maria - 4.9 13.9 T IAEA,. 1979 N
" Ottawa -10.7 5.8, IAEA, 1979 g
Flagstaff - 8.6 7.6 . IAEA, 1979 i
Veracruz* - 2.7 25.1"° IAEA, 1979 =

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

b) Weighted Least Squares Fi;tinq_df Data From_a)

. 108
DATA SET dé§ o/dT * (% /°C) CORRELATION COEFFICIENT(R)
Au except *s . 0.565 * 0.054 0.93
an y 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%, /°C whereas the workers cited in Table
3.1." take spot measurements of §'%0 (precipitation) and
temperature over a given period, usually of one year, for

a single station. Plotting cave seepage water versus cave

- temperature for a number of sites is analogous to the

Dansgaard (1964) apprecach and considerably “higher figures
are obtained than.thoselseen in Table 3.1 for continental
Nortﬁ America. This has important ihplications with régard
to previously interpfeted records_from.speleothqm. Why .
this diécrepancy occurs, may be due tb the fact that the
Dansgaard (1964) approgch,_in'téking means, incorporates

a weighting factor (amount of precipitation) which-tﬁe

other method, by taking spot measurement pf temperature T

*

and precipitation does not. In fact, it would be difficult
, %
to accomplish this, particularly say, during an intense

storm where bothftempejatu:e and §'%°0 are likely to vary
considerabley (Friedﬁgn.et al., 1964). The justification
for thé eglﬁsion of Veracruz meteoric and Belize seepage
data é;gms from the observation of D;nsgaard,(lQGQ) that
high temperature low latitude';egimes are'subject to the

L]

amount effect (factor (iii), section 3.1.3) yieiding

-

isotopically lighter values than expected.’

The lower gradient of d§'°0/dt for continental - y

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 gr;dient‘of



0.70 %/ °C piblished for the middle to high latitude marine

enviromments? Which approach should be taken to calculate it?

Gray and 'I'I'lcmpson (1974) report intersite correlation of & lB 5
(cellulose) and mean annual temperature for tree rings of 0.5 %a/o C

for the Western Cordillera from the Yukon to California. Gray (1979) -
reports similar correlations for peat and acuatic .p'lants of

0.52 %/ °C from widely distriblited sites in North América. However,

] . rings from single trees from Eﬁmnton ard Fort
- PR . 18

- Vermillion give d O/ dT of 1.

9¢ which he attributes
to local ‘envirommental factars or even microclimatic effects. . -
.Epsten.n et al. (1977) question this oonclus:.on stating that kl!Etch
1sotope effects assoc:.ated with evapotransp:.ratmn frcm leavm play
a daominant role /::n determimrx;- 51 0 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 %/ °C obtained for ‘cave seepage water and pu:gcipim'ation )
(Figure 3.7 and '-I‘a'ble 3.2). -
Finally, it should be noted that Gray (1979) finds that _ -
d§/ aT at a site is always < d 6%y ar(determined between sites)
 and other data, for example (see Table 3.1), tend to confimm it. o
'I‘hequesta.onrarainswhethe:ﬁlo/drcha;gesatamte,
as it passes into periods of distinctly different clnn;te in resp_onse
to changes in the local enviromment, or a shift in geographical
. ' position? The latter possibility is nb;:e consistent with the

previous_ arguments but recourse to measurement of water in : 5

e ‘%



speleothems, assuming it to be representative of past seepage water,
should provide a convincing answer. This is discussed further in

Chapter 5.

3.2  Antarctic Ice Study

- . In Chapter 1, the work of Harmon and.Schwarcz (1981) was
reviewed. In their study, 38 out of 49 paleStemperatures fram fluid
inclustons were unacceptably low, sometimes below zero. Inasmuch as

oxygen isotope ratios had been inferred from the measurement of 5D

vaw;}gmm_limm_%lﬂ,—m—is-mgested that a

" the value of d_ may have been different in the past. By reducing d,
' to zero they found that "sensible” temperatuge resulted. The zero
.intercept was taken to be a maximum change. This parallel shift of
the meteoric water line with time is supported By the work of others. -
Epstein et al. (1970), working on Wisconsin ice from the Byrd Care,
Antarctica, published the following line: | .
 D=7.9:8%4+0 .o celererneereaennenneriens (1)
fgrcirg'théir data to lie on'a line of slope 8, yield a d£ (see
Equation 1.8) value of about 4.0 %o. Merlivat and Jouzel (1979)
derive a theoretical model vhich relates d_ to humidity over the
Oceans. A'moisture deficit of the | |

N
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Figure 3.8 6'°% and dt versus depth/age of the Dome C Antarctic

Ice core (after Lorius et al., 1980).

Y
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air oyer theyocean, equal to 10%, in comparison to 20%
for modern coﬁditions was deduced from Saharan groundwaters
older than 20ka (data of Sonntag et al., 1979). dt was
found from the Dome- C Core in East Antarctica; a record of
more than 30ka (Flgure 3.8). dt is clearly seen to change
as 6% decreases from lOka back to 30ka and varies from
present day values of around 9%, to minimum values of
about 47, .

Prior to;the work of Lorius e; al. (1580) and
without the raw data of EpsStein et al. (1970) 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

-obtalned so far are presented 1n Figure 3.9 and’ appendlx

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

for modern ice to a value (at) of about 1%, for Wisoonsin

ice is observed. The latter value is somewhat lower than
those of Lorius et al. fl980) It is worth noting that
a m;ght vary globally more smoothly than 6D or.§!%. of
ice alone 51qce it doesn't depend on temperature at the

site of precipitaﬁion, only at the source and that will

be essentially uniform whether water falls in Arctic or

~ Antarctic. ' Therefore, d, might allow more precise

correlation between ice cores. Further measu;ements

along the core should generate an interesting comparison

¢

of these two records.

]
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Fiqure 3.9

§' %0 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 preceedlng discussion, the following

observatlons can be made: e

1. &§'%0 values from modern calcite-seepage water pairs
vield temperatﬁres close to cave tempefatures.

2. Variations in the isotopic composition of meteoriq
precipitation is explainable in terms of factors
proposed by Dansgaard (1964)‘a1thou§h no "amount"
effect is observable (except for samples from

+ Belize), |

3. The isotopic variability of soil water is less than
that of preciﬁitation and is intermediate between
those of meteorlc and cave seepage water.

4, Cave Seepage water does not vary 51gn1f1cantly on a
seasonal or annual basis and its c;;stancy 1;
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 &b = 8 6'%y + 7.8. This

LY 3

‘departure from do = 10 may be due to local evaporation
dufing 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 p&ston flow mechanism

operating in the vadose zone.

>



7.

9.

10.

1l.

The isotopic ratioc 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 intersite

aependence of 6180 on mean' annual temperature.

97

The dependence of §'°0 of seepage water on temperature

frém site to site is around O.QQZQ/OC and does not
differ significahtly from the value for IAEA North
American precipitation da@a. Tﬁis g}adient is close
to those obtainged by other wofkers for tree rings,
peat and aquatic plants hit is different from the
middle to high latitude value of 0.695% /°C for
marine.stations obtained by Dansgaard (1964).
dé'%0/dT values for single sites are quite different
from the infersigg dependence and may have important
repercussions on previous interpretations 6'°%o
(calcite) records from speleothems.

Most seepage water conforms to the isqtopic contour
map published by .Taylor (1974), particularly for &D
values. |
Previously observed low fluid inclusion isotopic
temperaturés can be explained by a shift in the

meteoric water line in the past to lower intercepts

.(dt Qaldes) during glacial periods._‘Resultg from

the Antarctic ice core support the experimental and

theoretical work of others.that the line was subject
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to such a shift during the Wisconsinan Glaciation.
dt' being independent of temperature may allow a
more precise correlation between ice cores than &D

or §*% g of ice from both the Arctic and Antarctic.



CHAPTER 4

.STUDY, OF WATER IN SPELEQTHEMS

4,1 Introduction

In Chapter 1 1£ was argued that depositional temper- \
atures can,in principle, be detgfhinéd from isotopiec me;%ure-
ments of oxygen in ‘both calcite and the water foom which-thé
calcite formed. Portions of this water are trapped within
speleothems as fluid inclusions. Schwarcz et al. (1976)"
measured hydrogen’isotooo ratios of the fluid inclusions
becéuse it was suspected that the oXyéen in them could ox-'
change with the comparatifely large cailctte reservoir. Hydro—
gen isotope ratios .of the fluid inclusions can be used to
}nferwtge origingl?oxygen éomposition providing that the‘
itlusiontwaoer ig 1dentical to the seepage water that ﬁas
originally trapped. This ahd the equivalence of soepage
water to precipitation is discussed in Chapter 3.

3 . . What follows is a presentation and discussion of
fesults obtained'on water extracted from spoleothemsroy the

two methods, crushing and decrooitotion ';iscussed in Chapter
2\ The water samples obtained by both are generally isotopic-
ally\too light in oXygen and hydrogen, when oompared to accomp-

anying seepage water or with respect to the ﬂ 1eotemperatures

-® ; :
i =99- ‘
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which they yield. This, and other characteristics, suggest that
not all the water is present as trapped droplets of seepage

water.

Possible sites of hydrogen in speleothems are con-
LI - ’
sidered to be:

{) in fluid inclusions; both macro- (tear-drop shaped)
and micro'(linear, spindle-shabed),
ii) within growth layers, \
,;ii)'ét crystal terminations (as fluid inclusions},
iv) in anastamosing channels,
v} adsorbed,
vi) coordinated within the calcite crystal

lattice, ..

v ii) from hydroxyl groups,
viii) associated with organic or inorganic impurities trap-
{ .

ped in speleothems.

L]

Mobility of water in sources (1)  to (iv) and mechanisms

associated wi;h the formation of sources (v) to (viii)all could

lead to isotope effects. The following sections attempt to -

4

investigate these possible sources.-

4.21-Petrology:of'Ebeleothems

4.2.1. Speleothem Morphology
‘ A substantial and informative study has recently been
N _
made of the fabrics of stalactites, in which 174 thin sections
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¢

were examinéd (Kendall and Broughtén, 1978). Prior to thisf
6nly perfunctory studies have been undertaken with‘little
thought given to the fabrics observed (Moore and Sullivan,
1978)7 More recent work has focussed on unattached deposits
such as cave pearls (Hahne et al., 1968) and popcorn (Thraii-

kill, 1976). One Holocene stalagmite has been stu@igd in” some

-~

detail by Folk and Assereto {1976). All these more recent
studies of carbonate rock fabrics aim ét seeking éxplanations

based on complex diagenetic processes; for example, histories

|

which encompass marine and freshwater’environments. In con-

trast, speleothems are supposedly simﬁle and subject to rela-
|
. ' [ ]
tively .unchanging conditions. J
_Speleothems are almost always}composed of calcite,

which has prec1p1tated from groundwater solutlons derived. from

i

the soil zone w1thP002 values some }0-100 times that of the

. cave air. The resulting outoassing Pf'co provides the

2 .
mechanism for deposition (Pickrlettukt al.; 1976).‘ Many mor-
. !
phologfés(fan result depending on physical conditions but four
‘major typeéiwill be considered heré:

i) soda- straws are an 1n1t1a1 tubular form resulting

from dépasition at the upper surfabe of drfbs where they are
in contact with the cave roof or Zrevxously deposited calcite.
Later, ‘water may flow down the 07 gide due to some blockage and

ii) stalactites of a carrbt shape are formed (continuous

lateral migration of the drip leads to “"curtain" formations).

H

~rd
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As the drip leaves 'the roof_pendant it is still saturated:'be-
cause outgassing of C02 is Foo slow for the drip to attain
equilibrium with £he cave air_(Rocques, 19695. As the drip
splashes against the floor, subsequenf deposition may form
stalagmites or flowstone.

iii) stalagmites; ideally, flat-topped, cylindrical

. formations, The shape is indicative of the .constancy of the
growth rate, différent shapes can afise undér conditions of
varying growtb.fate (White, 1976).

iv) Flowstone may result if lateral growth from thin
water films take;_place. Gréw{h layers accumulate sub-horizon-
tally or as inclined .sheets and @ppear to bé-unrestricted in
lateral extent. |

Sfalagmites and flowstones lend themselves well to
paleocliﬁate studies aﬁd 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 pafallgi to the growth direction (Plate
4.1). Growth_léyering is discernible by zonés containing
impurities or, as discussed later; abundant fluid inclusioné

!
which record périods of slower, or cessations of, carbonate

precipitation (Pléfe 4.2).

‘The elongate crystals of calcite that radiate normally



W

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

plain light respectively. Three distinct sections are

seen:the base, fragméhts of limestone {gravel) in a

dirty‘calcitematrix is separated from upper, more mas-

sive, unit by radially oriented columnar crystals that

exteﬁd, ig some casés, fully across the unit as well as

transcending easily observable growth layers. The up-

permost portion (restricted to the left and rigﬁ£ flanks
.

of the specimen) is composed of a somewhat randomly

oriented microcrystalline mosaic. This fabric may be-

a function of a éplash effect following the éollision

of drips with the middle unit.

Growth layers appear to be sets of linear inclusions.

Field is 2 x 4 cm.
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from growth layers form the massive fabric of speleothems.
Their size ranges from a few microns to a few cm in length.
Crystals with widths less than 5um.that are markedly elongate
*«and p01nted are referred to as ac1cular whereas those with

w1dths greater than 5pm are described as columnar or palisade
after Kendall and Broughton (1978)

Coﬁ%mnar crystals are
marked by jagged boundaries with complex and irregular re-
entrants (Plate 4.3)

\

Crystals often widen at the expernse of
neighbours along parts of their length but are elsewhere en-
croached on by these same neighbours.

Crystal size is to some
extent dependent op the distance from marked growth bands in the

directlon of growth advance.

.Breaks in growth seem to afford seeding sites for sub-

o

innumerable tiny

sequent calcite precipitation and this leads to the deposition
l'- of »
growing surface.

crystallites on the speleothem's
Sy :
,’

Subsequently, irange of columnar crystal sizes typlc-

ally ef the dlmen51on‘aﬁready given, build up a calcite mosaic

that is dominated by elongate, palisade crystals having their

C-axis oriented normal to the growing'surface (Plate 4.1).
Small changes in crystal orfentation give rise to a systematic

and uniform brush extinction within colonies ¢6f approximately
homoaxial orieéntation.

-

This, w1th an apparent curvature of

cleavage, testifies’ to the lattlce deformatlon that cannot be
due to external stress.

Cleavage traces can readily be seen at



-
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Plate 4.3 View of flowstone 73107 under crossed Nicols. éolum-
nar cfystals are seen to be large (>2 cm long by‘0.2 to
1 cm wide) aféplaying characteristic jagged boundaries
and complex reentrants. Abundant fluid inclusions,
oriented pé}allél to the C-axis, linear to pulbousa
shéped; less than  100um long, are seen throughout the
fabric. Some porosity is gpparent too but randomly dis-
“tributed and gene;all§ of a larger size than the bulbous
inclusions. |

Plate 4.4 View of fléwstone 76010 under crossed Nicols.. Rhom-
bohearal cleavage traces‘with slight curvature are
noted here. :More detail is given opposite Plate 4.11

9

with the enla;ged view:
. :

Fields are 2 x 4 cm.
. L)
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riohmbohedral angles to the growth bands (Plate ?.4).

SEM micrographs (Plate 4.5) indicate that so-called
singléVCOlumnar gryﬁtai%'éféf in fact, crystal aggregates of
numérous paraliel brystallites of shape depicted in Figure 4.1.
Thése are discussed next with respect to“the origin of séeleo—
theﬁ 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-
ricb,"length-slow calcite mosaic. fhese auvthors ascribe its
origin toiaggrading neomorphism of an earlier acicular aragonite.

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

Pl

4.2.3. Fluid Inclusions

. -~
‘ Fluid inclusions occur in speleothems in a variety of

shapes and sizes and are inhomogeneously distributed through
them. They are gradational_in form between elipsoidal, sausage

or tear-drop shapes and linear, spindle shapes. The former var-

"iety are the largest being between 5 and 50um long and are

readilyhbﬁservable in the light'microscope (Plate 4.7). Offeq

they display growth anisotropism (as previously shown) being

R .

-

tapered towards the growth direction and may occasionally be

[ [
partially filled with water. Although they are inhomogenously
distributed, zones occur where they caq_ﬁake up aa'much as

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

and hence delineate gfowth bands. As mentioned, shape andf§

v

?
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Figure 4.1 (After Kendall and Broughton, 1978)

- a) Diagram illustrating the effect of lateral crﬁstal—
Iite growth culminating in imperfect coalescence which’
a;ipws'entrapment of water between crystallites. This
.ﬁbde of entrapment gives rise to linear inclusions.

b) Interpretation of the regular igpclusion array seen
in Plate 4.5 by a process in which crystallites pro-
‘gressively merge to form colﬁmnaf crystals. Former
positions of crystallite terminatiéns on ea;lief growth

surfaces are shown as dashed lines. Intercrystallite

, spaces (linear inclusions) are shown as solid lines.

1

R PSS
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Plate 4.5 (also Plate 1.3) Fracture surfaces of columnar cal-

cite crystals in Stalactites.

A: General S.E.M. view to show inclusion-rich layers
(scale = 20pm).

B: betﬁil 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 = 100umj. |

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

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

grgwth—surface. Triangular pores (arrowed) are inter-

preted as remnants of'formér inter-crysiallite spaces
_(scale = 10um) . . \2f

Piate 4.6 View of stalagmite 75350 reveals a length-slow mosaic
of the type described by Folk and Asseret; (1976).‘ These .
authors ascribe such an origin Fo aggrading neomorﬂ"gh

of an earlier acicular aragonite.

Field is 2 x 4 cm. .
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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 éefining crystal:faces.

' The :size range extends from a few mm in 1ength to around 10um
or ;ess and around 1lO0um down to lum or le%s iﬁ width. This
type of inclusion can be seen in the SEM micrograph (Plate 4.5)
and thin sectjion ﬁPlate 4.7). The lower limit of linear in-
clusion size“is not distinguishable with the SEM but, in thin
section in some zonés whé;e inclusions are not seeh to be
‘present, the calcite displays a éseudo—pleochroism (light-brown
to colourless) interpgfted as b?ihg due to ﬁicroinclusions
(Kendall and Broughton, 1979).‘ELinear inclusions very -
markedly delineate growth bands (Pléte 4.4) and are othe?éiség
seen as a serieé of mutual;x.interferiﬁé, spindle-shaped de-
bressions in the SEM'(Plétg 4.5). The poreélare roughly
triangular in Eross—section with concave sides and are aligned
in the direction of the crystal's c¢-axis. .fluid inclusion
density tends to correlatelwiéh £he-intensity of “milkiness"
seen in hand specimens and this islgften 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 férmation of speleothem calcite and the fluid

inclusions themselves. This is considered next.

4.2.4. The Origin of ¥luid Inclusions

Fluid inclusions occur by entrapment of water as spel-



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

o T

*

McFail's Cave, N.Y. Numbered areas indicate where
samples were removed for isotopic analysis. Clear re-
gidns indicate “the presence‘of milky-white calcite due
to dense populations of fluid inclu;ions. Spesﬁ}ed
regions are areas of clear cale&te. " The dis;ff%ution
of milky and clear calcite is}%ypical of many étalag-

mites.

L]

L

Pl
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&late 4.7 (also Plate 1.1) Detail of large thorn-shaped in-

clusions showing marked growth anisotropism and con-
etr;ctions (arrowea). Hbsé‘calcite grew towards the
.top of the phetograph (After Kendall and Broughton,
1978) . +

Plate 4.8 View of stalagmite (tep) 807CH1 under crossed Nicols.
éolumnar crystals are highly elongate (3.4 mﬁ x 0.2 mm)
and formed in a stellate array exhlhltlng brush extinc-
tlon. Growth bands are observable in the centre of the
sectlon characterised by smaller, less well orlented
crystals. In plain light, there is a marked graininess
that correspdnds to cryetal boundaries. Such observa-
tions indicate that these boundariee may contain water
although no sets of individual inclusions can be seen.
Some por051ty is seen to the right of the sectlon cor-
responding to the junctlon with another adjacent stal-
agmite. )

Field is 2 x 4 cm. , Lo

5 - ‘ . ) o 3
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eothem growth advaﬁées. However, entrapment seems to be great-
gsﬁ following times when according to Kendall and Broughton
(1978f, the rate of wéter éupply changes or ceases altogether

or when impurity absogption impedes the growth of prior'columnar
cfystéls. These aufhérs, ;5 a result of the observations des-

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

\ N . ,
o (igi}s 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

1 A

develop ass#a result of numerous small syntaxial ovengrowth
crystallites accumulating on ‘the growing surfaées. During
gfowth, partial coalescence takes place and the ;;sulé%ng
inter-ésttallite spaces‘trap water forming linear inclusions ,
(see Figure 4.1). The strongest argumeﬁk for the primary "
nature of fhe fabrics islthe'obsgrvation that celumnar ;rystalén
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 aﬂmultitude_of (crystallite)
projeciions. The density of linea; inclusions at growth hori-
zons may be due to interruptions in tﬁe degree of perfpction

of crystallite growth and hence the'reduced tendéncy fér 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 eVidencéd by the presence of fluid inclu-~

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

cross section qﬁ the 1nc1u51ons indicate the arrangement of crys-
b

3
tallites as they grew. Linear inclusion size is a function of

crystallite size whiCh, in turn, may be determinedfby the

4
thickner of water films. Large projections would disturb the

water. flow, diverting it around them, thus inhibitingltheir‘

growth. Bulbous-shaped inclusions are of a different origin

"as evidenced by the tendency of some of ‘them to be only pgr—

tially fllled (linear inclusions appear to be completely filled

in thin section) Almo;t complete or complete cessations of
water\supply and hence\episodic growth is implied.  Revitaliz-
ation of the water flow wo 1d then sea} over rugositles and air
bubbles adhering to the grOWing surface by the growing together
of adjacent columnar crystals’ of slightly different orientation.
The latter ;Lchanism would also explain the narrow1ng of the
type pf 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 dfposits they" studied. This lends weight to the supposi-
tion that visihle orowth 1ayers are usually generated. by -
changes in the rate of wate; supply rather than more catastro-

phic occurrences which bring in detrital or organic material.

Eurthefﬁore. complete dissolution of‘calcite from speleothems.
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in HCl1l results ih very little insoluble mé%erial. Thrailkill
(1976) argues against the presence of livigq bgcte;ial matter
and further remarks on the lack.of organic materiai in most
samples studiedi _However, the.role of hﬁmic and fulvic acids
may be important in determining crystal fabrics as suggeéted by
Schwarcz (1981) ané the colour.of speleothems may be éue to
organics (Gascoyne,41977)ﬁ; This subject remains .to be investi- °
gated more fuilyl

of impor{snce té fluid inclusion stable isotope studies
is the relative proportiop of inclusion types. The obse;vations
of Kendall aﬁd_Broughton (1978) suggest that liquidﬂwatgr is

et

both dispérsed throughout the columnar crysfal fabric, predom- .

.inantly in microinclusions, "and within marked growth horizons. ~.

.

4.2.5. Description of Speleothems Analysed in This Studx

4.2.5.1. Modern, Active Deposits.

Boke-Norman (ss1): A 5 cm x' 0.5 cm soda-straw taken

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

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

‘at the time of colleg}ion generating a clear, colourless cal-

o
cite. &

s n : )
Friar's Hole (SS1): A 4 cm x 0.4 cm soda-straw taken

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

\

) A . : : :
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 cm across

-
P
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the base and 1.5 cm in heiglit. The samples taken for stable
isotope analysis are from the 0.5 cm thick milky-white top
layer. The basal layers compoged of limestone gravel in a
dirty calcite matrix were avoided.

- In thin section taken at :ight—anqles to the 9rowth
layers (Plates 4.1 and 4.2), 3 distinct sections are seen. ' The X
base, fragments of limestone in a dirty calcite matrix is sep-
arated from the upper, more massive unit by an impurity layer.
qne central portion is characterized by radially oriented
columnar crystals'that very often-e;tend fully across the unit
as well as transendlng‘easily observable growth layers. fhe
uppermost portion (restricted to the left and right ends of
the spec1men) 1s composed of a somewhat randomly orlented
mlcrocrystalline mosaic. This fabric may be a function of a
splash effect following the collision of drips with the niddle
unit (seen to extend to the top of the deposit along its ax1s) “a
.Growth layers appear to be sets oﬁ linear 1nclu81ons. |

807CW3: Actively growzng nubbin from Cold Water Cave,
Iowa, (Harmon 1975), 4 cm across by 1 cm deep. The sample, .
. cut from bhe centre, was of a cle;r to brown translucent cal-

cite devoid of visible growth layers.

Wind Cave 1l: 5 cm 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 th;ck. The sample was found
dry and broken,close to other similar looking deposits that
were actively growing. |

g07CH1-1: Two actlxe v growing amalgamated stalagmites
15.5 and 8 cm high with.a basal diameter of 14 cm from-Canadian
Hole, W. Va.'ﬁYonge, 1979). This deposit ie characterized by
an unusual purity and is thus pompletely white save for a 1 cm
thick brown layer at the base. Both™S$talagmite portions are
typical.in that interior calcite is'clear‘whereas tﬁe outside
assumes a milky-white texture. The sample (1) was taken from
the axial top of the smaller stalagmite. .The junction between
the two stalagmltes is marked by a porous reglon.

" The thln sectlon (Plate 4. 8) is taken normal to the
growth layers fromrghe smaller deposit. Columnar crystals
are'highlf elongate (3.4 mm x 0.2 mm) and formed in a stellate
-arfay exhibiting brush extinction (The fprmer‘observation.is

consistent with the fibrous debris seen after the sample has.

’
*

been galcined ). Growth bands are observable in the centre of
the eectioni charecterized by smaller 1ess—well_oriented.
crystals. In plain light, there is a marked graininess that
corresponds to c¢rystal boundafles. Such observations indicate
that these boundaries may dontain water although no sets of
individual inclusions can be seen. Some por051ty is seen to
the right (towards the Junctlon of the two stalagmltes) of the

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

rotting trees in Sumidero del Llano Chiquito, SLP districg,
Mexico (Fish, 1978). The source of water re5ponsible for these
- precipitates appeared toim an jnlet in the roof of the cave.
The cave is liberally decorated. The deposit is layered, up to
a few cm 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°¢ giving it a good temperature control. It .is an impure
calcite coating a glaciated rise of cranodlorlte over an area
of several square wetres in the Bugaboo Mountains, B.C. Since
the margin of an ice field was located a few metres from the
deposittit was taken to be sub—glacially precipitated. The

formation of these interesting dep051ts has been descrlbed by
| }
Hanshaw and Hallett (1978). Growths layers are marked by
detritus and intervening calcite is buff-coloured and translu-
cent. ” ~
. b .
4.2.5.2. Ancient, Inactive Deposits (See Table 4.1)

H .
‘e 73407: Part of a massive flowstone from Government

Quarry Cave, Bermuda (Ha{gop, 1975) topped by 0.5 cm buff-
coldured tfanslucent riﬁd. Below the rind, unvarying in ap-
pearance, the speleothem is’ composed of a creamy to mllky-
white calcite with prominent sets of gfowth layers. Samples

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

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

ged boundaries and complex reentrants. Abundant fluid inclu-

- sions, oriented parallel to-the g¢-axis, linear to bulbous-

shaped, up to 100um long, are seen throughout the fabric. Some

porosity is apparent too but.fandomly distributed and of a

larger size than the bulbous inclusions or greatér than 50um.

. 75350: A 12 cm long stalagmite (in situ) from Coffee
River Cave, Jamaica (Gascoype, 1H79). The deposit is almost

pure white in apﬁearénce wh .axially. Three very notable

growth horizons contain buffl~-coloured detrital grains of fine
sand sizé d are probably hiatuses. Intervening calcite is
clear-tra ;lucent to slightly milky exégpt in the second fr®m
top . layer (0.5 to 1 cm wide) where it is milky-white and
opagque. The outermost layer is comﬁosed of a 1—2/;m,‘light
brgwn coloured, translucent rind. A'sampie was takenrffom the
second layer on the growth axis. The, thin sections (Plate 4:6)
reveal a léngth-slow*mosaic of the type deséribed by Folk and
Aésereto'(1976). Individual grd&?ﬁ layers grade ﬁéward,in
crystal size:fro% lOum'up'to 0.3.x 0=3 cm sized crystal domains.
The growth iayer51contain linegr inclusions.

77151B: %he central part of a large flowstone block
from Victoria Cave, Enélandi(Gascane, 1978} . Within thé’flow-

stone massif is a stalagmite.about 8 cm high and conipal,taper--

ing to a 1 cm diameter point composed of visibly layered milky-

. .
s
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white calcite. ‘Samples were taken from the top layer of this
stalagmite 5 cm to the right of the axis.b
The thin section (Plate 4.9) is taken ffom the position
described above. Highly elohgate columnar crystals exhibiting
brush extinction extend fairly reg;larly across ~ 0.5 cm growth
bapds. 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 aloné these
pgomingnt growth hérizogs.) Ends of columnar crystals, where
_they coinéiée with growth bands, tend to form rhombohedral
terminations. Pseudo-pleochroism ~associated with these termin-
ations may bedue to microinclusions. h
South Georgia 1: From South Géorgis, Grid Referenée:

/
535, 36W, this pure milky-white 15 cm long stalactite was grow-

ing in a cleft cave, formed in greywacke.,lThe deposit tapered
from a‘base 2 cm in diameter to a tip 0.5 cm 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 gample was removed from the tip for analysis.
797&?1:.'Actively growiﬁg stalagmite, 12 cm long by 5
cm wide, from McFails' Cave, 'N.Y. It;is_quite cylindrical .and
‘flat-topped making it ideal for study. As depictéd in Figure
4.2, the axial portion is essentlally composed of clear, slight-

ly brown ca101te except where it is -transected by quite detrit-

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



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

+

text). Highly elondate columnar crystals exhibitihg
brush‘exfinctioﬁ extend regﬁlarly across 0.5 cm growth -
bands. Crystals tend to form rhombohedral terminations.
Pseuéo—pléocroism associated with the terminations may
be dﬁe to.ﬁicroinclusiohs.

Plate 4.10 ‘View of stélagmite 797MPl (near base) under crossed
Nicols. Well defined growth layers give rise to
nucleation of randbmly oriented crystals, sometimes
microcrystalline. These resolée upwards into highly
elongate columnar cfystals exhibiting brush extinction
due to sligﬁt chéhgeé in orientation. Linear inclusions
‘are'rich in'layefs towards the top of the plate. Some
cavities are filled with sparry calfite.

Field is 2 x 4 cm.
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k white calcite. One growth band.at 3.5 cm from the top is quite
dirty,“l mm thick, and may represent an hiatus. As typical of
many stalagmites the axial core is composed of rélatively clear
calcité while the flanks of the stalagmite are composed of more
milky calcite tﬁatlgraQes into clear calcite where growth layers
turn downward (Figure 4.2). .
. A f

A thin section was taken from close to the base of the
hebosit (Plate 4.10). ngl defined growth layers give rise to
nucleation of randomly orientéd crystals, sometimés microcrys-

Falline. These resolve‘ﬁpwardé,iﬁto columnar crystals highly

elongate (3-4 mm x 0.2 mm), and exhibiting brush‘e‘:f:tinction due

td"slight changeS'in orientation as crystals build up on a curv-
ed surfdcélj»Some friéngular to’ tear-drop shaped inclusions

(0.03 mm) are apparept in. some layers whereas linear inclusions

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

[

of the section.

75125: In situ stalagmite/flowstone forming remnants

4

of a fake floor from Cascade Cave, Vancouver Island (Figure 4.3).
. - v . . r
Massive white calcite alternatipg between slightly milky to

¥
—

transparent in a 0.5 cmxgeriodicity is sandwiched between a
porous overérowth layer on top and a detrital layer beneath.

In fhin section éélumnar crystals extend through growth
.bands themselves defineé by concentrations of 10-50um liﬁear
inclusions. Columnar crystals can be quitg largé (1 cm long by

0.5 cm wide or 1afger). Growth layers exhibit small depressions

/
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[
Fiqufe 4.3 A schematic. showing the relationship between the

samples 75125 and 76013 from Cascade Cave, Vancouver
Island. Roﬁan numerals and letters refer to samples
taken for deuterium isotope analysis, otherwise in-
tegers refer té samples removed Qf'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 cm thick. (C is
o

the youngest layer, followed.by B then A). Textures identical

to 75125.

76123: In situ yellow stalagmite, 7 cm high from Cas-

cade Cave, Vancouver Island. Soméwhat like ]5125, layers
alternate on a 0.3 cm periodicity between milky to clear caif
cite. The base is marked by a compacted sandy_hofizon and
flanks are miiky. .

The thin section reyeéis columnar crystals 2 cm Iong
by 0.3 cm wide. . Bands of finé layering (20um spacing) resemble
a wood-grain texture. Very fine striations cross layers at
right-angles. The junctions of striations and layers are
markéa by dips as described in 76@10.' Margiqs of columnar
crystals often define edges of these dips. (Also seeﬁ in
76010; see Plate 4.11)

‘ 76010: Although no data is presented for this deposit
due to some early problems with experimental method,lit has
features referred to in the thin sections of sampies 75125
and 75123 and géneral features relevant to btherg. 76010 Ts
also a fléwstone deposit from Cagcade Cave,‘ﬁancouver Island

-

(Plate 4.11)%



Plate 4.11 (as in Plate 4.4) Enlarged view of 76010 under .

crosged Nicols. Lgrge columnar crystals transcend
finely resolved growth_layeré. Rhombohedrai'cleavage
with'somé curvature is -evident forming 60° and 30°
angles with thé layering. Dips are seen ih grswth
baﬁés ahd these often correspondAtq.crystal margins.
Dips occééionally-penetrége downwards via 1inea£i6ns to
cavities_containing detrital grains. Growth bands are
made up of dense linear inclusions oriented parallel

to columnar crystals. ‘”K\

Field is 2 x 4 cm.
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- _ SIIE%Z\EGrvature of cleavage is evident as described
by Kendall and Broughton {(1978) and forms rhombohgdral angles
(roughly 30° and 60°) with growth layers. Dips dre seen in
growth bandsﬁand these correspond to crystal edges. Also
noted are occasional detrital grains os thin.cavities Joined
by 1ineatioué‘to'these dips (top 1/3 of photogrgph in the mid-
.dle). Some dips in growth bands appear to be relict rhombo-
hedral (perhaps scaienohédrol in some cases) tops to coiumnar
crystals as they were buildirg upwards. Most, however, appear
to pe rounded in appearance. Dense linear inclusions mark
theoewregions and delineate-grouth horizons. _

74017: Strongly tapered, irregular stalagmite, 54 cm.
long from Coldwater Cave, Iowa (Flgure 4.4 ;ud Harmon et al.:
1979). It is ma551vely crystalline and rion-porous, well lamin-
ated with thin alternating translucent-brown to opagque whitish-
brown layers. Major growth léyers are 1 to 5Lcm thick at base
becomiug less distinct toyards the top. Minor growth layeré

are 1-3 mm thick. The deposit was in situ when collected but
e . .
covered by breakdown sldbs and the base was covered by 7 to 8

cm of ‘sediment.
11;§gz‘§Flowstone,-16 em thick from Lost Johf's Cave,
~U.K. (Waltham, 1974). Ma551vely crystalllne and porous. q!rk#—
er growth bands - are more porous, up to 0.5 cm thlck occurrlng
at 2 em 1ntervals. Texture is mllky—whlte té buff coloured
\th no clear calcite visible. Por051ty is of the form of
- . : T y

-~

L]
-’

— /

-



Figure 4.4 Schematic of the 54 cm long stalagmite 74017 from
Coldwater Cave, Towa. Femples taken for stable
isotone analysis are shown as hatched rectangles ang

lines indicate prorinert gfowth layering. y

-y
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negative érystals on a millimetre scale.

1§§g;:' Stalagmite, 83 cm long and -7 cm in diameter
from Tﬁmbiing Creek Cave, MO (see Chapter 3.1.3 for cave loca-
tion). First 22 cm of the deposit is dark brown in colour,
whereas uppeﬁ'portions are yhite; The outside 3-5 mm is defin-
ed by a calcite porcellanous rind. The remaining_interiorlis
' massively crystalline (domains are 1 to 2 cm in length) with
almost all qalcité being transparent. Large cavities are noied

in the axial portion particularly in the top 6 to 8 cm.
. =2

.4.2.5.3. Age Data~

Y

Tables 4.1 md 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 H20 from speleothems was
undertaken by Thompson (1973). Unfortunately, w;tef dontent for-.
oply some of the éamples, which were further analysed for iso-
topic composition, are descfibed. He dogs‘indicate; however,
that 5g was considered a minimum weight for D/H analysis and
explores the‘way in which water is iost frdm 10 qﬁbe-shaped

pieces of calcite of side 1.2 cm from Grapevine Cave, Va.

4 f
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Table 4.1 Age Data of Samples Studied

SAMPLE NAME

. AGE ERPOR s : .
ng*TgaganTmh (Ka)  IN AGE 'REFERENCE/REMARKS .
B.P. +/=- .
ALIQUOT .
Bone-Norman (551} M - —actively growing soda-straw
Friar's Hole (SS1) M - . -actively growing spda-straw
Mirror Lake 1 M . none -growing on gravel Jaid 1946
807CW3 M? - -actively growing pubbin grow-
L ing on post-Wisconsin sediment
Wind Cave 1 M? - -similar to actively growing
. soda-straws arowing close to it
BO7CH1 . M? - -both (amalgamated)- stalagmite
. actively growing
Llano Chiquito 1 M none -actively growing on rotting
- -wood t
/Egjaboo 1 ‘?; .M - -found close to retreated ice
. 7 margin
730:7 1< 10 -Harmon: {1975)
75350 Top . 8.7 15.0/15.1 -Gascovne (1979}
Base . 38.9  6.8/6.7 -
77151B Top . 264.5 29.1/23.1 -Gascoyne’ {1979}
Base 250.4 2B.9/23.0 ’ . .
South Georgia“l M? - -actively growing stalactite -
797MP1 Top ‘ M - -actively growing stalagmite
Base 4.6 1.4 -Gascoyne (1981} .
75125 Top (0.5Cm) 34.3_  6.6/6.3 ~Gascoyne (1980}
Top (1.5 em) 32.1 1.7
upper middle. ' 44.9 20.8/17.6
Base (1.5 cm) 43.3 3,0
Base . 52,7 6.8/6.4 . . .
75013 C 48.7 8.5/8.2° -Gascoyne (1980)
A ) 60.8 10.6/9.8
75123 Top . 50.5 6.9/6.5 <Gascoyne {1980}
Base 56.1 3.8/3.7 v
76010 55.5, 8.2/7.7 --Gascoyne (1979)
74017 . Top- 27.0 1.0 -Gascoyne (1981}
Middle 36.0 2,0 -
. Base 76.6 6.0 .
77162 Base 101.2 1.1/3.0 -Gascoyne (1981} .
76501 (6-9) - 74,3 16.9 -Gascoyne (1981)
- . “. R
L
*Modern
s
4 .
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These 4.7g aligquots were taken from sgccessive layers in a
'stalagmite and placed iﬁ a vacuum oven and taken to various
temperaéures up to 1106c. After each tempegature‘step: the
cubes were reweighed'énd the experiment was términated at 110°%¢c
after 116 hours when the water was assumed to have been totally
removed. An important question arises here; was the ;ncluIed
water completely removed dﬁqing the ektended heating period?

It is unfortunate that the samples were taken from vertical
'locatipns along thé axis ;ather than attempfing rgplicate funs

*

with éuts adjacent to one another élong the same set of growth
layers. Névertheless, avérage cumulative weight Igsses are
0.251 *+ 0.056 or 0.053 £ 0.012 wtXx. This figure falls within
the range published for crushing extraction experime Aof 0.01
to 0.10 wt% (Schwarcz et al,, 1976) but falls well below that
for decrepitation as will be seen }ater. Thompson, in light
of. these investigations recommends dropping or severely redﬁc-
ing the initiél heating step, which is integded to remove ab-
sorbed water‘from the sample, prior to crushing and subsequent
analysis. _Abo&e éO°C, serious loss of water.results-(25.4 t
9.0%°6f the'watef ultimétely collécted at ilotp). Finélly qe
concludesgthat anomalous results (désc ibed later) ‘are probably
due to extraction procedures. (\

Beyond the heatinéiexperimenﬁjof Thompson (1&{3); little

has been written with respect to the systematics of water ex-

traction from speleothems although much apparQntly~has been
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done. Harmon (1975) alludes to 31 f£luid inclusion analyses but
does not giue water yields or aligquot size for individual samp-
les. However, based on the samples of Thompson (1973) and
Harmon (1975L the- range\of water contents is stated by Schwarcz
et al. (1976) to be between 0.0l to 0.10 wt%, as already men-
tioned. In conttast to Thompson (1973}, their'semple size is
given to be-from } to 4g. Presumably,:Thompson's conclusion

as "to the minimum sample size of_aboutHSg wes subsequently found
to be exceséiye. With ;;me additional data on deposits from
Iowa and Miseeuri, 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 20qg to obtain enough water for analysis.

wl
Water was assumed to come from fluid inclusions and the appar-.
e;t water loss encountered by the heating experiments lends
weight to this assumption. The questlon of impurMies, detri-
tal or organic, was touched “on briefly by Schwarcz et al. (1976)°
because of }ts p0551ble contribution to the water content of.
speleothems but it was not inuest;gated beyond cursory observa-
tion of the hand specihens and thin Aections.
'

Harmon (1979). noted an order of magnitude increase in
water production from speleothems when heated to 7OQ‘C'over en
initial heating‘at 200*C. 'He further noticed a depletlon in

deuterlum content of the water in the hlgher temperature frac-

tlons over the lower temperature fractions by as much e§)20x..
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4.3.2. A Comparison of Water Content of Speleothems by

Crushing and Decrep;tation

The resultslof these two modes of water extractioﬁ are
given in Table 4.2. The range of water contents qbta;néd by
crushing is between 0.009 and 0.412 wtf%. With the éxception
of 73107 from Bermuda, the range 1sﬁhithiﬁ that published by
Schwarcz et all (1976). Decrépitation (undertaken at calcining
teﬁpe;atures of ~85000; see Chapter 2) increases yieids to
between 0.237 and 1.010 wt%, 3 to 7 times those obtained by
crushing. However, there are notable exceptions,-;uch as
individual samples of 807CH1 gnd 77151 (6D analysis only)
where crushing ylelds were very low. Since 771518 gave larger
 yields during independent preparation -fox & '°0 analyses, 1t .
may be that 1in tﬁe cases where ylelds were .very low, crushing
of a given S%F of inclusions and thelr subsequenf extraction
were not being effectively‘carried out. An‘impoﬁtanp question
arises here: are the waters obtaiped from each method ofrh
extraction of the same origin or does decrepitation releasg'
water from other sites 1n‘éddition to trapped liquid water,
‘sﬁch as cdordinated water/prfnypro;yl groups? Alternptively;
crushing,feleaﬁes wétér from oni§'the 1aféer inclusions and
not smaller ones, d;pending upon the’ finmess to thch.the .
sample 1s crushed. Also, wh;n the sectloned sﬁhple is evac-

uated at room temperature, the larger inclusions connected to |

the surface or to incipient fractures, may partially release thelr water (see se

]

[~
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tion 4.2), leaving smaller, .isolated inclusions intact. - Crush-

ing would then liberate watef from some of the remaining smaller

inciusions where they are intercepted by resultant cleavage

_bPlanes but others might be untouched'and @ considerable reser-

voir of water could still remain. Daté is presented later in
section 4.3.6. in which calcite, ground and sieved to 80 mesh
i1s shown to contain quantities of water in excess of 50% of

that of the 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. HWater Yjelds from Partial Extraction by Decrepitation

Partial extractions of replicate aliquots of 77151B
were undertaken to try td-ascertain ghe kinetics of water re-
leag® from calcite ana determine whether more retentive‘%ites
are compositionally different.ﬂ The object of the experiment
was to remo;e water frbm populations of fluid jnclusions of =a

"~ —— -- P ‘. . . .
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 fféctions. After a sample had

been taken to a given témperature and sufficient time had” pass-

ed to permit liberation of.the water, it was discarded. Samples
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were heated for 1 hour, although in practice, the water release
o

"seems to occur very guickly., 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 Takle 4.3 and Ficure4.5 where vield 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

-

thediow temperature end of the curve perhaps suggests the rup-
turing of increasingly smaller inclusiéns yielding the same
volume of watér from each successive population. The sudden
increase in water content associated with tﬁ? high temperature
datum suggests that a good'deal of the tofal water is asaociatéd
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 decli;e probably does not occur until below 50°C
as alreddy described.from the work of Thompson (1973).

One furthef expé}iment'was con@dcted to study-water re-
lease fyom sbeleothems;“_The apparatus employed was a grévi_
metric and dijfferential thermal analysis (DTA) instéumenf.
Unfortunatély;lweight loss at -lower temperatures is masked by
saméle bouyancy as surrounding air heats uﬁ. -The facility to’
do the experiment in lvacxium was .not'ava.ilable at the time. At

higher temperatures, calcining takes place reSuEping in a 40%

loss in sample weight, ‘'swamping any signal associated with loss
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Figure 4.5 A graph of 6Di versus water.yield (6Di, Y) and

temperature (6Di

¢

T) and -temperature-versus water yield
(T, ¥) for cumulative fractions of water extracted from

77151B by decrepitation.

s « . -
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of water, The DTA signdl shows only the phase change due to
CaCOé_being converted to Ca0 and COé. .
4,3.4, ., Variations of Water Yield Within:Speleothems in

relation to Textural Mllkiness

.The degree to which calcite takes on a milky-white

appearance in hand specimens is considered here because of
Bl ) .
its' possible relation to the presence of fluild incluwsions.

Schwarcz et al. (1976) report that where fluid inclusions

are extremely abundant, the speleothem appears milky in aspect.

This 1s especialiy noticeable in coarsely crystallins variet-

les of speleothem. Those regilons contgaining no observable

-‘fluid ihclusions.under the light microscope, were tﬁansﬁarent.

As described previously, milky white calcite. tends /£o0o be

restricted to the periphery of stalagmites whilst interiors

4
are composed of clear calcite domains. ’

The first question that arises is as to whether or not 7

water 1s restricted- -solely to the observable fluid 1nclusions

associated with milky retions of the speleothem. A second
. o 4 . . .
question arises 1f water 1s found in all parts

T the deposit

regardless of appearance. If it 1s, the question how

water 1s'stored.w1thin the caleiltey ;.e._is milkinees a £uhction

e

of fluid inclusion density of those fluid inclusions over a.

s c

glven size (say, those that are observable under the microscope)

<

: / :
or 1s water in the clearer reglqge stored in sites other than
. fluid inclusilons?
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The following observations address these questions:

Stalagmite 797MPl is useful for investigation of the
above questions'because it exemplifies well the association of
periferal milky-white calcite and axially clear calcite, al-
though some milky areas extend completely across growth bands.
Milky-white demains and a water yield profile can be seen in
Figure 4;2, 4.6 and Appendix,fﬁﬂhﬁlSamples taken from the grow-
th layer were cut such that:the sample volume was the same in
each allquot with the shape varylng because growth hands thin
towards the outside. Water ylelds from samples along the grow-
th layer are wery 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 contaln less quantltles of water. These ob-
servatlons stand in contrast to the axial data (Flgure 4. 6)
Large yields here correspond w1th regions that are mllky-whlte,
ayleld of one of these aflquots. #50, being hlgher by almost
. a factor of two than the average value: The regions of milka-
. whiteness at the axis, however, are not as continuods as those
on the flaaks of the deposit ana are often interstratified with

clear calcite. As described earlier, few or no fluid inclusions

-~
5

-._are observed in .these clear regions.

L]

These observations suggest that regions of milky white-
\ . f“"

ness are not necessarily areas which/contain greater guantities-

of water but are perhaps indicative of the presence of visible

fluid 1nclu51ons which give rlse to this textural property



g

Figure 4.6 Plot showing water yield, éD,, §'3C and GIBOC along
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.

chadirc refers to the orecisiop of isotooic .

determiration at 1C.
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If microinclusions exist within the areas of clfar calcite then

their presence was not revealed in this study. Pseudopleo-
chroism thought to be due to m12r01nc1u51ons, 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 underﬂthe microscope. However, none
were observed yet the sample powder retalned 1n excess of 58%
of its original water (see section 4 3.6.).

Speleothems 75123 and 75125 (from Cascade Cave, Vanconver
Island) are milky nhite and guite similar in appearance. 75125
is nefertheless 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 WtX¥ of
water respeCtively. ‘ _

74017 kfrom Coldwater Cave, Iowa) is.translucent but
its colours are.brown to red-brown rather than milky-white.
Some of phe axial portions tend towards a clear calcite; sp
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 enconntered.. Rather, the yield 'seems
to decrease steadily'downwards from 0.86 to OASQJYtsQV ' .

In summary, there appears to be little corrblatlon
between milkiness and water cont_ent, even thoug&.*ucroscoplcal-

'. "'_‘ ﬁ .



-

Fiqure 4.7 Plot showing 6’30C, 8D, , §13C and water yields for

stalagmite 74017 from Coldwater Cave, Iowa. Solid

<3
curves refer to the left hand and dashed curves to

the right hand axes. ‘ g

s



154

9'0

L0
(% M) Q314

8'0

60

Sl

0o¢

(wd) 3sva woJs 3IONVLSIA

% oz

%) las

S§94,

o'9e

o

(°%)%0g,9

12




155

. Ll
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'microscopici

ally resolvable fluid inclusions.

-

4.3.5. Variations in Watér Content of Speleothems and Relation
to Growth Rates

A histogram of water contents shows a tendency for the )
majority of s%mplés to group around the 0.3 to 0.4 wt% interval
(Figure 4.8). The sipgle sample plotted at the 1.4 wt% (cross-
hatched) interval is the sub-glécially precipitated calcite re-
ferred to earlier ih the sample déscriptions.' However, the

mechanism of erosition is quite different from.that of cdve
deposits (Hanshaw.and Hallet, 1978).

Water content displays a weak correlation with growth
rate of stalagmifés (Table 4.4 and Figure 4.9). Water content
appears to 'increase with_growth rdée ext}apolating to zero at
zero gfowth rates. Faster growth may be associated with thick-
er water films alloﬁing individual crystallite érowth to con-
tinue unobstructed to largerrproportions. The effect-of this
would be to generate larger negati;e crystalé wﬁich,&p turn
could carry increased guantities of trapped watérT "An alter-
native and‘more logical explanation .would be thét an increa'e'
in  degree of supersaturation in the water leads to a greater}-

seeding of crystallites and a concomitant rise in the numb. of

intercrystallite spaces. The outcome would be faster groth{



Figure 4.8 Histogram of water contents for the samples studied.
! The double cross-~hatching refers to the sub-

glacially precipitated sample {Bugaboo #1).

-~ 'y

. “ -
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Fiqure 4.9 ‘Plot of water content versus gfowﬁh rate of stalag-

mites for which GDi analyses were made. - .

v
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. due to greater calctte precipitation and an ihcreased storage
of water within the'greater number of pores. This idea would
be in acéord with the weak or apparent lack of correlation be-
tween milkiness and water content in that 1ncreased growth rate
1doee not necessarlly lead to the prodqctlon'oﬁ microscopically
resolvable fluid inclusions.  Since the largeﬁ inclusions tend
“to be.formed on'the flanks of stalagmites, their developmeht

may be a function of increased or laminar water flow away from

the drip ‘source at the stalagmite's axis. ‘.-

. 4.3.6. Characterlzatlon and Quantification of O and H in

Speleothems by IR and Neutron lefractlon Spectroscopv

So far, this chapter has concéntrated on the water ob-
tained from speleothehs with the genetal-assumption that the
water llberated from. them resides as liquid water within the
deposit. The pOSSlblllty that oxygen and hydrogen could orig-
inate from lattice or coordlnated water, or hydroxyl components,

in addltlon to f1U1d41nclu51ons, was 1nvest1gated uglng neutfon

A

dlff;actlon andPlnfr&red spectroscopy. Clearly, if water is
boﬁnﬁ‘up in the ealcite.structu;e it will have importaﬁt bearing
on the o%seryations previouslf deeeribed. An attempt was made
to.corfelate the whter absocorption peak, observed in the IR
“spectra, w1th the water content ‘©f various calc1te powders.—
Whllst such a correlatlon does not prove that water is in lat-
tlce sites;but rathet~that liberated water from extraction ex-

periments 555 be identified from the spectra, a lack of correl-

. . LTl 4y
BN .
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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 studyi
73107 (0.893 wt% water), 797MP1¥2L. (0.361 wt% water) and GCS
(0.080 wtx watgr). These samples were ground to less than 64
mesh. ?he resultant spectra were generated from a trirle axis
\system situated_in the McMaster-reactor buildipng by Mr. J.
Cooner. ) ‘
| ‘In no cases could any of the peaks generated be ascrihed
to ordered hydrogen although a sllght Shlft in the basellne was “
probably due to a background of water. -All spectra were gath-_
ered qulte qulckly, ‘but all appeared essentially identicalmj

The above 1nterpretatlons were .made by Professor M.F. COlllnS

of the physics depﬁffﬁent and the spectra are retalned by hlm.

’ - If’

4.3.6.2. Infrared. Spectroscogx . . jf 3 -

L ' ‘Infrared spectra were run onrseveral samples of dlffer-

T a
ing water content. Raman spectroscopy was attempted on 797MP1

#2 (64 mesh, 0. 211wtx H O) but no peaks due to water were ‘ob-
«. served. In fact only the vy and V, carbonate vibratlon ﬁ.ﬁes

*at fhd? and 7l4cm™ l, and not the v3 at 1432 cm‘l, were observed

in<;ddition to librational modes below 600cm-l..‘Thefrationale
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- behind using Raman stems from the possibility of its use in

rreflected light. }n this waf it was hoped to eempare finely ,
ground powders to cutrslices of the sample so that the differ-
ence betwegn?trapped and bound water might be observed. Aas it
was, the cutfslice gave a poor spectrum in wﬁich smaller peaks
were‘swamped by intrinsie noise.

Conventlonal and Four;er Transform IR {(designated IR and
FTIR respectlvely) ‘utilize transmlttea radiation. 'This neces-
sitated using around 1% sample to 99% matrix (KBr was used in:
_this case because the water backgrounds were. found to be low)
finely gtound and pressed inégha'cleat pill at about 5 tons/
5q. ins.. A significant portion'of the spectrum between 4000

. . A .
and'lOOOcm 1 was also observed when a cleavage slice of ice-

land spar about 0. 5 mm was placed in the beam but Eg;nrtunately,._f

" speleothem calc1te is too cloudy and results in nearly complete
absorption of the Igrbe?m:and was thus subsequently not used.
In using the KB% technique considerable‘uare was taken
to remove absofbed water. As.recommended by J;.Deldeffield
(1978)2 the KBr andlsample wete dried overnight at 110°C be-

\fore manufacture of the pill.._The‘reeulting pill was then
dried again.under the same.qonditions:and placed in an atmos-
phere of dry nitrogen during the experiment.

' Although the\speetrum for calcite shown in Figure 4.10
‘ js that generated from FTIR, véry little dlfference is observ-

ed using IR: therefore the latter, being cheaper, was used

4




Fiqure 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
Scheetz, 1977) with the exception of the broad peak at 3445cm”
The calcite peayé are describéd in Table 4.5. The peak at
3445cm-l is thought to be unstructured water since pure water
absorbs at this wave number (Nakamoto, 1963). Unfortunately,
the bending mode at 1630cm-l which should be present, is.com-
pletely masked by the brogd CO3 assymmetric stretch. - Should

oxygen stretching vibrations should app

the wa&er be coordinated, then rockin wagging and metal-
X at 900, 768 and

1

673cm” ~. These are not apparent or they are masked by the v
.. "u T

2
and v4 CO3 vibrational ﬁédes. Cocrdina ted water should aiso
show a downward shift from the pure water peak to as low as

3000cmf; (Jones, 1953). This is seen, for &xample, in water

1

also be marked by a sharp absorption peak above 3600cm™ . OH

-

peaks are in similar positions for LiOH.H,O (Jones, 1953} and

2
A B
clays (Roy and Roy, 1956) (see for example, figure 4.11).

Since evidence was shown for the presence of hydrogen

other than the 3445cm™t peak of liquid H,

0, 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 bétween 4000 and 2000cm™ tﬂ;gure.4.12). A
-

working curve (aﬁte chw S eelman, 1965) was generat-

ed from three diffe t wefgh;slof 79QMP1 (Figure 4.13 and

1

of hyfration of gypsﬁm.f The presence of hydroxyl groups should®
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Fiqure 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. : M;J

(\._
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Figure 4.13 Abhsorption vpeak ﬂéights for water (centred
3445'cw_1) ver sample weicht versus water conte
various (powdered) calcite materials. .

See Tahle 4.6 feor data.
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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

6r contained in micro-inclusions.

' . As can be seen from figure-4.L3.there seems to be a con-

'siderable difference in the pfbportionalit§ beﬁween absorption

and water content between differept samples. Thus it does not
appear that a sﬁnglé mode of entrapment as, for:examble; liguid
water }nclusions, can éccountufor all the water observed in these
caicites. However, such a condluéion ﬁust be viewed éautiously
éince it'assumgs that the water content dgtermined on other.crushed_
aliguots of eadh sample are eguivalent to thé wateé_content of the
sampie included in the KBr disc. The‘constancy of water_céntent
of thegé powdered sampieS'has not as yet béen.established and hence
pogsiblé erroré in wt. %-ﬁzo cannot be'éscribed. Furthermore,
theré is some uncertainty in the gmplitude cf the water absorptionr
. peak with respect to both how the baseline should be drawn and how\.
the blank correétion.is to be applied.

Observations made'using_polqrized IR qﬁ one speleothem
*at Caltech by G. Rossman (lqal).ihdipate that.water in the calcite
is unériented. .

4.3.7 ' The Size and Size Distribution. of Fluid Inclusions

Based on Observations of Water Yields

Petrdgrapﬁic microscope and SEM obseryvations indicate a
range 6f}fluid inclusion size, from afdund 10pm down to sub-micron
sizes. There seems no reason hy,'with va;ying'degrees of crys-
tallite cqalescence, the inter yétaliite pores éhould not extend

down to Angstrom dimensions. Each subsection of 4.3

-
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t
is examined for its contribution to ascertaining the dimensiony

- - -

of'these~pofes.
Thompson, (1973). sudgests that a. good deal of the water
is released in vacﬁb at temperatures around 100°C from aliquots

of speleothems. However, he did’pot‘proceedlto higher %gpﬁgra—

-

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 comhensurate with those ob-
; : ‘
Y >

tained for, crushing. I£7appears*thérefore possi?le, tha; water
was rel d only from the lgrger inclusions witﬁout much hint
of a contrib&tion.from‘t%e smallerlsiteé. Alterﬁafely, per-
haps water is released along p:ominent lineations,jsuch as

© those seen in Plate 4.11, from inclusions distributed locally
. . . -

around then. ) ' . ’ .
e .. . o '- - L
Comparinpg water yields from crushed samples to decrep-

.

itated samples, from 2.5 to 13.2 timéé‘as much water is collect-

ed by the latter method (Table 4.2). 71.4% or more of the

.

water is thus coming from these higher temperature ‘sites, or,

-

if structurél water is assumed to be absent,; the smdller in-
clusions. Partial release experiments by stepuﬁge.hea;ing

with femperaturgs higher than those'uéed by Thompson might sug-
gest a -multi-site dispésition.of the water in popglations 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 pores

Vv

/
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rather'than_thé‘progressive rupturing of sets of fluid inc}u—
sions of a given size. Mofeiga;a would substantiate the fine
. . ‘

structure of,.the temperature .versus yield correlation. What is
noted ndhetheless, }s the marked increase in yield (2.4 times):
above calcining‘temperatu:eiﬁndiéating a surprising reluctance
of'the wager to ﬁove.. Again if this water is not chemically
bound to the calciéé lattice then it is pranbl}_trapped in
the smallest pores. T ' . .

Unfortun;tely, textural studies are inconclusive. One
generalization that\appears from these studies is-that, for EpuJ
given speleothem, the water content is surprisingly constant,
even crossing textural domains. Given higﬁ vield ratios (as
defined in Table'4l2) and that crushing libefates water from
visible inclusions seen as a éloudy fabric in hand sample, then
'a possible explanatlon is that .because most of the water is
coming from microinclusiongi it may ?e'difficult t? discern
tHe contribution frop_iarge incLusist. .For exampie, variation
in yield of the 797MP1 samples (Table 4.2} of * 0.027 wt% is -
qgite similar to'the total amount of water contributeq by
crushing, that is, 0.059 wt%. Even givenh that crushing only
liberates water from large inclugions, which is most unlikely,
the "crush" component could easlly be masked by the microinciu-‘
.sion component. Complemeﬁtary Eo 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

o+

-

o

.



been ground and Eieved to 80 mesh CquPm opening). Clearly,
this is-a lower limit to the water contained in microinclusions
since .some of that'cbmponent is also lost during crushing.

Nevertheless, we can inguire what size of microinclusion could

be present inside a grain that is less than lSQPm in diameter

-

to provide this water content.

-

The upper limit Qf fluid inclusion size can be calculated
. - L] ; '
approximately, assuming that the average grain is a lOme—sided
cube containing one fluid inclusion. The cube will weigh

approximately 3 X 10-6

g. Ve can take the water content qﬁ this
cube. to be approxiTately 0.2 wt%. From Plate 4.5, a very, crude '
estimate can be maée~of.liﬁear ihclhsioﬁ-proportioqg of io to

100 units of length to one square unit of cross-sectional area:

The lencth of the inclusion comes out.to he ketween 100 and AOQPm
which means that it is longer' (or nearly longer) ihan the- \
dimens%on of the enclosing caiciée. However, it shouid be re-

a

emphasized that these values are ktased on an upper limit
. v *

~

controlled by the unlikely assumption that eadhta§ajn contains
one %;uid inclusion. However, even if each grain contained 100
fluid inclusions, which at 100:1 length ‘to width ratio, could
easily be éccommqaated,such incluéiong wouid,ﬁeve:theless, be

' . LY -
observed under the light microscope. It may be recalled from
. .

section 4.3.4 that the oil immersion experiment'rgvealed none.

bonsidering the resolving power of the microscope to
L] . \ .

be about qu then, at the dimensions stated abovg,'the

minimum number of fluid inclusions to remainwisible must be
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between 10 dnd 10°. I

In section 4.4 we shall consider the implications of
—_

the size of fluid inclusions to the interpretation of isotope

data.

.
A
- @

4.4 ~ - 5180 and §D of Water Extracted from Speleothems

4.4.1 Introduction

e

| Chapter 1 reviews the isotopic studies of %ih&d inclusions
to date. Two important points arise f:om the review: firstly,
tha£ isotopic paleotemperatures, when calculaéed assurmning the
present day deuterium‘excess (dooa 10% ), are a little too.low.
and secondly, that few analyseéﬁof modern deposits héve been

made. The paper of Harmon and Schwarcz (1981) essentially
ﬁtilizes mést of the data generated from past work all are
méaSurEmengg of EDi) and attempts to reconcile %t by invoking

the change in d, to lower values than 10%e in Fhe past to
recalculate isotopic temperatures. Paleotemperatﬁres rede-

termined in this way yield reasonable values. The fluid in-

clusion data from 5 modern deposits, although somewhat sparse,
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suggest that isotopic temperatures are recoverable from fluid
inclusion water and host caiCite becauseé they agree in general
with thermometrically measured tempe;atures. However, the
variability of these isotopic temperatures, as mentioned, is
quite large being * 4.0°C for the, 4 West Virg;hia deposits
analysed (Schwarcz et al., 1975). This leaves some doubt as to
the validity of the remaining 47 paleotemperatures although
large temperatur; changes should be discernable. Their cor-
rection of these paleotemperatures is justified since it has -
been shown by othgr source; that the meteoric relationships
have changed in the past (see Chapter 1). Nevertheless, des-
pite the variability of the data from modern aeposits, thq '
isotopic paleotempe;ature data looks surpriéiggly convincing
.when the deuterium exceés is reduced to zero. 7

. * A cri@%cal-%ppraisal of the baét fluid inclusion data

is extremely important because neither the fluid inclusion

data for 6¥50 (Yamamoto, 1980) nor 6D (this study) agree with
thesq findings. In fact, the precisién of repl&cate 6D; analys-
es given by Harmon and Schwarcz (1981) and Harmon (1981) as

* 3% and * 3 to 4% respectively was found to be greater by
more than a factor of 2 than that achieved during this stud&

or Yamamoto (1980} for crusbing extractions. Admittedly, the

: . 18
latter precision was inferggd from & Oi analyses. The present

work is described in the following sections.
. [ 3
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4.4:2. Isotopic Testing of the Samples for Eaquilibrium
' Deposition

Where possible, the criteria of Hendy (1971) ﬁa§e been
followed to determine iéotopic equilibrium fractionation of the
samples. That is, 6180 and élac have been measured aiong.
.grow£h bands. This data has been compiled for the samples in
Tables 4.2, 4.9 and 4.10 and is included in Appendix lV. Where
complete axial isb?opic profiles are presented, the growth
1ayer5lére included in tables accompanying the text, as .in
Figureis.l for example. |

Where equilibrium depqsition has not been Qetermineq
unambiguously is in the soda-straw samples, in which growth
layefs are not. very extensive. Thesg samples comprise ane
Norrrﬁl‘an #l, Friar's Hole #1 and Wwind Cave #1.Justifying use of)thé
former two samples, is replicate GDi analyseg and the fact that
accompanyigg seepage water lies close to the meteoric water
line. Such evidence, of course, dces not guarantee that GOC
.iSftn/gauilibrium 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
5 dqging deposition.

- effects produced by rapid outgassing‘qf CcCo
The soda-straw froﬁ Bone Norman Cavé wads collected from well

, within the cave in a draught freé zone  {(as indeed were all the
dépgjits with the_exception.of o to be meéntioned below }, ig

the same area from which modern equilibrium calcite had beén

’ .

5

(e
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collected previously (Thompson, 1973) and is therefore likely |,
to'be in equilibrium. The stalactite from a short greywacke
cave from South Georgia k#l) 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 egquil-
ibrium and its somewhat high isotopic temperature may be a
function of this.

With the %exception of the samples described above,
equilibﬁigﬁ‘deposition has been encountered for the samples
used in thgs study. It is therefore- expected the ,seepage,
hence dep051tlon, water is unfractionated and 1sotop1cally
equ1va;eng to correspondlng,meteorlc prec1p1tat10n. The
isotopic éorrespondence of seepage watef.and average megeoric

water has also been demonstrated in Chapter 3.

- % N . !

. 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

-

N ’ ’ '
decrepitation, isotope ratjos are not siggificantly different

by contrast. . v,

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). fThe




“

183 -

precision of analyses from all the crushing data are =z 0.83%,
for élaoi and * 8.3%. for-éDi whereas for decrepitatiocn, 6Di
precision is * 1.8%.. Given that the McMaster apparatus for
crushlng extractlon may be more problematlc than those used in
the published work and given that the published values of

i 3%._are more representative, the precision for decrepitafion
is still greater by a factor of 1.7 to 2.2. The loﬁer pre-

" cision encountered.fdr analysis by crushing may steﬁ from the
fact that not all the water is liberatéd and partial rupturing
of remaining inclusions could result in a dlffu51ve loss .of
‘water with a concomitant kinetic fractlonatlon effect. If
decrepitation can be shoyn to give the same results then the
method is more appropriate to the study'of.paleétemperatures:
it is faster, uses smaller samples and is more precise.

- Now let us eonsider the compérison of §D's. Table 4.7 .,
illustrates that for 3 of the 6 samples water liberated by crushing
is identical to that from deé}:epita.tion within " error. Of the
remaining 3, .77151B, as already mentioned, QeS'sﬁspect because
of an abnormally low yield associated'with the GD. analysis
by crushing. It seems llkely some of the sample was lost
"dﬁring extraction since the crushlng yields for 6180 analysis
were eon51derably hlgher. Two value§ from Llano Chiguito #1.
are dlfferent by 30.7%. but no explanatlon 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
y



B et s S

JUR S ———

usaIb ST abuel ayj mmarumcuo sjutod 2J0W I0 g I0J pT = ¥

-

93TO[RD 3ISOY JO O 9

= Og (¥

(086T) ©O3OWRWEL I23FB mumﬁ*

@
. AT=2aTt30adsaa Hom_@ pue ﬁaw WwoixJ pautwIalap saanjeasdus] nn#_@ ‘a
mw 2uTT J93em DT1I09318w usailb aylz 4Aq ﬂmc WoJIJ pPaIIauT Oy 19 = n.om~@Y
193eM papnIouT woly sorjex adojosT n‘ﬂDWﬁ .ﬂmo
- butysnip &q COAuumuuxm =D
uot3iejtdainap Aq COAuummuxm = d
{(t961 ‘'pIeebsueq) 8°0 + €1°0T~ 6°970°TL~ oo.po, 4 o) T4 =9e1
0T+0g 98 = 4°¢ 2°0 + 0€°0T- 8 TI+b-CL- € a I0IXTH
(b96T1 ‘pIvebsueq) 'L - ebtCl- 6°68- o pz+ T D . T#03Tnbryd
OT+0g (98 = AP S°9 + G9°8 - Z2°65- 1 a bueiq
(r961 ‘'paeebsueq) L°T - T0°0T- E°L¥TOLT go.cpy 4 2 .
OT+0y 98 = Q¥ 8°81- S6°F1- T°0¥9°601T—° Z a . THDOLO8
(v96T 'paeebsuedq) T1°2 + ZE'T T w Z o} f
OT+0, (98 = AY L6 -~ 09°¢1- 8 €x8°06- tT°E€e+ TL OT- r4 D AN
€S - "~ e6vCc1- "I¥6°68- ) 9 a TdHWL6L
£8L6T ' TR 3@ UOWIRH) 8°G + . 6L°0 ¥ 3 8T o)
2 bh+0g5 (2079 = AY L°¢ + 06°L - Z°6%¥C ftb— PGS LI+ PES - ST e} mv&%uwm
£t + S6°L - TT0+T1°1¥-— 4 a
(8L6T ‘°T® 3@ SUBAZ) 0°TZ- \ | LL"0F w € o) ._.x.: ‘aAmD
€°0+0; (9679 = Q49 6t + 0T"9 - 8 1Id- 00 LZ+ 0T F1I- 1 o I e'TI03DTA
9 Z1- 61 1T~ 67 9L~ T G HISTLL
1 . 1 o(
,».c. - ) . .
X 3
dIHSNOILYT13d Q4 (° ae T T . e T "ON
UHNmOMm-H.mz U‘ &tﬂ L U. -H. o&ﬂ Om .—@V *% Qwv - °% Om ﬂmv*ix OG .—@ 4aoW dATdWVYS

TTIVNY " OVYLXd

uc13e3tdedoag pue butysnap

A suayjosTads WOIJ pa3dwIIXT

Io3epM Ul

T
"Og ¥ pue

ﬁoc JO uostIedwo)d ¥ [y 21deJ



185.

gives rise to very light SD. values compared to other samples
in the v1c1n1ty such as, for example, Pone Norman S$.5.1 seen in

]

Table 4.8. The results of isotopic comparison between crushlnd
and decrepitation can be seen in Tahle 4.7. Thgsi while isotoﬁic
equivalence between crﬁshing and decrepitation yields is well
established for half .the samples studied, the feéults for the

*
remainder contradict thkis conclusion. However, these latter data

. - shoulad be viewed with caution. The difficulty of achieving rep=

lication for the crushlnc method;hoth in this study and that of
Yamamoto (1980} has bheen nentloneﬁ Therefore, for those samnles,
in which isotopic equivalence appeats not to occur, more ex-
tractions need to ke undertaken as in two of the three-cases

only one crushino extraction has been ﬁbrfermed and in the re-
maining case only two renlicate extractions were cattied out.

The crushing extraction associated with 77151B, as mentioned
above, lacks precision because_of the apparently sméll-proportion
of sample collected. Nevertheiese, the above data do seggest
some inconsistency that reguires further investigation.

Of the remaining three samples, réplicate data are more
nuﬁerous and isotopic equlvalence between the two extraction
methods Seems . conv1nc1£g.

From the above discussion, it is not possible to say
' unequivocally that SD from crushing equals that from decrep-
itation but the evidence for this isotopic euuxvalence seems
more for than that agalnst.lt.‘ Further support for this view

is provided in the next section where water extracted from
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speleotflem powders is shown to be isotopically the same as v

water extracted by decrepitation and ﬁ%nce; in some cases,
cruqhipgl o

‘If isétobic equivalence existsg between the two mephods'
then this woulé be evidence that water liberated by decrepité—

tion does not contain structural componenté chemically boun

-

to the calcite lattice but is being released entirely from

4

- fluid inclusions. In other words, crushing and decrepitation

.topically fractionated with respect to parent seepage water

would be releasing water from isbtopically equivalent sites.

However, it will be shown sub§equéntly that this water is iso--

from which the calcite grew. T

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 6D is the same, .a complementary

experiment was undertaken to see-if calcite powders would élsq

give the same results. Of the 6 samples chosen for the study!iiéﬁié

4.8 and Appendix IV,b(ii)) only 797MP1#-5LD seems to fall out-

side the range of experimental error but even then it is only

-

'3g2%o‘heavier than the mean’'of the growth layer value from

which it was taken (Figure 4.2). The discrepancy is explainable
pPerhaps because calcite powders are difficult. to handle in

the furnace. Powders generally need to be dried overnight at

‘temperatures usually close to 100°d and yith the findings of

. -
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.Tﬁo&pson.(lQ?B)rsseh ;emperatures would;involve.considerable

loss of-wafer; At high temperatures the powders are barticu—
.”larly‘difficult to handie because CO2 released during calcining
causes the gralns to go 1nto frenetic act1v1ty with some es-

- ¢caping the gless wool cover and coming to rest in the spiral
trap. This situation has to be avoided.iecsuse the Ca0 grains -~
eould react witﬁ water when the trap warms up to room

'temperature. -Sample 797MP1#1 has previaﬁgly been noted to yield
isotopically equai water whether crushing or‘deerepitation
extraetion have been undertaken. " "The decrepitation
‘of. the crushed residﬁe a;so'gives the same 6D value as crushing. )

In spmﬁary, water exté;cted by decrepitation from cal-

cite powder was found to yield the same results as that extract- °'*

ed from cut samples.

T

ms. “'Decrepitation of Hydrothermal Minerals as a Test of the
Method of Extraction '

S -

éoexisting hydrothermal minerals from the Taulin Ore

Deposit, China were decrepitated according to the pqpcedure_

described in Chaptef 2 and Appendix II and 5Di,was analysed.

The reason that this experiment was.undertaken, apart from-the

interest in a geochemical stﬁdy of the ore body (Ding et al.,

-

1981}, was to see if different coexisting minerals, including

i
calcite and quartz, were isotopically equivalénE

Although the equlvalence of crushlng and decrepltatlon

methods of extractlon is suspected some concern was felt

e
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that 8D~ from decrepitation-oﬁ'calcite might be an experimental
1

artifact.. The reason for this suspicion is that duripg de¢rep—
itafion, copiqus quantitieg of CO2 must be separated from
relatively small amounts of water, and this might result in
small quantities of water bging carried away with CO2 as CO2

is removed by the waste pump. Since quariz doeé not break down
during decrepitation and if coexisting quartz ;nd calcite are
found to be isotopically equivaleﬁt, then concerns that water
was Being lost in this way would be -unfounded. .

' The.coexisting guartz (004) and calcite (004) gave 6Di )
values ds -46.1 gnd—47.6%.respectively (Appendix V). Although
somewhat limited, this experimenEJEEhds some assurance éo the
fact that_the isotoﬁic fractionam;oﬁ of water extracted from
speleothems_with»réspect tp;}hgir,pa{ept solgtions is probably
due to some naturalfproéess and i; not an artifact of the

+

experiment. . , '

4.4.6. Decrepitation Temperature Versus 6Di

Tﬁe experiment aong on 771513 to study this relation-
ship is described in section 4.3.3. gﬁé the results are shown
in'Figures 4.5 and 4.14 and Table 4.3. 1In 'F_;gure ‘4.5,' the

o : . :
poiﬁts'represent GDi of cummulative fractions as the tempera-
. ture (or yield) is incregsed. In Figure 4.14, the data is re-
ﬁlotted such that theéDi of each fraction is éorreléted with
yield. The correlation is somewhat surprising as isotopically

-

heavy water is being'released at the lowest temperéture step

£
~



Fiqure 4.14 6Di versus fractional water yields from 77151B

at various decrepitation temperatures. Data is from

Table 4.3

Py
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(280°C). At the next step, very light water is released and
thereafter, subsequent fractions are light, although not ae

. llght as this, untll 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
eurve‘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 normall& emploved for all decrepi-
tation extractions.

The low temperature pertion of the curve is hard to
explain because a straightforwaré diffusive process weuld re-
«-sult in the loss of light isotopes preferentially. One’ pos-
sibility is that the low temperature fraction is due ;p con-—
tamlnatlon such as absorbed water but steps are taken (chapter
2) to remove thls possible component. Apart from this, ab-
sorbed water might be expected to be present in varieble amounts
and yet generall; the consistency of'replication argues against
_thisr Anéther'explanation that might acceunt:for the low tem—
perature end of the curve could be.that water is being liberat-’
ed rrom isotopically distinct sites atcounting for at least
42% of the water. Sﬁppose, for the moment that at low tem—

peratures the larger £1luid inclusions are ‘being released and

that prpgressively 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_then the high tempera-

ture inclusions is the reverse of that expected sinee.deuterium

: X
. 1980). It is

does not concentrate in the mineral phase (Hoefs
perhaps consistent with the ldw temperature extractions. This
multi-site model is unlikely because of the ev1dence‘presented
for the 1sotop1c equivalence of crushing and decrepitation

] methods of extraction. - Furthermore the occupation of the many
sites would have to be repeatable from calcite aliguot to cel-
cite aliquot, sample to sample and geographical 1oeality to
geographical locality in order to demonstrate the interval
coBs}stency of &D and 61(% results depicted in Tables 4T7land

4.8 and Figﬁres 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 followsr

v
The 15; temperature end of the curve (up to 280°C) represents the
release of larger inclusipns although if this is a diffusive pro—
cess then at lower temperatures one might expect to see'light
fractions appeariné. In the second fraction the water‘might be
being released diffusively from a new, tigﬁter set of’fluie

inclusions. Subsequent fractions ,then get progre351vely llght—

er from the third step because of further diffusive loss of
Ll .
%

k.
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water from still %ighter eets of inclusions. Once the sample
starts to calcine at ESO°C then the remaining water is releas-
ed which is heav1er tban the total decrepltatlon water because
of the earller 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 théugh it is ecknewledged that the system is

unlikely to be a simple one.

4.4.7. A ‘Comparison of Isctopic RathS in Cave Drip Water(\n ) _and

Decrepitation Water from Modern Speleothems(éD )

As described in Chapter 1, earlier studies suggested
that dDi-was equal to GDS although reconsideration of some of
this data }eveals an impqrtant exception which will be discuss-
ed in Chapter 5. Nevertheless this study was undertaken be-
cause of the importance of eXamining and-eetablishing the re-
lationshap between GD. and 5D - Furthermore, it should be
reempha51zed that results presented in Chapter 3 indicate that

GD and 6 0 are constant throughout a period of at. least a

year and represent the mean annual precipitation. Thus any

.differences between GDi and 6Ds cannot be attributed to short-

term fluctuations of GDS. All the deposits considered in the

section designated 'modern' are, in fact, Holocene and appeaf

to represent no more than 1 %o ZKe 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; Dahsgaardlet al., 1969) is that there has been no

great change in the isotobic composition of mean annual pre-

-‘n' LY

cipitation. e

A comparison between 6D of waters extracted from modern
deposits is given-on Table 4.8. Calcite~b9und waters are

lighter than accompanying seepage by an average of 22.1 # 3.9%,
. : ! . .
in 6D (the fractionation is designat%d&ﬁDs_i and. the fractiona-
[ | ; -
tion factor wg i (see Table 4.8)). Tentatively, a similar ob-
- o

. 18 ;
servation can bé made for § O too but with only the data from
- . . P :

797MPLl to go on. The value obtained is 3.14%. (Table 4.9 );
‘o
18

the notation is likewise AS$ Os i and ng‘ Clearly, the seep-

age water is modified isotopically during or after entrapment.
: h . .

Since neomorphic effects are not observed (see section 4.2),

isotopic fractionation of the water does not ‘appear to be a

result of rgbrystalliéationJ Isotopic data from 6 samples in

Table 4.8 have not been used to calculate ASDS i *These follow:

~

o *
Wind Cave #1, which is a soda-straw, yas found on the ground
and was dry. .. Seepage water wés obtaiAed from similar soda-
straws growing in the proximity. Unfortunatelx but under-

standably, the Park authority forbéde removal of these growing

~

deposits; The age of the Llano Chiquito #1 sample is not in

-

question since it was actively Qrowiné or wood washqg into the

cave but coeval water was not collecLed. 6Ds-is an average
4

of 3 determinations from another cavel (Del Arroyo, see Harmon,

-
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i

<:\;§950-that is situategd some 700 m lower. AéDS_i in this case

could be lower than the 30.1%e calculated .as lighter avexage
precipitation would be expected at the higher site. 807cHiH1
does not conform to the general pattern (AGDS i T 59..5%,)}. The

age of the depoeit is in doﬁbt, because although it appeared to
be actively growing, 61ﬁoéfdees qpﬁ seem to ;efleet preeent'day
values in tﬁﬁ}area. " The erapbed water may reflect periods of
llghter preC1p1tatlon although it is even too llght to be ex—‘
plalned completely by this. It is anticipated thapﬁmore work -~
'w1ll be undertaken to resolve the problem .of this interesting
stalagmite. 75j50#1 was not used because there is uecertainty
as to 6D at thekcave. The value given, -4.3% ., is that for
mean meteorlc prec1p1tat10n for San Juan Puerto Rico {IAEA,
19.79) . Flnelly, the last two samples -Bugaboo #1 and South
Georgla #1 are noé strictly Karstic cave deposits. | The former
formed under ice ;nd the latter in a cleft cave composed o% »
greywacke. Buéeboﬁ #l1 contains a great deal ef water and; as
mentioned in 4.3, résults from a different mode of formation.
It appears, and rather lnterestlngly so, that ice or regelatlon
water is. belng preseﬁved w1thout modification within this, and
perhaps other, sub—g15c1al precipitates. 6D of coeval ice was
estimated from.Hlslop (1979) The deposit ;rom South Georgia
was not included becaus it was found not to be an equilibrium

deposit. Nevertheless, it has been Presdnted becaﬁse its isotop-

ic te mperature resemble , the summer cave temperature. However,
VT T

. ] et
hd ]
. -
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the GDS is different from that expected at that latitude. The
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%, - rather than -70%.

Two other speleothems, 73107 and 77151B which have been

included in Tabley_g are interglacial deposits and if 68D s

is calculated for them, both values fall ‘within the 22.1 * 3.9%

value determined for modern deposits. an important consideration is

vhether or not Bn, ; is temperature dependent, bui no co;felation is noted,

The data used to determine AGDS are mosfly too close in tem-

perature to permit a sensible correlation. Before AGDS . can

be considered further as a possible means of recovéring tempera-
tures from fossil deposits some,discuséion of the depleted

.nature of GDi is required ana now follows.

4.4.8. Some Snecuiation on Isotopic Composition of Fluid

InclusiPns e

This st%dy and the work of Yamamoto (1980)'has shown
that water in sﬁeleothemg is isotopically lighter than seepage
water from which it was deposited. Because this anomalous
isotopic depletibn was found in some modern, actively growing
sbeleothems, qpaﬁées in past meteorological regimes cannot be
soﬁght as a ﬁeans of explaining the phenomenon. The possibil-
ity th§t éxperimental artifacts could affect all the fluid in-

clusion data is constrained by the observation of similar find-

ings using different techniques of extraction, preparation
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arnd analysis. Infrared and Neutron diffraction methods fail
to reveal the presence of structural or oriented water, al-
though their presence remains a possibilitf.' Isotopic compari-
son of water extracted by crushing versus decrepitation.further\
argues against the presence of structural water components.
Therefor'e, we must now ask how water can ge unstruc-

’tured and unoriehted and yet fractionated? One possible
mechahism is that water is fractionated by adsorptioﬁ onto
'crystal surfaces. Unfortunately, very little has been written
about isotope effects during adsorption of liquidé. However,
Stewart-11974) found adsorbed water in clays to be strongly de-
piéteé‘in d?uterium, occasionélly by as much as 130% . The
effect in calcite may appear to be weaker beéadse.of the ad-
sorption of only soﬁe of the water within the fluid inclusions.
Thqé the'electrostatig 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 dnglé 1a§€rf is known to extend outwards for around
102 Ahgséroms thus placing some limitation on-the cross-section- -
al diﬁensions of the intercrystallite pqreslfor the isotope
effect to be meaéurable; |

< -  In section 4.3.7 a very crude calculation was made as

to the'upper limit of intercrystallite pore diameter of between

1 and ldumx 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 {(100um) grains. Howeﬁer, 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 §hbuld re—

veal inclusions down to a few microns in length, yet none have

been seen. . Inélusions of lym in length will have diameters of

lOz_to 103 angstroms which is within the range of the Stern

Double Layer. If the inclusions hré_gen@rally of this size,

8

each lOOHm grain would contain 106 to 10~ of them; a density.of

12.to 1014 per cm3.

10
Assuming-that'thi Stern Double Layer is containing

isotopically fractioﬁéted water then a problem arises because

in order to produce the same fractionation in all samples ré-

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
L] : .

in water extracted from,Speleethems.

In summary, it appéars that the possibility exists for
18

. and, possibly even AS§ 0S X to calibrate fossil
. = vi

speleothems such that isotopic temperatures can be recovered

using AéDs_i
from them. Application of the fractiohations to accomplish

this is examined here®nafter.

]
N
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4.4.9. A Comparison of Isotopic Temperatures Using 6Di and

Cave Temperature;

'Isotopic temperatures calculated using equations 1.5

and 1.8 are too low to be acceptable, many falling below zero.

Changing GDi by application of AGDS_i brings almost all tempera-

tures to more acceptable vglues (Table 2.4 and Figures 4.6 ‘and

N

4.7). Even then, some of the temperatures appear still £oo

low. Of the isotopic temperatures calculated for the 5 modern

samples used to determine AGDS ., 4 out of the 5 are low by up

to 3.3°C whereas the fifth, Friar's Hole. (SS1), is too high by

4.4°C. The inconsistency of the latter is due to its low A&D

of ﬁﬁQGX. which, at the moment remains unexplained, but may be
analytical. The other 4 temperatures are low for perhaps two

reasons: firstly, that the AGDS

; used may be too small be-

cause of the inciusion of the lower value of AGDS i Friar's

Hole (SS1) in the data set used for the calculstion of AD_ ;s

‘'secondly, the meteoric water line determined for a number of

cave sites in the Eastern U.S. has a'lower intercepﬁ (dO =

7.8 + 1.5).than tﬁatlpublished (do = 10.0 * 1.0 (Ch?pter 3)).
Applying the former valué (d0 = 78) raises all the isotopic
temperatures by about 1.3°C and, ignoring Friar's Hole (SSl) iq

the determination of AGDS i the temperature is raised by a

further 0.5°C. 4 out of the 5 modern isotopic témperatﬁres

.

are’ then much more acceptable. Of the 5 paleotemperature-pro-

files (Figures 4.6, 4.7 and 5.5), perhaps only 797MPl, the
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Holocene stalagmite from N.Y., can be subjected teuthe 1.3°C
chande because of the meteq;i;,water:iihe determineditrom cave
drip waters. The other preffles might also be subject. to change
but it is not kndwn waat the ﬁeteoric waterpline at these sites.
would haﬁe been during the?PlEistocene. 'At this point a re--
minder should be made that most cave seepage 1sotope ratlos lie
to the right of the meteorlc water line (see Figure 3.6 and
Chapter 3.1.3.) and it may be that all paleotempe:atures should
be subject to small-changes as a result of-this._'This is ‘dise:
cussed further in the next chapter when the significance of
paleoclimatic profiles in‘speleothems ig considered.

7

The 1nclu51on or“exclusion of the Friar's Hole (SSl)

data clearly affects the prec151on . 1f not the absolute value,
{qf temperature determlnathns. Slnce there is no a priori

‘réason for dropp;ng this value of A3D S—i of 15.6%., the average

ASD si is retained. It should be added ,though that most of the

r

. remaining (tentative) data in Table 4. 8 and all the paleotem—

perature profiles argue agalnst the validity ci%ﬁhls result.
¢,
The errors considered in the calculation of precision of iso-
- Lt - .

i) Errots in s8lope (+0 2) and. lntercept (x1.5) of the '

'-h..

meteoric water line; Y

ii) Error in A6DS_£ (#3.9%,.) Qased on the 5 modern spel-

'eothems:

‘ : C ‘18 - )
iii) Ana;ytical errors in 5Di (+1.8%.) and § -0C (:0.1%9A

e .
e
-
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{Appendix IV). If AéDs i with an error of * 3.9%, is used then

precisionjothemperature determinations is * 4.3°C. Clearly,
these values, if valid, will allow meaningful interpretation of
paleotemperature records: like thoee presented in Figures 4.6,
4.7 and 5.5, whese temperature range is aro%hd 8%%. Errors in
reiatiﬁe temperatures may not.be as larde if the value of A48D¢;
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.

18
4,4.10. A Comparison of Isotopic Temperature Using & Oi and

Cave Temgeratures b

1 -
The possibility of applylng i) O j in the determination

~of 1sotop1c temperatures is con51dered here, albeit tentatively.

These results must be considered as preliminary because only
¢

one moderrt deposit was analysed (797MPl) and because of the
p0551b111ty of post-depositional oxygen 1sotop1c exchange al-

ready mentloned Post-depositional exchange would be expected
18 ' ‘ .
to make 6§ Oi heavier as temperature over most of the past

250,000 ka B.P. was probably 'lower than now (Harmon et al.
1979; see also Chapter 1). Surﬁrisingly, the 6 O data indi-

cates the reverse, llke 5D fluid inclusions tend to be deplet—*
le <+ -
ed in O with respect to meteoric water of the same §D. 1f

18 . . .
A OS;i is also constant (or temperature dependent), then the

possibiiity of isotopic temperature recovery presehts itself

without the .need to resort to meteoric relationships for its

4

s " '. . ~

o>
-
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Cetermination.

18 : a -
From the ¢ 0, data of 797MP1l (Table 4.9) and the drip

18

water data (Appendix III), As Os—i gives a value of 3.14%,.
1o

6- Oi data of the interglacial Bermuda flowstone (73107 in Tablelz
4.2) and modern 51805 { Harmon, 1975) give délsos_i at 3.01%o..
The value for McFails Cave may be too large because the drip
water data lie far to the right of the meteoric water line
‘(Flgure 3.6) and this may be due to an 1ncorrect éetermination
- of 61808. SDS is about the value expected for that region
(Taylor, 1974). On the basis of Adlaos_i from the modern  de-
posit, isotopic temperatures have beeﬁ corrected in-Table 4.10.
Because of the eges of samples, it is a little difficult to
evaluate the temperatures. -11.3°C for 77151B is obviously too
low but 0.6°C for 77162 froﬁ Lost John's Cave, U.K. at_lOl Ka
B.P. may be reasonable because a number of U.K. speleothems
dated by Gascoyne (1976) stopped growing at this point although
this time is generally considered to be during the last inter-
lglacial. Other temperatures calculated are perhaps more pro-
mising but perhaps tend to be a little too high. 73107 from
Bermuda is interglacial and yields é reasonable temperature.

" Without further results; it is diffichlt to evaluate the pro-
‘misq. of thls approach to 1sotop1c.temperature determlnatlons.
However, the point is reempha51zed that included waters are de-

1
pleted in 0 rather than enriched as expected from post de-

p051t10na1 oxygen 1sotop1c exchange with the host calc1te



Y

gt

CHAPTER FIVE
P

FTHE POTENTIAL OF THE METHOD FOR PALEOTEMPERATURE

= AND PALECCLIMATIC DETERMINATION

5.1 Application to Pleistocene Climatoloay S

5.1.1 Introduction
Tt n '. u —— .
Stable isotope profiles were generated from 5 speleo-

thems in an attempt to recover meaningful isotopic paleotem-

peratures using the method outlined in Chapter 4. These.tem—
peratures were calculated following tbreg steps:
(1) 6D, is modif;ed by PGDs-i to infer ¢D_, assumihg
<o variation in AGDS_i,
(ii) GOS is determiped from 5DS by application of a
gi§en meteoric water line of the form given in Equation 1.8,
(1ii) 6'° of the host calcite is determined and deposi-
tional tempgfétures are calculated using Equation 1.5.
-Unfortﬁhately,°none of the recoras extend over a fuil
‘glacial to ihterélacial period for reasons given later. All
are 1nterglac1al or interstadial deposits from latltudes be-
tween 45 and’ 55 N where speleothem growth sgems to have stopped

v -

at times of glacial maxima. Nevertheless, variations oﬁ 8§D,
‘ . 1
and GIBOC with time and site temperature are further examined

. ‘W,

_205.'.._



206

in light of their contribution to paleoclimatology.

+

5.1.2 Speleothems From the Holocene and Sangamon Tnterglacial

-

Periods

5.1.2.1 Holocene Stalacmite from McFail's Cave, N.¥Y.

797MP1 grew from 4.6 Ka to the present when it was .
_found actively groﬁing. It was shown to be growing in isotopic
~equilibrium according to the criteria of Hendy (1971). correla-.
tioh coefficients between §13C and ¢! % along three growth
"horizons, A, B and C, being O.le, 0.526 and 6.175hrespéctive1y.
Furthermore ﬁl‘bc does not ;how a'liﬁear correlation with dis-
tance along any of the three growth horizons measured (Figures
4.2 and 5.1). |
Sta?le isotope data, associated isotoﬁic_temperatures
and ages are presented in Table 5.1 and Figure 5.2. One of the
problems with the decreéitation éethod for extracting water
from speleothem gliquots is that the sample is completely cel-
cined. This results in the loss of CO2 from the sample and
hence the inability to make simultaneous.dD., 6190C and §'%cC
analyses. Aliquots of calcite-for GDi analysis are thus taken im-
mediately adj;éent to drill hoies'alQng growth layers. 1In the
case of 797MPi, where axial 51£Oc and 613C profileawefe very
detailed, the calcite adigquot forlone 6Di analysis may
have in excess of ten counterpart analyses of Glsoc'and §13c
b

(see Appendix IV). Table 5.1 reports only the mean values of

5180C and §'°C associated with single éD; values.

e st = Bl e 1L

PRSP



Figure 5.1 6‘BOC and 8'3C of points along growth bands of
797MP1 and 74017. Scolid and dotted lines relate to
left and right hand axes respectively.

18

Precision of § O, analyses are 10.15 % at 157
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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° if a slightly different meteoric water
line; d0 = 7.8, tather thaﬁ 10 derived from cave watefs in the
Eastern U.S. (Chaptef 3)r is applied. 1In so doing, no temper-

. (3 o
atures fall“below zero, with the present day temperature being -

raised to 6.8°C, close to' the thermometrically determinéd cé;é-
temperatu;é éf 8.0%c. Aé megtioned in Chapter 4, it is only to
seepage waters in'caves (and modern isotopic temperature re-
cords) iﬁ the Eastern U.S. that‘the do = 7.8 line is applied,
although the tendency of cavg drip waters in many areas to~fall
to the right of the Craig-Dansgaard meteoricAwater'line'é;é”

thus yield do <0 is noted. Such tréends, however, do not

significantly affect the discussion hereafter:

5.1.2.2 Holocene Stalagmite from Cold Water Cave, Towa

' 74014 has been described extensively (Harmon et al.,
1979 and,1979a and Harmon and Schwarcz, 1981) because earliér.
age data 'comprising four datés, suggested that it had grown
over the period 25 Ka to 6 Ka, covéfihé the Wisconsin Glacial-
Maximum at 17 Ka. GDi and isotopic téﬁperature profileés cons-
tructed from éhé record somewhat fortuitously revealed both a
, . significant depletion in deuterium and iow temperaturesat the
‘time of ‘the Glaciél 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 QEpletion

w

b
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in SDi and low calculated temperatures cannét be attributed to
extreme late Wisconsin climatic change but Qas 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 tempefatures (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 'younéest'temperaturé determined, 11.9°C; agrees with
the modern temperature to within the *2.9°C precision for fhe
method.

Data pertaining to paleoclinatic‘interpretation i;

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'76615 grew successively from 64 Ka to
28 Ka,(éee Figures:4.3 and 5.5; Figures are not in_order of
Icitation because of more detailed discussion of them later).
They have been shown to be egquilibrium deposits by Gascoyne
(1979) . Figure 5.6, modified with the addition pf GDi and
isotopic temperature data f;om thin study, is from Gascoyne
(1980) and comprises all the stable isbtope and age measure-
" ments. These are also presented in Table 5. 3. Figure 4.3
indicates the relationship between the Glaoc data of;tascoyne

(1980) and 6Di data of this study. Isotopic teﬁberatures are

et
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Table 5.3 Isotopic Composition, U/Th Ages and Calculated De-—
positional Temperatures* for Speleothems, 75123,
75125, and 76013, Cascade Cave, Vancouver Island

. WATER g, 7 ISOTOPIC
SAMPLE NO. CONTENT (%) © 8D, (%%ee) TEMP AGE (Ka)
- (wt%) ° 1 °C '
75125 Top lcm - - - - 32.1:1.7
" " " - - - = 34.326.5
(1%) 0.170 19.17 -116.0 7.9
“(viii) - 18.88 - -
(vii) 0.196 19.10 -129.4 - 1.7
{vi) 0.159 19.41 -124.8 2.7
(v) 0.185 19,17 -129.7 1.3
(iv) 0.191 19.24 -124.6 3.4
{iii) 0.170 19.49 -119.7 4.8
lcm above base - _ - - - 52.26.6
(i1) 0.157 19.63 -123.6 2.4
" Basal lcm . - N - - - " 44.9%19.2
Lo " - - - - 43.3%3.0
76013 C 0.266 . 20.09 -117.5 3.6 54.7+6.8
“A. 0.155 20.22 -106.0 8.7 . 60.8210.2
.75123 Top, laD 0.298 . 19.82 -123.7 1.7-  45.3%9.8
2 0.291 -~19.94 -120.0 3.0
5 0.301 . 20.13 -117.6 3.4
6 0.433 ° 20.06 -116.8 4.0
7 0.408 19.94 -118.5 3.7 .
Base, 2AD 0.266 20.37 -115.4 3.5 56.1*3.8

For locations of samples see 4.3 "
6' %0 and ages from Gascovne (1979);: see also Figure 4.3 for~ "¢
sampfe relationships and table 5.5 for age data. . o
*Calculated following the procedure outlined in Section 5.1.1
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calculated from phe combination of these data sets.

5.1.2.4 Mid-Wisconsin Stalaamite from Cold Water Cave, Towa

74017 was thought originally to have grown over the
Wiscdnsinan Glacial Maximum from 35 to 9 Ka based on two détes
(Harmon, 1975).' Latterlyggthése dates have been shown to be

¥ f

in error. Based on three new dates (Gascoyne, 1981) 74017
appears to have grown from 7& éo 27 Ka. This is unfortunate,
because as vet no speleothems from this cave.appggr to have
ngWn over the Wisconsinan Glaciai Maxiﬁum whe; the greatest
possible temperature range would have been encountered.

Stable Isotope and temperatﬁre data are presentéd in
Figures 5.1 and 5.7 and Table S.AQ Figure 5.1 indfb;tes that

:

the deposit probably grew in isotopicAqquilibq@um_with the cor-
relation between 61°Oc and 6'°C along a growth iayer yieléiné
‘a corgélation coefficient of 0.377. This is consistent with the.
observation that the only natural access to the cave is viaia_
siphon and the cave is, therefo:e, essentially a draught-£free
site with rela£ivefhumidi£y in excess of 95%. Presently the
caﬁe's temperature is constant at 8.8 * 0.5°C. Figure 4.4
shows the relationshié between the samples‘for Géi and 6! %E

and 8!'3C anallysis. These values are shown as functions of age

on Figure 5.7 and presented in Table 5.4.

_UD
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Table 5.4 Isotopic Composition, U/Th Aqes* and Calculated De-
positional Temperatures** for Stalagmite 74017, Cold
Water Cave, Iowa ’

-

SAMPLE HEIGHT 5180 TEMD
NO. . ABOVE Bas D:20(wt%) o Je 6D, (%) .c

>

ACE (ka)

- 2 Top 2cm . 27.0+1.1 .

1 53.0 "0.860 26.48 -70.8 1.5

2 52.0 0.896 26.88 -64.8 . 3.8

3 50.5 0.930 26.66 -61.8 5.1

4 49.3 0.890 26.45 -63.7 5.0

5 48.1 :0.901 26.54 -70.4 1.4

L 44.0 0.778 26.15 -62.7 6.6

7 40.5 . - 0.790 25,97 -63.5 6.9.

8 37.7 0.710 S 26.39 -74.1 0.3

9 36.2 T 0.682 26.50 -69.1 3.2
10 34.2 0.696 26.86 -64.9 2.8 3
11 33.2 0.648 26.85 -65.9 2.4
12 32.1. ~ 0.572 26.11 -64.2 6.1
13 29.7 . 0.911 25.99 -66.5 5.4
14 27.0 0.680 26.34 -66.8 3.9 ’

-1 25.0 ' , 36.0+2.0
15 24.0 0.674. 26,19 -69.0 3.4 :
16 21.9 0.644 ' 26.80 -67.2 2.0
17 19.5 0.600 2675 -64.6 3.4
18 15.7 - 0.634 26.06 -70.2 3.3
19 11.7 - 0.600 26.75 -65.9 6.3
20 B.0 0.672 25484 -64.0 7.0
21 4.2 0.640 26.24 -69.1 3.0
22 0.5 . 0.564 26.97 -72.2 =1.0 .

- 3 Basal 3cm . . . 73.8£5.5

)

*After Gascoyne, 1981 . ‘Bee also -t-"able Y
**Calculated following the procedure outlined in Section 5.1.1
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5.1:3 Palepc;imatic Interpretation

5.1.3.1 Holocene Recdrds ’

l. Temperature versus Time

797MP1 (N;Y.)_apd 74014 (Iowa) extgnd from 12 Ka to
the present and theseﬁpéﬁ be considered in reference to what
is known of the geoéraphiéally associated paleoclimatology of
this period. .
Gribben and\%amb (1978), in a general review of climatic -
- change in hisforical times, divide the last 5,000 into four |

//'. epochs fgllqwiﬁg‘thé last major glaciation.

K ' ‘ (i) 7 to.5 Ka; post-glacial Climatic Optimum,
(ii)° 2.9 to 2.3 Ka; Iron Age Cold,
(iii) l.Obfo 0.8 Ka: Secondary C;imatic Ooptimum,
5. . (iv)‘ 0.55 to 0.13 Ka; Littlg Ice Age. |
With the syétematic error in isotoﬁic temperatufe

determinatidns ( 2.9°C), the temperature recbrds cén be only
brégdlyuintErpreted.. 797MPl. will be considered first (Figure
5.2). ' | | | |
: . _ e R
From 3.5 to 2.0 Ka, a cooler period than today is ob-
‘serVeﬂ, perhaps corresponding to the Iron Age Cold dating from
2.9 to 2.3 Ka as. cited abové. The later warming period from
2.0 to‘i;o Ka may then be aligned with the Sécqndérj Climatic

' Opt;mum (1.0 to O,Q'Ra). The cooling from 1.0 to 0.6 Ka, which
o | would then be correlatéd w;;h the Little Ice Age (0.55 to 0,13

Ka), is more diffiéult to accept but may be reasonable when the __

; f—"'-'—

«



Figure 5.2 Plot showing water yields, 8D, , §tic, G?BOC and
e Isotopic Temperature along the axis of stalagmite
797MP1 from McFail's Cave, N.Y. | _
Solid and dotted lines refer to left and right hand

axes respectively.

1]

Shaded areas represent 1o errors. -

/

i7
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precision of the dating is taken into account. The chronoloéy-

is fixed by a base date of 4.6 * 1.4 Ka, éﬁ'assumed constant

growth rate and the assumption that the top is modern because

it was actively growing. In summary, wifh the.datingAprecision,

in mind, it is possible to conclude that epochs (i) to (iw) are

represented in the profile of 797MPl. What is further noted

i§ that the amplitude of_ﬁhis temperature profile (7.8°C) is

larger than that expected. 2 to 3°C was ‘thought to be the

maximum temperature range epcountered'éurfhg the four epachs,

but:our'larger offset is‘probably due to’the uncertainty (:2.9°C).

in £hé,method of obtaining isotopic temperatures. _
The temperature profile for 74014(F10 5.8) does not show the

detall exhibited by 797MPl and .hence cannot be related to the

cpoch System described above. However, 1t must be noted that

only 5 temperatures (2 replicate) have been determined beﬁween

the dates 12.0 and 2.0 Ka and such detail may have been missed.

Between these aates temperatures increased to modern valuesh -

up to the cessatlon of growth, the latter possibly correspondlng

to the Secondary Climatic Optimum. The bemperature minimum at

ground 12 Ka may correspgnd to the small glécial advance seen

at the Twocreekian/Vaiééfan'boundary of the Illinois Glacial

Record {(Figure 5.8). Higher temperatures just prigr to this

advance may repres?nt a brief_amelioratioh of climate during’

thg Twocreekian, . j | | )

In conclusion, the temperature profiles for both 797MpP1l

ot
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and 74014 seem generally to be in accord with the other, inde-
pendent, records pfesented here and no marked disagreements are

noted. Stable isctope profiles are considered next.

2. Q_Qi and 6180; versus_Time

When 5Di for 797MP1 is compared to §D of the ice core

record from Camp Century, Greenland (Dansgaard et al., 1969)
which can be mafched to.the’general climatic record presented
by Gribben and Lamb (1978), some similarities are observed
(Figure 5.3). The records éppear-to conform between 4.0 éhd

2.0 Ka and the Mdiscontinuity at around 2.0 Ka is seen in all
records pre .nted so far (i.e..both the speleothems and the ice
core records). Tﬁo peaks are observed in the ice éore record
where 6Di records only a'single'peak _at about 0.8 Ka. One
explanation is that the first peak at 0.4 Ka in the ice core
.record has not been recordgd in the spéleothem due to teméorary
cessation in growth. Howeveggécareful perusal of the Qrowth
layers-in the upper part of the deposit does not suggest thaﬁ
this occurféd. The lack of correspondence of thé records in

the top section of the speleothem thus remains open to question.
GDi frém ?4014 (Figure 5.8) shows a géneral'decrease to a mini;
mum around 12 Ka. Thereafter values increase fairly steadily.
fup until the dep051t ceased to grow at 2 Ka. In thlg way, thg'
proflle'closely resembles that of . temperature, Agaln, the early
part of the.re¢ord, beforq 6Di reaches the minimum value, may
corre'spond ta a‘a very brief-warming period, assigned to the Alleroed

4 et



Fiqure 5.3 A .comparison of Isotopic Temperatures and 6Di from .

797MP1 (N.Y.) with &' %0 of ice from the Camp Century

rl

Ice Core, Greenland (Dansgaard et al., 1969)..
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intérstadial at 11.7 Ka-in the Camp Century ice core record.
After the minimﬁm,éDi, the increase in 6Di probably reflects.fhe‘
general warming period from the final céld pulse at 11.0 Ka
which has continued to the present. .

The 13.0 +1. 8%s and 12.3 : 3, O%o range in fD for
'797MP1 and 74014 are somewhat larger than expected "The pos;
51b111ty that £6p si is temperature dependent and ggnerafgs a
w1der range of GDi than expected has already been faiséa.
Nevertheless, it should be pointed.dﬁt that some continental
sites do experience large ranges in ¢éD, up to 30%. in the.Sinai
and Negev deserts bver,ﬂadmitteé]y, ¢glacial to interglacial
periods (Gat.an :Carm , 1970, and Gat ang Issar, 1974), whilst
some experience no change at éll, as in tHe Londor DRasin for.

example (Evaqs et al., 1978). Harmon et al. (1§79), for a num-
ber of ﬁ;rth Ameriégn cave sites, repo;t an average range of
6Di of 12%, for méximum tempergture changes. However, in all
the cases mentioned so far, including the speleothems discussed
here, 8D is 1ncrea51ngly depleted at progre551vely lower tem-
peratures within a glven record.

In summary, although there are some reasons tb suspect
that the range of GD in ?97MP1 (and- 74014) are rather too
great, they fall w1th1n the range published by other wo;kers.

Of interest is the possibility of using the stable

isotope data from speleothems to investiggte-chhnges in the

isotopic composition of sea water, and changes in the dt inter-
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Cept. Unfortunatelyﬂ the two Holocene fecords bresented do not
really extend far back eénough for these changes to bé noted.
Ninkovitch ang Shackleton (1975) and Lorius et al. (1980) re-
bort little chanqe in the comp051t10n of seawater ang d * res-
pectlvely, 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 D, and &'%o ¢ Versus
isotopic temperature. -(The slope values reported for d5D /dT
have been converted to ac! o /dT by dividing by 8.) gé!l %i/dT
for 797MP1 and 74014 are +0. 20 and +0.21%./*C respectively where-
as @¢! ‘b /dT are -Q.08 and -0.04%,/°C respectively. The slopes may
reflect a depehdence of 6Di on temperature, which almost equals ‘
the opposite dependeﬁce of N, ON site temwperature of about
-0.24%,/°C, hence the low slopes of d¢!' d /4T. These values are

4
reasonable for continental sites (Takle 3.1).

L.

‘5J1.3.2 Interdlacial/Interstadial Records

- .1 ] -
\ 1. Temperature versus Time ‘ : a

The four interstadial speléoihems,'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
L from 60 Ka to 28 Kea and the one stalagmite from Iowa covers ga -

similar period from 74 Ka to 27 Ka. The reco;‘ds from the two

areas can thus be compared.:

.. The temperature profile of the{Vancouver Island record,

derived from dDi and 618OC, is compared to that inferred by



Figure 5.4

Correlations of GIBOC(+) and §D; with Isotopic

Temperature for 74014, Toway
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Figuré 5.5 Correlations of Glabc(%), 8'3c ang §D; with
' IéotOpic Temperature for 797MPl, N.Y. Errors

are at 1lo.



" g3¢

229

23.4
233
23.2
'8
5'°0;
23.1
(%)

22.9

-9.2
x “94
~9.6

(%)
-9.8

-

I 1 1 +I 1 1 1 1 1 ] .- L )
=1 O [ 2 6 _._\-?"'LJ -

3 4 5

=10.0




230

Gascoyne et al. (1980) (Figure 5.6). These workers determined

site temperature by making estimates of the past.§'®_ (p =
precipitation). Since Vanopuver Island is a marioe site,
d6180§7§?fuas assumed to be that determined by Dansgaard (1964)
for a wide range 'of present day marine environments, namely .
0,7x,/°e. _Allowanee was‘then made for the change of isotopic
composition of seawater for -that period (0.65%.) based on .the
' deep sea foramintferal record of Ninkovitch and Sihackleton
{1975). 1Interestingly, Gascoyne et all (19801 found that f
délaopydT had to be greater than orfequal to Dansgaard's estim-
ate of 0.7%,/°C, as lower values generate sub- zero temperatures.
Use of 0.7%./°C just ylelds positive temperatuhes within experl-
mental error (see top: of Figure 5.6). Their temperature record,

falling from 60 Ka to 32 Ka, agrees with the palynologlcal and

sedimentological observations of others for the region (see Gas-

coyne (1979) for reyiew) . ' . , \

'!
In dﬁneral,¢there is agreement in the trends of the two

témperat&re ecordsypresented in Figure 5.6: temperatureffall

from maxlmum 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
‘obtalned\ln this study are not seen in the record of Gascoyne
et al. (1980) ' Furthermore, the former record appears to be
offset from the latter by about +2°, it ie difficult to eval-

uate these differences because even if only the systematic
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Figure 5.6 Plots shawing Gleoc, 8D, §13¢C and Isotopic
Temperatures of thrée.speﬂgothems: 55125, 75123
and 76013, from Cascade Cave,  Vancouver Island.
Also shown are the temperatires. determined by

j . -
Gascoyne et al. (1980) and §1‘bc and 6!3C values

are from these authors too. ' -

-

Solid an8l dotted lin€s (temperature scales) refer

to left'andhrightmhaﬁgxaxes respectively. “3
2 e i ‘
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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 iavolved in the estimate of 43! %p/dT.
namely the assumption of 0.7%./°C for modern maripe environments

being valid in the past (values up to 0.9%,/°C have been en-
countered, see Table 3.1) and the precision of deep sea core

T

dating, then perhaps only very broad comparisons can be maée.

i

The ;soﬁopic temperature record for 74017 is presented . -
L 4

in Figure 5.7. Again, relatively large systematic errors ;n
temperatu:e determinations permit only broad interpsetations to
be madeﬁ

This profile, along with 6 b and GD has been placed
in context with other records of the Wlscon51nan Glacial Stage
as given by a number of workers (Figure 5.8). The Il%}nois
Glacial Record (frye'aﬁd.Willman 1973) is.also accompanied by
a relatlve temperature curve: based on a number of glac1al and
per1glac1al observatlons. The Iowa Glac1al'Record-(Leighton,
1957) is included w1th that of the Eastern Great Lakes (Drei-
manis and Goldthwait, 1973).

At around 65 Ka, the speleothem yields temperatures
hlgher than at any other time along its record.: This event
correspondé,;n time to a‘period of glacial re;reat seen in the
Eastern Great Lakes Glacial Record ,but is perhaps a little

prior to the estlmated date of a perlod of ,warmer condltlons

observed in the more prox1mal Tllinois Glacial Record at around



Figure 5.7 Plot showing 6! %0 , 6Di. §1'3C, water yields and

C
Isotopic Temperatures from Coldwater Cave, Iowé.

Solid and dotted lines refer to left and right

hand axes respectively. Note chance in time scale.

far s
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Figure 5.8

Rty

AN bt 28 Bttt T e wm e m e = .

-

Comparison of the glacial stratigrabhic records

of the Eastern Great Lakesz Illinoié, énd_Iowa

& s

with the Iowa speleothem isotopic paleoclimate

" record. The time scale for the glacial strati-

graphic records is based upon !“C ages and that
of the speleothem record from 23°Th/23%U ages.

L. ] . °
Compilation of data other than that from speleo-

thems 74017 and 74014 is that of Harmon (1975).

e . ritul —— - —— —
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N
60 Ka. Given the relative precision of the U/Th and !“c methods .
used to date these events, they could be coeval, especially
as the Altonian-ﬁarm stage is at or ;eyond the limit oﬂ"zc
dating. The cooler period coserved et thg_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 Lates Glacial

Record. All records, including 74017, from 65 Ka onwards, hint

at a general eplsodlc cooling of climate ending at 17 Ka, the

. Wisconsinan Glacial Maxlmum. Of notp are the minima seen

in the record of 74017 at 42 Ka and 32 Ka matched by a glac1a1
advance and cocling in the Illlnors Glacial Record at 44 Ka -
and 34 Ka, the latter corresponding to the Cherrytree élacial
Advance observed in the Eastern %reat 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,Lakee records respectively. Abrupt cooling
in both glacial recotrds at aroUnd 23 Ka, correspondiog to the
onset of the Wisconsinan Glac1al Maximum, cdincided in time with
the,cessatlon of growth of 74017 and may have been caused by
the development of permafrost. --

In eummary, it is noted that there is considerable agree-
ment: between the relatlve climatic record of Frye and W1llman

. om

(1973) and the temperature record of 74017 which would have been

expected in view of their geographlc proximity.

B -



239

2. ﬁgi and él%k.versﬁs Time

Tke SDi profiles for all three Vancouver Island speléo—
thems are similar in shape tothose of &! ‘bc and like them,the
records. from all three deposits link up over common periods of

deposition, lending some assurance to the Qélidity of the re-
]

~

" sults. ‘ ' ..

The total range of.‘éDi in the records is 24%.. Given
that the temperatufe;ranée_is between 7°C (this work) and 5°C
‘(Gascoyne et al., 1980),?thé’present day 44! bp/dT = 0.7 %o/*C

(5.6%./°C for deuterium) and the change in 6! © of "seawater over

“~

that period equals 0.65%./°C (5.2%,/°C in deuterium), the total

~

range of 6Di expected is between 34.0%. and 22.8%. respectfvely,
The latter figure. derived from the temperatureh;énge of Gascoyne .
et al. (1980) is the same as ﬂhe‘meaéured range. Acgain the

error in isotopic temperatures‘(12.9fc) is emphasized'with res-

pect to these comparisons and the use of a 7°C range in temper-

ature has, likewise, a large error associated with it.,

" The similarity of the shape of the 6’°Oc profile to

the 6Di profile is also indicative of the strong dependence o

. . -, A . . ;
GDD on temperature. The value of 0.44%,/°C for ds“bj/dT

.t * . . Y. ” 2
(= 1/8 (d6D;/4T)) in Fiqure 5.9 can be compared with Gascoy

et al.;s,estimate of 0.57%./%Cc =~

which takes into account the changing isotopic composition of

seawafer. The presence of the 'two high temperature points has |

the effect of reducing the ddDi/dT value. Likewise, the two
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Figure 5.9 Correlations of §! BOC (+) and 6D; with Isotopit
' Temperatures for spel:e‘bthems 75125, 75123, =and
7®13, Vancouver Island. Errors are at lo.

—.—. Slope of 0.2% /°C shown for corparison

(see page 242).

*
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high temperature points reduce 44é? bc/dT to a low value of
0.03%,/°C but the important point to make atizgpcouQer Island

- is tbaﬁ?&é’eo/dT> 0, as Gascoyne e£ al. suggest, and in distinct
contrast with its behaviour elsewhe;e. With.a maunitude of
débi/dT of 0.44%°C,;one would expect @&! Bc/dT to-be around

0.20% /°C &s shown in ficure 5.9) due to the effect of ¥, . Thus, in

owr

summary, the resultggof Figure 5.9 are viewed ¢autidusly,with the .

speculation that th;itWOnhighést tenperatufes determined are suspect.
The éDi-record for 74017 may be compared to thenvarious

glaciél.records-mentioned earlier. -A'tentative comparison

could go as follows: 2t around 74 ka 6Di is relatively light

corresponding to the'Nicoleé advance fin the Eaéte‘n Great Lakes

and a greater, triple advance in the Illinois record. At 66 Ka

éDi‘iséheavy reflécting the St. Pierre retreat (Eastern Great

[ Y

Lakggifand.bhe_Largest réﬁneat’in the Altonian (Illinois). 6Di
is ii@hter again at 50 ég{fqpérding the Guildwood édvancé (East-
ern Great Qakess and the éreatest advance in the Altonian. The
5Di peak at 45 Ka may Be félated to either the Pért Talbot I or
IT retreat_leaving a trough at 38 Ka to Se ascribed to the | ' T

Cherrytree and final Altonian advances. The generally high

‘values of GDi from 34 Ka to 27 Ka may correspdnd to the Plum

Point and Farmdalianaretreats. The final descent of GDi'at
‘ . 0
27 Ka would be due to the onset of full glacial conditions as

reflected in the Missouri and Woodfordian major advanceg.-.ﬁe-

cause of the errors in U/T@ an C dating (particﬁlarly'earlier



' FPigure 5.10

- -~
r

T

Correlations of GIBOe {+) and GDi with Isotopic

Temperatﬁre for. 74017, Iowa. Errors are at 1o.

‘e



244

N

9'92

8°'63
0’92
29z ¢

v'oz

8'9¢

b




- 245

than 50 Ka for !"C dating), these comparisons are merely suggest-
- ! )

ive rather than being definitive. However, the general tenden-

cy for GDi to become lighter between 66 and 36 Ka does seem to

¢ -
agree with the progressively cooling conditions depicted in

Frye and Willman's relative climate (Figure 5.8).

'The range in Fbi for 74017 is around 12%0; the same as
that measured for the tﬁo Holocdne {continental) recorés but

S smaller.than that of Vgﬁcouver Ishand. The similarity of the
range of SD in 74017 to the Folocen rds is*somewhat sur-

prlslng because the ice volume effect (0.65% ’in M8 = 5.2%, in
| ¢D for this period) should have been observed. ﬁith similaf‘5

temperature ranges in each speleothem, one would have expected

the range of 6Di in g4017 to he about 7%. . However, the effect
f -changing weather regimes such as the-change in length of

s 3 . .

¢ Storm trajectories cannot be taken into account. Increase in

the length of storm-ﬁracks during cooler periods, for example,

could-account for. the discrepancy, and Vancouver Island, receiving

// unvarying westerly weather, would not encouhter it.

~

‘Plotting 6150 and 6D versus 1sotop1c temperature for

74017 yields essentlally similar slopes as the continental

Holocene records 8180 /dT(—l/B(éSD /dT)) = +0,24%: /°C - and

dﬁlaob/dT = -0.10%./°C)., Again the<cont1nental'délsop/dT,effect
tengp to override .t'ne“ effect of temperature on a_ (figure 5.10).-

..; o .
5.1. 4 General Discussion

The 6’%%,.6Di and temperature data presented in the
- »
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previous sections allow some general comments about past climates

and the usef;lness-of‘speleothems as paleoclimate indicators to
be made. | '

The viability of GJBOC records alone as relative paleo-
temperature indicators is in some doubt. The three ¢! f0c /AT
v;lues de@ermined from continéntal?%eposits {797MP1, 74014 and
74017), although negative, are close to zero. This means that
the dependeqce of 5180C on site tempegature (aéwl-barely exceeds
the countervailing effect of 66380 /dT In these cases, it
_would be unreasonable to ascribe troughs and peaks 1n the 6! fo o~

proflles to warming and cooling events respectlvely The profile
S

for 74017 (Figure 5.8) illustrates the dilemma quite well. At
65 Ka, for'examgle, ;he trouch corresponds to a warming event

but peaks at 43 -Ka and 33 Kg also appear to reflect warmlng
events. The shape of the temperaturexproflle for 74014 is not
feflected in the GLBOC_record either. The' problem of interpre- >
tation, however, in the Holocene record of 797ﬁP1 is less severe
and peaks_appear‘to relate to coolef periods. The one GD; value
for 77151B from England permitted the calculatlon of an isoto
rtemperature point equal to zero {(see Table 4.9) This corresfi\
ponds to a distinct peak in Glaoc at 254 ¥a which had been taken‘
to be a coollng event based on comparlson with. modern ca1c1te
(Gascoyne, 1979). The va;ue of dﬁleop/dT for the U.K, is

generally low, varying with locality, and averaging about.

0.15% /°C (Evans et al., 1978) and if it had the same value in

= .

| AN RN P . L aaae e in At e am
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5
the past,the use ofanegative dependence of 44! Ebc/cfl'I‘ is probably

a2 valid application to the interpretation of §! bc profiles. .
A general conclusion that can be drawn.from these data is that

~unless as! 0 /dT is 51gn1f1cantly less that the temperature de-

"
pendence of 618 c On &  then élaoc profiles cannot be inter.

N

preted unambiguously.

In the case of the three speleethems from Vancouver -
Islaud'ja’maritime‘site) there seems lese of a problem (Figure
5.6); ds! %o o/dT is domlnated by as! &g /dT and therefore a light-
ening of §! % c corresponds to a fall in temperature. The simi-
larity of the ani profile to that of §! "oc helps to confirm the.
dominance of the precipitetion effect over the dbw effect end,
indeed, that due to the changing isotopic compoe;tion of see—
water. V

In all the calculatlons of 1sotop1e temperatures dt‘and
db in the meteoric water line gquation have been assumed to be.
close to or equal to 10%.. The justification for the use of this
value'stems frem’the fact .that no fully glaciai deposits have
been studied. Deuterium def;ciency during interstadlal periods
was probably not very dlfferent from that of today. Lorlus et
al. (1980) determlne a shift of around 4%, for the Wlscon51n
Glacial Maximum. A 4%. change in the meteoric water line to a
lower intercept raises temperaturee'by.2.3°c. In both the_Vab-

A

couver Island and Iowa records rai ug the temperdture by this

amount seems, in part, unreasonable. Isotopic tempfratures 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.
Howener, since both records are interstadial, temperature changes
due to changee in dt should be smaller. In any case, changing
of temperatures using the-maximum value of dt_does not . chance
the trend of the_arguments presented earlier.

- Assuming that iDi records are an accurate reflection‘of
past precipitation, then it should possible to observe ehanges

.

in 6Dp from one type of climate to another, from glacial to inter-
glacial, The problem reduces to comparing Mid—Wisconsin 6D‘\§
values to mddern values. The apnroach 18 the same as that of"
ﬁarmon et al. (1570) who compared averace SD from foesil de-
pos;ts and snbtracted frqm.thls §D of modern meteoric water glning
rise to the quantity ASD(t). They found tnat the average glacial
to interglacial shift to be —12%0 and for interglacial to inter-~
stadial, -7%., es discussed in Chapter 1. However,it should be
noted that-if fluid inclusions are compared to modern precipifation,
fossil prec1p1tat10n would always. appear to be depleted by 222,1%
(see 4.4.7). When thls ‘is done for Iowa and Vancouver Island

the results are cgntradlctory. ‘ : . ' \

The average BDi value for 74017 (Iowa) is -67.}k—45.0%.)

whereas modern fluid inclusions give -67.0(-44.9%0) and -78.1(-56.0%.).

~ for the topxef,74017 and 807CH3 (Table 4,10) respectively

(Figures in brackets are coxrected for 48pP;.;)- - These data are
confu51ng because modern drlp water for the cave is around —54%.,

consistent  with 807CH3 but not the (2,000 year-
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’

old) top of 74014. Nonethgless, using the mean 6Di values for
- 74017 and modern drip water ASD(t) gives +9%, ; the reverse of
_ t?at expected. Mean Bbi fqr the Vapcouvef Island deposits is
-120.4 (-98.3)%. whereas modern drips are -88% (Chapter 3),
vielding a A6D(t) value of -10.3%o.

The enricﬁ&ent in fossil 5%_at the Iowa site is somewhat
puzzling. ©One explanation may be that the determination of
GDp is in error although the d;ta of 80§CH3 would.not sd%port
this. Perhaps a moré likely explanation is that during the
Wisconsinan interstadial, the cave was dominated by heavier
summer recharge water. FEstimates made:of C-H bound hydrogen in
ancient and'modern wood cellulose suggést that during the Wis-
con;inan Glacial period precipitation waé enriched in deuterium
by +19%o (Yapp and Epstein, 1977). Harmon et al. (1979) suggest
that a seasonal bias towards heavy summer precipitatid?.might
explain the 19%, enrichment in hydrogen. At this stage, ex-
planations of the enrichmenf of 6Di in the.Iowa deposit remain
speculative. . ~

The ASD(t) of -10.3%0 for 'interstadial Vancouver Island

) -

is, however, consibtent with the idea of an‘increased ocean- |

céntinent.temperature gradient during cooler times which more

than compensated for thé increase in deuterium conterit.of the’
- . .M .

~world's oceans, : ' LB
- . o ir 1
s -..-u .,
Summary _ el 3
. - 7 .

: } A
From, the preceeding sections of this chaptq?& 7
. : . " :’::. T

vk -
in ¥hich -



250

a

stable isotope and isotopic temperature profiles of six speleo-
thems were presented.énd ciscussed, the following general points
can be made. |

1. Errors in isotqpic temperatures (:2.9°C) permit only
broad interpretations of £emperature profiles whdse range is
typically 7 to 8ecC. . ) -

2.. Temperature profiles broadly parallel the rélat}ve
climatic records, such as glacial advances, presented'in the
literature. However, lack of dating prec%flon, partlcularay
in the !“c dates, beyond 50 Ka make some of these comparisions
dubious. |

'3. The two Holocené'stalagmite records from Ioﬁa and
N.Y. show some agreement both in GDi and temberéture.

4. The two Holocene stalagmite records show some agree-
ment with a Greenland ice core when the timing#dD peakﬁ is
compaféd. : -

5. .6Di decreases w;th falling.(isotop;;) temperature
within a given rcgord but when comparisons afe made with mean
interstadial éD; and modern §D,., there is disagreement. The

~ : . : :
Vancouver Island'recqrd yields an isotopic.depletion of -10%.

from 1nterglac1a1 to interstadial climate whereas thesIowy. re-

cord suggests the reverse at +9%.. The discrepancy is not

understéod.
:5. In the three continental dep051ts, dal‘b /dT almost

exactly counteracts the change in 6’%) due to the température

o e rm e N L Tk £ LA S Y pirem e = = =& - —hetr C—mre e mwmm - e i ek er - kme— s . ar
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dependehcy of L Therefore,.caﬁtion is advised.in using

élaoc alone to interpret relative warming and cooling episodes

except where dd{%&«HT is significantly different from the LI

effect as in the U.K. or on Vancouver Island. In the latter

case d5190p/dT was found to be 2 0.44%, /°C, dominating both the

ice volume and £%w effects.

7. fhe change in 8D of seawater during the Mid-Wisconsin

; ;QFerstadial is observed in thé Vancouver Island record and may

lhekjust diseernable in the-Iowa record.

- b

8. dt chancges fromesinterglacial to 1nterstad1al periods
are probahly less than half that of 1nterglac1al to full glacial
beriods during which the change is 4%.. Temperatures will be
ralsed due to this effect bykarohnd 1°c only; therefore, not

_51gn1f1cantly affectlng the tlpﬁeratures determined in which d

was given the modern global value of 10 (unless otherwise. stated)

5.2 Appllcatlon of the Decrepztatlon Method to Hvdrothermal

L

Mlnerals

) A number of minerals were collected from the Taglin
hydrothermal ore body, Chlna These minerals included calcite,
quartz, barite and sphalerite and all Eontained;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 @oexisting calcite and quartz (described in Chapter 4) is

+ 1.3%, (Appendix V and Figure 5.11). All results are plotted

T

- i

i i 1A o e Sl -l /
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Eiqure 5.11

v

6D, versus §' % for various hydrothermal minerals
from the Taulin Ore Deposit, China. 61Q3-valu§s
for the included water. were inferred from sulphur
isbtope temperatures (Ding et al.; 1982) .

Qtz = quartz, Ba =‘Bar;?e,-5ph = Sphalerite and

Cte = Calcite.
. /-\‘ 3

-

;-

. .
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on Figure. 5.11 with 51»% 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 aﬁpear to have evolved from this
stafting combosition. The horizontal and inclined lines are
consistent with meteoric/magmatic or Mﬁtamorphic water inter-

action. The horlzontal llned;ﬂdlcates exchange of oxygen only,

-

. pPossibly frOm the wall rock {(Sheppard et al. , 1971) whereas

the inclined line suggests participation of hydrogen as well
a5 oXxygen similar to waters evolved froq acid hot,sprihg en-
vironments (Craig, 1963). However, the details of the work
are provided by Ding et al., (1982} for further discussion.
The above desceription as with that of the Tynong granites is
merely toolntroduce the further appllcablllty of the decrepl-

tation method. (see also appendix V).

5-3 : The Future
a2

Because the developmental aspec\\of the work and its
assoéxateg_problems consumed a con51derable portlon of’ the
time allotted to the thesis,. the study can only be regarded
as’ prelifhinary with fea51b111ty belng its aim. Regagded as
such, there are clear pointers for future research. Of
greatest importance, is the need to'establish 84D_ , and its

possible temperature dependence with modern deposits and

eggval seepage. Active soda-straws might be ideal for this

) O] ’

[y

Ll bl taed AT
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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 te be.sampled. To aid
investigation of the systematics of the AdD s_i effect, environ-
mentally controlled laboratory experlments to grow calcite
should be attempted | _ ' '. -

If AGDS_i can be better‘esteblished then a huge number
of continental'sites are‘potentiaily available for paleo-
climatic study. The recovery of depositiona} temperatures
from speleothems. is adventageous erF relative climatic records
as deduced, for example, from ice or marine foraminiferal- cores.
The relative accessibility of speledthems,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 A6D s_118 the need to test the geothermometer across the
‘la:gest possieie temperature range, but temporally rather than
geographically, as‘suggested earlier. The difﬁiculty of tind-
ing a deposit whose growth spans a glacial/iﬁterglacia{

_ period where a maximum temperature range should be edcounte;ed
has been alluded to. Cave.sitesshould be éought as far no;th
a8s possible where sbeleothem grog;h persists during glacial
_maximum periods. The Wisconsinan Glacial Maxlmum is the best

choice of time because it is the most recent and one of the

e TETH B A i & ook o o e ol e o e o o
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-

most intense glacial events recorded. An excellent complement- .

~ary study to Late Wisconsinan climatolggy could be further
work on sub-glacial precipitates. This is al;/the more pertin-

| ent because fluid inclusions from one sub-glacial precipitate,
at leasr,appears to preserve the 6D of the ice from whieh it,
was formed.

A few GDi determinations on speleethems for which a
record of 5}°Oc has been acquired allows a relative cliﬁatic
ecale to be established with some degree of certainty and GDi

~can be used as a Eecprd itself. The latter would be useful
(§s mentioned in Chapﬁer 1) for non-equilibrium deposits
wgere disequilibrium has been induced. by the rapid.outgaes{ng
of CO; rather than by evaporation.

/

Finally, the appearance of a Adiaos_i, in whichrélsdi
is depleéed with respect to G‘BOS, reguires further investiga-
tion.” Success in this area, althoqgh indications are somewhat
unpromising, would mean that paleotemperatures could be re-
covered without resort’ to estlmates of meteorlc water lines.
Furthermore, in addition to ice cores, fluid inc}usions could’
be used to déteg%ine past meteoric water linestoo,and dt deter-
mined as a function'of bOth-space and time. The measurement

of GD and 6130 51mu1taneously from a given group of fluid in-
clusions would remove the problem of sample inhomogeneity when

measuring 6D and §! % on separate aliquots and the need for

large sampies. An extraction line to do this was, in fact,

5"
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t

e
constructed but lack of time meant that it was never tested
but it is described neve;tﬁeless (see Figure 5.12). The iine
would utilize the water-gas réaction and is somewhat similar
to. bﬁﬁ_simpler than, that used by Gray and Thompson (1979) in
which water is passed several times over a carbon pellet. The
water is convevted to H,, CO, and CO. "H, is.collected as

uranium hydride, CO, and CO are frozen dowr with liquid nitro-

gen, the latter on silica gel. The CO is converted to CO, with

.a'COld electric dischargé at 7 Kv between Pt electrodes. The

resulting CO, and H, are finally remoéed for mass spectrometric )
analysis. This technique if able to be combined_with.decrepi-
tation methods described.earlier,.is potestiglly very powerful
because of the relétive rapidity of analyses, the quantity

of information collected per extractlon and its appllcatlon to
a wide selection of water carrylng minerals.

Agaln it 1s'gagﬁasrzed that stable isotope analyses on

fluid 1nc1u51ons in mlnerals generally are somewhat few and as
interest in such 1nformat10n increases, as appears to be hap- T

pening at present , then methods like the above

should gain importance. ® Although it is beyond the scope of

the the51s to go into the multltude of appllcatlons that i’

be v1suallzed a general feature of all fluid inclusiqgqns is
that *they” represent the "m1551ngé‘phase necessary to‘lsotope

ge é;gérmometry and to the 1nterpretation of enviro mean in

A

.sqph §ystems.,,For example, the p0551bility of extracting water

g : ; : '
- . .
. - ' . o ~
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from limestone lends itself to the study of'dicgenetic condi-
tions of the limestone. The controversy of the origin of dolo-
mites whethcr it be a grqundwater or marine (or both) based
origin, m;ght well be studied frcﬁ the analysis of 'stable
-isotopes_in the water it containsn

The presence of water in minerals appears to be extreme-
ly widespread and yet theircﬁsotopic study seems rarticularly
in its infancy. Although the horizon lcoms\larcc with possi- °
bility, ‘the importance of unravelling Pleistocene cllmatology
from speleothems . must be underacored. Hopefully, tﬁe

- present s5tydy sheds further light on the complex systematics

of these dep051ts such that this end might be achieved.
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APPENDIX 1 .
, -‘-
Isotopic Relationships
- ." »
Abbreviations uéed{ ‘
¢ = pertaining to calcite . N

i = .pertaining to water included in
' speleothems ' .

8 = pertainingftolcéve'seepage water
w - ’pertéining to water generally

x - unknown samplé ) ~

8 - standard " ] - -

A6 = average ghift in delta values

A = delta-shift based on one example

' -

e = permil

T - time at which the intercept d is
recorded; o is present day
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(i) Delta Notation

"6p = i(n/u), . '} o | .
—_— - 121072 aiieieieeess ]
(D/H)g .

, 1% = [ (*%0/'%0) | -
. . - 1 10310 s e v s e 20 e 2

(130/110)5

13 ‘- 13 .412 : ’ A
§oc { ¢/ ). - 1b10rn L. .l 3

(Y3¢/t%e)
' ‘ 8

(ii) Isotopic Shifts

A6D.‘-;-10001n (X:_a T uo.ooooll-t.o‘o'onnul-.o- b

18 i - : '
-Aé 0‘.T 10‘001n“s°_i‘ . ----o-ooo. ----- T e e e 5

—

(iii) General Meteoric Relatfonsiiip --
1

[ ]

&D - B 6% + d, R

(iv) Isotopic Temperature Equation (in °K)

10° 1n k=, = 2.78 (10° T72 ) - 2.89 ..., 7
A [ Glgoc-alo u-o-coo----'-o- 8
« W .
where 10001lnK is less than 10.
’ ” N

- [ . -
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. a)

10.

11,

12,

Operation of Deuterium Mass Spectrometer

Water Samples Only:

Set or check variac setting for the Hg diffusion pumps \
at 55V and fi1ll traps with liquid nitrogen. Set the |
Uranium furpace to 750?C and when pumps are operating
fully, open N1 to mass spectrometer slowly.

F111 T1 with dry ice and methanol. (Prepare-T2 trap with
the same, 1f rock samples are to be analysed later),

Check V6E2, if open,close very carefully. Check that
U-furnace is being pumped by DRI.

Pump out volume behind syringe stopper; V6E3, V6E4, VES
open; VP5 closed. Set P2 switch to 2. Dial.should
fall to about 5.

Check that volumes X and S are being pumped by DRI1, they
should be, but if not, close U-furnace at VP2 and VX1 and
open them up. When Pl (set switch to.1l) registers

< 10 (=35) urHg open up furnace again. Te -

Close V6E4 and open V6E2 (ver&'caféfully).- This order is
very important and put liquid nitrogen on T3.

Inject about l.ﬂlpl of water_saﬁple with microlitre
syringe. Leaving syyinge 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.

-

¢heck and adjust major -and minor (mass'Z and 3) peaks to
"zero" (under 1000 (~500) but never zeroc'is good). Call
OLDDELD at terminal. . .

"

After 10 anutest close V6E2 (very carefully), VP2 and
VX2, remove trap (T3) and apen V6E4, pull out’ plunger,
replace after a few seconds and pull out syringe.’

~Standard,close VR2Z (or VR4 ifjaigﬁt sample has been

introduced) and opep VR1 (or VR3).

Close VP4, VPl (or VP3) and open VR2: (or VR4). After 2
few seconds, c¢lose VS2 (V§l should be open) and close
vent to compressed air on the § side. Record the time.
Major peak readingshould be 8 X 10 %, use finer adjustment
compressed air regulator (S-side) to achieve this.

Check peak positiens (change decade dial on;ﬁv supply).
They can change if the room (normally at 69 F) changes
temperature.
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13, Allowing arotnd 5 ~ 10 minutes for reduction of water
sample (Watch major peak X-setting until it stops
*rising), adjust mercury on X-side so that it also
reads 8 X 10 *A. In practice 1.4 ml of water will
yield about this signal and subsgquent adjustments
will besmall. TIf too much gas 1s generated then close
V6Pl and open VX2. <lose VX2 and open V6Pl do this

until the required signal 1s achieved. Record yield
on X-side (pH2 column). -

14. Close VX1 and start run: Type in time, .set knob to R,
set switch to auto on ratio integrator, set réd button
at terminal and press Tun.

15. Open VP2 and V6E2 to pump both ends of the U-furnance,.
16. Close V6E2, go back to instruction 6.

b) ‘Water from rock samples: (Water from crushed rock samples
is treated initially in the same way as water samples,
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, “put liquid nitrogen
on spiral trap T2, raise furnace F2 to required temperature
and heat for an appropriate time (normally % to 1l hour).
When this ¥s completed, close V6E3 and open V6E4 and

pump out npn-condensible gas. Exchange liquid nitrogen

on T2 for methanol and dry ice and place liquid nitrogen

on T3 top it up). The remaining gases, mainly CO2, wil]

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 DRl.-0 T2 should
be pumped by R3. Turn U-furnace down to 200 C and type
BYE (return) into the terminal before switching off.
Close N1:

Fl
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Calculation .of 8D

The program DDELD is called and four initial values
must be ch?cked and changed as the need arises These
valuyes are H, T, W, and Z (See program).

H ﬂﬁ the H3 correction and T, is the tii’ factor for
fractio étion of the standard gas in.bulb S? both are oo
explainéd in Chapter 2.4.2.3. .+ W is the VSMOW value for
8D wit respect to the reservoir gas. Z pertains to T and,
is the time (in minutes) for which the ‘aliquot of reservolr
gas has been residing in S.

0f the 24 data values read in, 20 ;re used in the:
subsequent calculatiod amounting to 5 separate determinatious
of raw 6D. Each block of B data points (2X's and 2S's) 1is

- averaged such that ratios are taken at five particular times

during the rumn. Variaticns in ratio with time‘ are therefore
removed. :

The average of 56D's is then processed with HY and
reservoir fractionation being taken into account (1ines 150
and 250) and is printed as corrected &D's both with respect
to the reserveoir and VSMOW (lines 260 and- 280), also see
output. .

The program (following) DDELD is stored on the PDP8
tape file ‘and can be accessed by Silent 700 T.I. teletype.

)
' ' ?
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DDELD -

10 H=12000 -

20 T=0.08 ‘ S :

G30 Us110.3 _ . -
~4n INPTIME IN MINS"2: ' : ‘
.80 FOF M=20TO2NN=deM

C W70 NEYM -

o TBOCN=INM=0 -

(A0 IE AN <1 00000 THEN 450
! 100 IF S<H><100000 THEN SO0

R S SO ELE D o IF’H(i THEN 90 ; N
L. 120 =t 5 3 ‘
120 U(N;_(X(E§H+1\+V 2eM+EX»2 2

L 130 YD = (SN AS(ZONHLI DI 2
145 YWy (s XLISUHD N L .
150 P (MY =L NIV H)\PtN\-fnrn>-H:/<V¢n> —H)
- 1RO L=U+P () WM=H+R (HD . X\
{  170.530T0 200 '
C 1T HENHINIF NGS THEN 120 :
4 183 PRITMEAM % ="1J/S\PRI"MERM S ="V,5
(’“\IJ\ ASS U= —1D+1000NPRITOTAL DEL D =

190 L=l S\M=M/S ;
\' 195 PRI"UNCORR HMEAN ="LNPRI’ CDPP FOR HZ MEAN ="H
. 197 GOTO 240 o ;oo ‘
Sl 250 R =(R(NY=1)+10Q0 /
. RiUG Prﬂ)-gpnnv-f<rn/s~-1>¢1000\5“a
L 220 R=DNRE=R+P ‘M
2%0 60TO 180
240 R=ZOP(R/4)
255 M=(M-1>+1000+TeZ
250 PRIDEL D CORR. FOR H3 % TIME WRT REF ="M PRI"+-"
| 2B70 M=M=t/ (147 hle ., 001>
P Esn PRICDEL D WRT SMOW ="M
. 28%'PRINPRI . P
S+ 300 END - . .
L AS0 KM =R N+L) N
450 3070 110 ' , .
"800 SCH) =S M+ , >
: 519 5070 110 '
"TIME IM MINS? 10 *\ig"
? UJ??EBFQnd514h?!02(2321;0d72°11!b2b2°42!0352ﬁ04 0274202, 0273463
7 0E51560s 0261943 sUd?BU?és02?4055s0°6dd°?,02621°5 0273241, 0271181
7 Q263046 DRAEE730, 02 27183, 02723499, 0261 062y 1259599, 02713515 0272273
MEAM ¥ = Z2R157E.8 . .
MERM & = E7F200R.3 . ' _ oo
TOTAL, DEL D =-40. 7ésee’ . | .
IMCORF MEAM = . 9S923S2 ‘ : :
CORR FOR HZ MEFAN = 9572611
DEL- D COFR. FOR HZ & TIME WRT PFF =-41.32383
+= 1, 9012%54° ‘ .
DEL D WRT SMOW -—1°1 3136 . .

-

[ 4

1060 INP (<N+133\fN+3)-¢kH+1JvS(N+d)sX n+Jr-n<H+4%-;tN+3?-i

KL T DI

5
#3

.‘4'
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) Bulk Water Isotopic Analyses

a) Standards

b) thples
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;(i)

Replicate &D Determinations for VSMOW, SLAP, NBSIA,
DTAP 77 and 78, Tl ANTEI and T2 BEIJUNG
Standard Date No. of Sensitivity 6D wrt Machine **
" Span Samples to 1 ul SMOW "~ duplication
. H20(pH: X £ (%) (Ze)
10~ 14) -
vVsMOW  § 1/79- 6/80 15 - 0.0 #2.0 0.6
8/80- 9/80 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 ‘ I ' + 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 --—-
T 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 + 0.7.-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/§0- 3/81%° 7 4.5 % 0.1.-428 + 2.4 e
' v 4/81- 4/81 1 -432.4 ——
5/81- 6/81% 2 5, -431.2 . -
NESIA S 1/79- 6/80% 7 -183,3+ 3.0
8/80- 9480 4 .3 + 0.2.176.7+ 1.0 . 0.4 ,
9/80-10/80*% 4 .9 * 0.1-167.8+ 1.1°  =--
$ 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+ K1 0.5
T1 ANTEI  6/81 3 5.1 + 0.0- 58.0 + 0.8 ==~
' .2 5.1 0.4

T2 BEIJUNG 6/81

of maasured 4D values.

’

- 92.3h

* Reserv01r gas was changed on 'these occasions,

**Change in 8D value follow;ng a successive run of the same
gas in the machine.
$ Standards run to check H

correction and intefnal consistency
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a(ii) Replicate 6'%0 determinations for DTAP'78, VSMOW,
SLAP, NBSIA, NBSI, and GISP )

4

Standard Date _ No. of §'80 (VSMOW) Machine
Span . Samples o+ (%) Duplication
.DTAP!78 9/79 - 10/79 6 -7.42 + 0.18 0.03
10/79 - 11/79 5 ~7.37 £ 0.12  0.06
11/79 - 1/80 3 -7.65 %- 0.05
1/80 = 2/80 8 7.7 + 0.11  0.04
2/80 - 3/80 4 7.77 £ 0.05  0.05
3/80 - 5/80 8 7.74 + 0.18 0.02 "
mean ° = —-—————- —— - 7.63 + 0,200 -—--
VSMOW 17/80 1 +0.11° —em
SLAP  17/80 1 -55.85 , = ----
] NBSIA  7/80 1 =24.90 ~eee
NBSI- 6/79 1 - 8.48 fe———
GISP . 17/80. 1 -21.29 o ——
w .
- [ Y

8T e Riiesdad ALl e iestEel - = — - - P
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from other areas:

b(1ii) Caﬁe drip wat

er and precipitation

\
Cave Location §'%0 §D . Date Water
T : Collected Type*
. ) ‘ \
Friar's Hole W Va. #1 -16.01 -116.7 2/79 S
Fl - 7.76 - 57.8 D
- F2 - 8:20 - 607 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
CH1 77 =~ 55.6 . D
6 - 3.85 - 24.8 - 17/79 R
-\ 7 - 5.18 - 40.7 “8/79 R
NB1 . =~ 51,3 4/81 "D
¥5 _ - 55.1 4/81 D
Mean D - ’ - 7.86 - 55.5 :
Various Sites Van.Is.V1B -12.31 - 87.2 6/75 - D
. . VSA -11.11 - 84.4 D
i V3B -11.03 - 88.2 , D
veB -10.59 - 82.8 D
, via Z10.52 - 87.1 D
vezZ £10.82 :- 85.0 D
Mean «+11.06 - B5.8 :
#310 Ala; 1 - 5.03 - 26.7 6/78 .+ D
- 2 -5.14 - %9.6 ' D
.3 - 5.14 -~ 29.1 D
1R - 3.97 - 37.13 R
Hughes Spring #t2 - 5.55_ =~ 22.1 D
Wendy's Cave #1 - 24.8 3/78 D
_ , Z - 5.52 -- 26,0 D
Key Cave_ #1 - 5.02 -~ 32.0 D
| : 2 - 4.87 - 18.5 L D
McFail's , N.Y.#1 - 7.10 - 67.4 7/80 "D
- 2 - 7.30 - 67.0 ' - D
- Cumberland TENN. #1 - 6.33 - 32.1 6/78 D
Caverns , © 2 - 5.82 - 44.5 D
T 3 - 7.52 - 38.4 D
4 - 6.26 - 49.4 P .
IR - 2.11 - 85.7 R
Mean D . - 6.48 - 41.1
* D = Drip; § = Snow; R = Rainm -



Cave : Location §1%0 §D Date . _ Water
- Collected Type*
Wind Cave, " 8,Da.f1 - 9.32 -107.2 8/78 ‘D.
S 2 - - =98.0 D
£ . v 3 ~ 9.61 - 94.5 D’
i o Mean ) ‘ - 9.47 - 99.9 _ .
) Marengo Cave; Ia,l - 4,25 - 28.1 - 8/78 D
1 - 4.33 - 29.8 9/78 D
‘ 2o - 5.24 - 32.5 . D
Mean . - 4.60 - 31.6
. South Georgia " #1 ' - 73.2 .6/80 .D
- ' ' - 9.32 - 68.2 ‘D
; ) ' _ - 68.7 D
~ Mean ’ - 9.32 - 70.0 ) .
. Belize _ #1 -~ 3.69 - 16.8 14/81 D
: 5 - 3.14 - 13.9 D
. R 12 - = 4.37 =~ 24.3 . D
‘: . 15 . - 3.12 - -16.6‘ ! D
. ' _ 19 - 3.60 - 18.3 D
5 : _ 3l - 2.89 - 16.5 D
. 347 - 3.91 - 22.3 D
45 o= 3.24 - 12.6 D
53 . - 3.82 - 30.1 D
- . 56 - 3.98 - 17.8" 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 ..- 1016 - 19-1 . ) D.
Mean - ©-3.63 + 0.41 - 19.5 +°4.9

* D = Drip; S = Snow;. R -,Raiq"

- . -

.
e . : Y
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b(iii) 8D and 6!%0 data from the SWISS/DEEP Antarctic Ice Coré

Sample. Number §'%0 §D . Age -
DEEP # 1 -41.39 . -319.86
Run 8/10/80: 2 -40.31 -324.7
o 3 -41.71 : =317.5
4 -42.14 . ~334.9
5 -42.05 -330.0 =
6 ~42.45 . -337.9 e
7 -41.77 - -334.7 =
8 ~41.75 -328.7 o
9 -42,32 -339,1 =
10 -42.60 -337.7
‘ 11 -41.08 - -327.0
. 12 C=40.94 . -324.7
13 -41:63 . -331.0
14 ~41.84 ~327.6
15 -41,29 -334.0
Mean ‘ ~41.68 + 0.61 -329.6 + 6.3
SWISS o1 -32.37 -247.4
' 2 -32.60 ' -244.0
3’ -32.17 -246.8
4 -32.52 -248.3
5 -32.26 -239.6 ’
- 6 -31.58 ~248.,1
. 7 -31,24 -243.2 ° E
8 -31.41 -244.,7 &
- 9 -31.49 C=241.2 &
10 -32.00 -241.8 =
11 -32.64 -255.8" P
12 -32.82 -255.3 -
137 . -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
. .
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APPENDIX I - -

— 1

Isotope data of water from speleotheums

and co-existing calcite’

a) Extraction by crushing

b) Extraction by Decrepitation (8D only)

*
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b (ii) Profiles, 74017 oldwdter Cave, Iowa ~
Sample Height Water 8'%  &D. (2 )  Isotopic §l3C
and No. Above Content (z )¢ * Temp z)
Base {cm) (wt. %) (°c)
1 53.0 0.860 26.48, - 70.8 1.5 - B.65
2 52.0 0.896 - 26.88 ~ 64.8 3.8 -18.31
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 0.692 . 26.50 - 69.1 3.2 -8.15
10 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”
2. 32.1 0.572 26.11 - 64.2 6.1 - 7.94
- 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
i5 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"
17 19.5 0.600 26.75 - 64.6 3.4 - 8.37
18 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
13 1la 29.7 0.906 26.02 - 67.2 - 8.11
1b 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)* &'%0c and 6'3¢C from Gfowth Layers of 797MPI and

74017 (Vancouver Island data is in Gascoyne, 1979)

McFails 797MPI

Growth Layer A - outermost léyer at 1

§t8p ‘ 6§13 Distance from
A : ~axis (cm)

A-1 23.23 . . - 8.54 0

A-~2 23.38 - 8.62 ) 2

A-3 23,29 . - 8.67 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 ‘ Y - 8.90 12
A-8 23.35 ' - 8.75 14
mean © 23,30 + 0.30 - 8:94 + 0.40

Growth Layer B at 20 ' - o
B-1 23,38 - 8.70 .. ’ - 10

E-2 23.14 . - 9.49 -. 8

B~3 23.14 \ - 9.45 o - 6

B-4 23.25 - 9.61 - 4
B~5 23.31 - 9.75 - -2

B-6 23.16 - 9.57 ' 0:
B-7 23.44 . - B.9% 2
_B-8 23,40 - 8.73 4
mean . 23.28 4+ 0..12 - 9.43 + 0.37

Growth LéYer C.at 50

23.35 | = 9,80 . -

c-1 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

. €-9 23,45 - - 9.34 4
me an\

23.40 +0.12 - 9.76 + 0.26
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biii) .>. cont'd
74017 a
§1%0 ‘6”0 Distance from
' axis (cm)
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 B.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
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a) * = GIBOi inferred from Glao(quartz) and Sulphur Isotope
' Temperatures (Ding et al., 1981)
L 18
Sample No. Mineral HE §°°01%* Water
: ¢ Yield(wt %)
004 Calcite -47.6 - 6.8 .0.95
004 Quartz -46.1 & ;.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
023-1 Barite -68.3 - 2.0 3.00
023-2 Barite -70.5 2.67"
031-1 Sphalerite -31.2 + 3.7 .0.12
031-2 Sphalerite «31.6 0.14

Overall replication in 6Di

r.

is + 1.3% based on four pairs

b) ** 6'%0 of hydroxl groups (Cramer,et al.,+1981)

of

. F'e *
Sample No. 8D (OH) 6% (OH)** Water
. Analysis - Yield{wt 2)

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 - 128.5 8.5 0.203

A6 177 1 - 127.8° .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 197 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





