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Chapter 6
BIOGENIC CARBONATES 17 OXYGEN

6.1 Introduction

Carbonates are one of the most studied phases in stable isotope geochemistry.
They are found at all but the oldest chronological intervals, and the information from
oxygen and carborsotopes can be used to infer paleotemperatures, paleoproductivity,
circulation patterns, water depth, e@xygen isotope ratios of marine carbonates most
often provide information about water temperature and ice volume, while carbon isotopes
provide inbrmation about biologicgdroductivity conditionsBecause of the vastness of
the field, and the different information obtained from each isotope, they are presented in
separate chapters (6 and 7), although some overlap is unavoidable.

The potentialuse of biogenic carbonates as a paleoclimate indicator played a
pivotal role in the development of stable isotope geochemi$trg. discipline as we
know it today was spawned by Harold Urey, who recognized the possibility of
determining temperatures of anci@tieandrom thepreserved oxygen isotope ratios of
biogenic carbonatedeposited by marine organisndut, for meaningful application to
paleoceanography, these temperatures had to be determined to withRfC;twhkeh
required increasing the precisiori the mass spectrometer analybg an order of
magnitude Accomplishing thisengineeringeeat not only made possible the development
of the oxygen isotope paleotemperature scale,abowved for the subtle variations in
isotopic compositions of other ligklements to beecognizedas well.

Harold Urey was on his 1947 lecture tour sponsored annually by the Royal
Society of London. He was speaking about the physical fractionation of stable isotopes
between ideal gases and simple agueous solutitgnished his lecture at ETH(ich
and accepted a question from Paul Niggli, the renowned Alpine geolNgti asked if
the fractionation between carbonates and water might be large enough and sensitive
enough to temperature variations so thatddwdonats could be used for reconstructing
ancient marine temperaturéBhe story goes that Urey thought a second, said that he
di dnot know, but t hater calcutatiorss ded e tb believathad na b | e .
there was promise in this avenue of reseddcihnumerous hurdles presented themselves
before he would be able to applis paleothermometedrey needed a more precise mass
spectrometertie needed a method to reproducibly convert carbonates to a gaseous phase
that he could analyze in the mass specttemeAnd he needed to quantify the
fractionation between carbonate and water as a function of tempeRaitirag together
a remarkableteam of young scientists, including Samuel Epstein, Charles McKinney,
John McCrea, Harold Lowenstam, and Harmon Ciagwas able to work out the details
in record time, and clear the hurdles necessary to bring the paleotemperature technique to
fruition.

The basic idea for the carbonate paleothermometer is as folldws:
fractionation between calcite and water is a fiomcof temperatureSo the difference in
the d'80 values of calcite and water can be used for determining the temperatures of the
ocean at the time the carbonate formadaddition to the analytical problems mentioned
above, theravere several other concerns that needed to be addré3$aid the narine
organisms precipitate their shell material in isotopic equilibrium with the ocean water, or
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ist here a bi ol ogi caades ofganismsatd prezipithte calkcit® out of a t

isotopic equilibrium with waté Realize that many marine organismseqpitate

aragonite shellsather than calciteeven thoughar agoni te i s not stabl e
surface. Perhaps the isotopes awut of equilibriumas well 2) Have the carbonates

preserved their oxygen isotope composition over the millions of yaars their initial

deposition, or have they undergone diagenesis? 3) Wasihealue of the oceaat the

time the calcite formethe same as it is today? We only measuredtf® value of the

carbonate. The'®O value of the water from which it formésl almost alwaysnferred

All of these problems, noted by Urey in 1948, are addressed in the following sections.

6.2 The Phosphoric Acid Method
6.2.1A major breakthrough

The quest for reliable methods to pretreat shells and to make precise oxygen
isot ope analysis of their constituent car bone
toughest chemical Phe ddvélopment lof the \plosphoricaacice d . 0
method of carbonate analysis by his doctoral student John M{T38@)was a seminal
chapter in the history of stable isotope geochemistns method, only slightlynodified
in the ensuing years, involves conuegt carbonate to Cfgas by reaction with
phosphoric acidThe CQ is then analyzed in the mass spectroméel&e technique
remains the protocol for analysis of carbonates in stable isotope laboratories the world
over. Carbonate analysis today is routifeit the Urey group facedhajor obstacles to
overcome this chemical challenge in 1949.

McCrea initially tried liberating Ce&from carbonates by thermal decomposition

CaCQ + heatA CaO + CQ 6.1.

Despite good chemical yiedd{.e., the reaction went to completion), the extractec CO
had scattered®*0 val ues, far outside the required r
approach was abandoned. McCrea next turned to acid decomposition

2H"+ CaCQA C&"+ H0+CO 6.2.

The procedure involves reacting the carbonate with an acid in an evacuated vessel,
purifying, collecting and finally analyzing the GQas as a measure of &0 value of

the original carbonat&.he only common acids whosapor pressures of water and other
compounds are low enough to use in a vacuum system are concentz&tedaldd

HsPQ. It soon became apparent that 100%P8; was the acid of choicelhe early
workers were concerned about contamination from organic npxésent in commercial

acids because fragments of organic molecules made in the source of the mass
spectrometer could have masses in thed4A3range that would interfere with
determinations of 46/44 and 45/44 ratidhus the acid recipe (see Box 6.1) fipa
adopted by the Chicago group assured that no contamination arose from the specially
prepared acid The 6100% phosphoric acido, common
world is light green(from addition of chromium oxide)very viscous andknown to
sportaneouslycrystallizeat any time Most likely, some of the procedures developed by

the early workers are unnecessary or have become obsolete by the commercial
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availability of pure HPQi, but mostesearchers ak e t he appr oach
fix i t o, so t he a$omd laboratdriesahlve ®und that amsnercially

available 85% phosphoric acid can be vacuum distilled to obtain a 100% phosphoric acid,
which apparently works just fine.

Box 6.1: Preparation of 100% HPO4 for stable isotope analysis of carbonates
Recipe
1.

2.

= 0

©ooNDO

e C1

Pour 2.5 L (one bottle) of commercial 85% phosphoric acid into a large R
beaker that is placed on a hiate in a fume hood.

Slowly stir in about 1.4 kg of analytical gradeCs The ensuing reaction i
exothermic and should be done with care.

Add a spatulaip quantity of CrQ. The solution turns pale yellow.

Slowly raise the temperature to 2@0and heatdr about 7 hours. The solutig
turns green.

Raise the temperature to 220and heat -4 hours.

Stop heating when the density @25°C = 1.9, the density of 1G6%H

When the acid cools, stir in 3mL obEk.

Store in brown glass bottles with rubber sea mL is a convenient size.
Age for about one month before using.

Notes

The density must be > 1.8. §PIOy] > 100% is desirable as exces®©Preadily
takes up water. Solutions with §PIQs] > 103%, however, are more prone
crystallize, and inhibit diffusion of Cfput of the acid into the head space.
The acid is very corrosevand will destroy the markings on glass thermomet
Use a glass sleeve or other means of protecting these markings.

The acid turns green as a result of reduction of Cr(VI) to Cr(lll) by org
matter present in the commercial acid.

H202, a reducing ag# in this case, is added to reduce residual Cr(VI
Cr(llI.

Avoid exposing the acid to air for extended periods, as it is hygroscopic.
No one understands what happens during the aging period, but aging s€

be necessary. At |l east, it canot

The phosphoric acid and calcite are reacted abrestant temperaturéMost

calcium in solution is present as calcium phosphate ion pairs a?@ CaHP@ The
water produced is taken up by exces®=Ro form HsPQu. During extraction of the C£

a very small amount of some other volatile compoundsstlsnavater vapor, is also

liberated and is separated from the2®§ judicious use of cryogenic traps.

6.2.2 Acid Fractionation Factors

In both thermal and acid decompositions of carbonates, the liberatetb@@ins

all the carbon but only 2/3 of the ygen in the carbonate (equat®ofi.1 &6.2). As a
consequence, th#C value of the evolved CQand parent carbonates are identical, but

the oxygen isotope ratios are different due to a fractionation between thgaS@nd
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oxygen from the carbonate tha@mains dissolved in the acitfO/%0 ratios are always
higher in liberated C&xthan in the original carbonate (related to the stronger C=0 double
bonds in CQ gas). The magnitude of the oxygen isotope fractionation is probably
controlled by both kineti@and equilibrium effectsA so-calledacid fractionation factor
must be applied to the C@nalysis to obtain the oxygen isotope ratio of the carbonate.
The oxygen isotope fractionation between evolved & a given carbonate is given by

_ 1000+ 0,
COy- carbonate ™ 1000+ dlSO

a 6.3,

carbonate

and is constant at a given temperature of reacfibe.a value becomes smaller with
increasing temperatur&ecause of the temperature effecgPBy-carbonate reactions

must be run at a constantriperatureFor many years these reactions were carried out at
25°C, but temperatures as high as’@Qare commonly used today to ehsurethat
reactions are complete in the relatively short times used in automated systems and b) to
reduce the solubility o€0O; in the acid allowing for smaller samples to be analy#ed.
makes no difference what temperature is used because the method is calibrated to

Table 6.1 Acid Fractionation Factors.

Mineral Temperature Fractionation factor Reference
°C) a

Calcite- CaCQ 25 1.01025 1
25 1.01049 4
6seal eq 50 1.009311 2
6common a 50 1.009002 2
aragonite CaCQ 25 1.01034 1
25 1.01107 4
dolomite-CaMg(CQ): 25 1.01109 1
50-100 4.23 + 6.6310°/T? 3
siderite- FeCQ 50-150 3.85 + 6.8410°/T? 3
25,50 1.010171.01016 6
8.5-62 19670/T T 36.27 7
ankerite- CaFe(CQ)z2 50-150 4.15 + 6.6810°/T? 3
magnesite MgCOs 50 1.01160 5
strontianite- STCGQs 25 1.01049 1
witherite- BaCQs 25 1.01097 1
25 1.01063 4
smithsonite ZnCG 25 1.01130 1
otavite- CACGs 25 1.01145 1
25 1.01124i 1.01369 4
rhodocrosite MnCGQs 25 1.01012 1
cerussite PbCGs 25 1.01013 1

1 (Sharma and Clayton, 1965) (Swart et al., 1991} (Rosenbaum and Sheppard, 198@im and O'Neil,
1997) 3(Perry and Tan, 1972)(Carothers et al., 198§Qvan Dijk et al., 2018)
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international reference standards reacted at the same temperature as the Aariguigs.
as temperatures afdept constant, and aa value is determined based on accepted
standards, measured (and correctdfD values of samples will be consistent with
IAEA-accepted scales (SMOW or PDB), and will be comparabheokdb.

For many years, the values of acid fraation factors were unknown, because
the d*®0 values of the carbonate themselves were unknéWhat could be measured
was thed'®O value of the evolved CQyas.Sharma and Clayto(1965)and others later
finally measured thel'®0 value of thetotal carbonate by the method of fluorination
Once the baseline®Ocabonate Value was determined, it became a trivial exercise to
determine the value at any temperatidréractionation factors have values on the order
of 1.01&x (10 per mil) and are different for different carbonates (Table. ®&member
that thea value in equation 6.3 is not the equilibrium £€lcite fractionation, which is
closer t01.01 0 9 a . It is the kinetic fractionati on
calcite. As long as the fractionation is constant, however, it does not matter if it is
equilibrium or not.

6.2.3. Applicability

The HPQ: method is one of the most robust used in stable isotope geochemistry
and is applicable to the analysis of all caréi@s. Some carbonate minerals, like
magnesite and smithsonitegquire relatively high reaction temperatures because they
react so slowlyat room temperaturéJsing even the most basic extraction lid€0 and
d*C values of samples weighing about 1 mg or more can be measured with a precision of
better than 0.1 aNithsophistiOafed extractienssysierostconueetédy .
directly to the mass spectrometeryline systems samples asnsall as tensto-hundreds
of micrograms can be analyzed routinely with the saneeigion.A few authors have
reported that grain size and carbonate/acid ratio can significantly influence the isotopic
analyses(Wachter andHayes, 1985; Barrera and Savin, 1987;:Aalsm et al., 1990;
Swart et al.,, 1991)but these effects amgenerallyeliminated when the reactions are
carried out at relatively high temperatur€ontamination by organic matter, chlorine
and sulfurbearing ompounds, or inclusions of other carbonates pose more serious
problems(Charef and Sheppard, 198@rganic matter is a particular concern for modern
samples and should be removed before analy$is. can be done a number of ways
including roasting the sample in a stream ofium| treatment with mild oxidizing
agents, and exposure to an oxygen pladrha.small amount of organic matter present in
fossil carbonate generally has no effect on the measitfedandd'®O values of the
carbonate, but the samples are routinely sentigh a pretreatment step in any c&3ee
can always analyze treated and untreated splits of a given sample to ascertain if
pretreatment is necessaBecently, continuous flow techniques have been developed for
rapid analysis of small samples (see Se&ct3.3). These automated peripherals are
standard additions offered by all mass spectrometer manufactures.

1 The fluorination reaction is approximated by 2CaG@R A 2Cak + 2CFK + 30,. All O, is extracted

from the carbonate andmeasureddi0 val ue, hence the o6total carbonateb
2With a knownd*®O value of the carbonate (from fluorination) and a measif@livalue of evolved CO

gas from phosphoric acid digestion, thealue could be determined by plugging these values into

equation. 6.3.



Chapter 6. Biogenic Carbonate©xygen

6.3 The Oxygen Isotope Paleotemperature Scale

Armed with an improved isotope ratio mass spectrometer and the phosphoric acid
method of carbonatanalysis, the Chicago group faced the challenge of calibrating a
temperature scale based on the temperatemsitive oxygen isotope fractionation
between biogenic carbonate and ocean waitkey had no established reference
standards at that time nor kmedge of the fractionation factors for the analytical
methods they employed: aetdrbonate reaction for carbonat@dcCrea, 1950 and
COz-H20 equilibration for water§Cohn and Urey, 1938Undaunted, Samuel Epstein
addressed the problem by makamgimple empirical calibratiotde collected shells and
water from cold and warm water environmertfe also cultured shells in laboratory
aquariumsHe then measured the difference between the oxygen isotope composition of
CQ: liberated from the carbonaby phosphoric acid at 26 and CQ equilibrated with
the ambient KO at 25°C.Fortuitously, this difference for normal marine calcite and
ocean water is very small at%5 The point is illustrated in Fig. 6.1 usingd®#0 value

of water = 0elThaafCOa-0Opvealaentip2b°C is 1.041®'Neil et al.,
1975) corresponding to @0 valueof CQ; equilibrated withoceanwater(d'®0 = 0 &)
: Acid liberated
Difference —CO,equil. T CO, from PDE
(0.28,0.27) .
with SMOW (41.48,10.25)
(41.2,9.98)
T a=1.01025
PDB l
(30.91,0)
a=1.0412
l a=1.03091
- SMOW -4 SMOW
(0.-29.99) (0.-29.98)

Fig. 6.1 Difference in thed*®0 value of acid liberated GOrom Pee Dee belemnite (PDB) and th
equilibrated with SMOW. Delta values are shown on the SMOW scale (normal) and PDB scale (ite
either case, the difference between the G&ses measured in the mass spectromset@ly on the order of
0.2a. Note: Thi s d edqlifbmatedewtec EMOWeandvacid tiberaie@ C®om a
carbonate in equilibrium with SMOW at 25AC w¢

3 The difference between th®O value of CQand HO varies slightly in relation to thé*®O value of the
phases relative to the standard, althoughatiialue does not. For example #®ECO; - H,0) value at 25°C

is 1.0412. If thed*®O value of he water is 0, then the coexisting £0s 4 1. 24 heavi er .
d®0 value of the water d®vali®dithedobs 62athp| ed2t Bén
a value is the same in both cases.
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at 25AC of 41.2aThe shaen8MOW PDBlealcite is
SMOW (Coplen et al., 1983Finally, thea(COz1 calcite) value for acid fractionation is

1.01025 at 25°C (corresponding D5*Ocop-cc of 10.57 ford*®®0.c=30.9B on SMOW
scale (0a oorack&uBy=9.03092£.01025=1.04148), so that the £€0

liberated from PDB calcite hasd®®O valueo f 4 1 WHe® 4l of these corrections are

made the difference between t8O value of CQ equilibrated with SMOW and that

liberated by phosphoric acid digestisomP DB i s o h Craig(1965)2epoited a

val ue of 0. 22a Thediscrepandy & dué to farf earide DBeSMOW)

= 1.03086, compared to theow accepted value of 1.03091.n f act , It shoul
surprising that thed*®0 values of the C@liberated from the calcite and the €0

equilibrated with the water are almost the same. Thedgg@ilibrated with thevater is in

equilibrium with the water at 25°C, and the acid fractionation liberatesdh@0is close

to equilibrium with the calcite. So if the calcite is in equilibrium with the2Cind the

water is in equilibrium with the Cfandthe calcite and war are in equilibrium with

each other, then both G@amples should have the sadi® value. The variation in the

Co:6di fferencesd is due to the temperature o
water from which it forms.

To calibrate the temperature dependence of the isotopic fractionation between
biogenic carbonate and waté&ipstein made analyses of shell material from attached or
sedentary organisms including mussels, brachiopods, red and black abalone, and limpets
that were living in the cool waters off Puget Sound (lowest T 2CJ,4n the temperate
waters of Monterey Bayand in warm waters along the coast of Baja California (highest
T = 20°C). Two higher temperature calibration points at 29 arfi€34ere obtained from
analyses of calcite regenerated by a cultured snail and a bi\Rilvea(sp.) to repair
holes that wer@urposelydrilled into their shells Oxygen isotope analyses of the natural
and cultured carbonate samples in addition to the ambient waters provided adequate data
to establish an empirical calibration for the fractionation between biogenic calcite and
water over the range of temperatures found in modern océdtes. publication of the
paleotemperature equation in 193he authorsrecognized that the helium roasting
procedure used to remove organic matter from the shells had introduced extraneous
oxygento the systemEpsteinet al. (1953) corrected the procedure and published the
following revised equation which became the classic paleotemperature equation:

t(°C) = 165 - 4.3(dc - dw) +0.14(dc - dw)? 6.4,

In this equation,d. is the d'®0 value of CQ liberated from reaction between the

carbonate and phosphoric acid at 25°C, @i thed*®0 value of CQ equilibrated with

water at 25°C.Their data andpolynomial fit are reproducedn Fig. 6.2. There is no

theoretical basis to the form of equation 6.4; it is simply afitest the data to a second

order polynomialOver the 630°C range of modern ocean watet¥0 (PDB) values of

marine carbonates mge from about +3 to-3 a . The first measur e
paleotemperatures using this method are shown in Figure 6.3.

4 Interestingly, the temperatures obtairfesim the Pee Dee belemnite (PDB standard) correspond to a
temperature of 15.8°C, assuming'€0 value of the ocean of 0 on the SMOW scale.
5 These warm water organisms were cultured in a tank in Bermuda.
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30

25

T,°C

10—

0 l I L l l
-3 -2 - 0 1 2
5 %

Fig. 6.2 Plot of Epsteinet al. (1953) data set for determining the fractionation factor 1
carbonate water. The xaxis d a ) r ef erds di @ eqtiatioa 6.4, T(°C) is measure
water temperature.

Both dc anddw are the values relative to the same working standard of the mass
spectrometerCO, from PDB was the working standard used e early days at the
University of ChicagoBe aware that water analyses normalized to the SMOW scale and
carbonates normalized to the PDB sazd@not be useth the classic paleotemperature
equation, buthe equatiorcan be rewritten in a form appropeator the delta values of
the calcite and water relative to tRBB and SMOW scales respectively:

t(°C) = 15.75i 4.3(d'®0croa1 d*®0w-smow) + 0.14@0cros i d*¥Ow-smow)? 6.5.

Keep in mind thatk on the PDB scale is about 30 per mil lower tidaon the SMOW

scale.In the first case (eq. 6.4), one uses the isotopic composition pfel€ased from

the cabonate by acid decomposition and, in the second case (eq. 6.5), the isotopic

composition of total oxygen in the solid carbonate is repoftelhtive to PDB) To

emphasize this important point that is frequently misunderstood, recatl*#aof the

PDBar bonate standard is 0a on the PDB scale

2.21). This difference seldom poses a problem in the practical world because the PDB

scale for oxygen isotope analyses is restricted to analyses of carbonatdher8}OW

scale § used to report oxygen isotope analyses of every other substance including water.
The temperature dependence of the caledger system was revisited when

O 06 N et dl. (1969) measured the equilibrium oxygen isotope fractionation between

inorganic calcite and water from 0 to 500°C using precipitation methods at low

temperatures and reatgllization methods at high temperaturébe results of these

6-8
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experiments were fit tanequatiod whose form has a basis in statistical mechanics:

2,783 10°

1000Ira calcitewater = T 5 - 2.89 6.6

whereT is in Kdvins. Note that thed values of calcite and water must be on the same
scale (either PDB or SMOW) for this equation. The results are virtually indistinguishable
from Epstei n@&d me armldi (2aD3)Nymthesized carbonates at low
temperature and developed a similar, thosigihtly different fractionation equation:

3
1000Iracalcitewater = M- 3242 6.7.

o 02 o4 06 08 1o 12 14
RADIUS

Figure 6.3 Cross section (top) of 1&@illion year old belemnite showing growth rings. The gra
(bottom) illustrates isotopic temperatures obtained from oxygen isotope analyses of concentric I
the skeleton. The regular variationsleet seasonal variations in growth temperature and indicate the
animal was born in the summer and died four years later in the gpreget al., 1951)

6 The additive term originally published wia3.39. This number was later corrected 89 after
recognition that an error was made in a mass spectrometer correction factor.

6-9
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(Tarutani et al. (1969) obtained identicaf r act i onati ons as Kim and
25°C). The difference between th®@ 6 N&i6Ms Ki m and 0 O@dlesivds

explainedby Ki m a raglare€ud dflenetic factorsthat occurduring synthesis.
Theirdataredut i n a small er fr ac teiabwokktlnicontrastt hat t h«
Coplen (2007) came to the opposite conclusion. heasured the'®0 values of vein

calcite and water from Devils Hole, Nevada. His empirical estimate gives dana000

value of 28.09+0.1at 33.7°C significantly larger than the experimental data. He argued

that kinetic effects result in laboratory fractionations thiatsanaller than equilibriuma

conclusion supported by a more recent wbykWatkinset al. (2015) It their study,

Watkinset al.synthesized calcite in the presencealistolvedbovinecarbonicanhydrasge

a catalyst thaminimized isotopic disequilibriunbetween all the dissolved speciesA20

H2CQs, HCO; and CO? .

Grossman & Ku (arag)
Epstein et al.

O’Neil et al.

Kim & O’Neil

Coplen

of |1

18 18
o Occ (PDB) ~ d Owatcr (SMOW)
(en)

0 10 20 30
£ (°C)

Fig. 6.4. Comparison of the calcite (aragoniteater fractionation curves from various autho
Each has the same temperature dependence, but the absolute values are slightly differe
sources(Epstein et al., 1953; O'Neil et al., 1969; Grossman and Ku, 1986; Kim and O'Neil,

Coplen, 2007)(TheKi m and O6 N eet dl. cuaves dire @nily Blrecily ivalid fai®Oyater =
0 a).

What is clear from Fig. 6.4 is that tpeecisionof an oxygen isotope temperature
estimatecan be as high as +0.5°C but, givee tincertaintieg the calibration and also
the standardizationthe accuracyis considerablylower. The empirical calibration of
Epsteinet al. seems to work for natural samples. Slowtgcipitated cavealcites appear
to have larger fractionatiortat biogenicallyformed sampleslt may be fortuitous that
the empirical and experimental calibrations give reasonable temperatures for natural
assemblages. What is clear is thalative temperature differences are accurate, and
reliable estimates of tempéwae changeare generally what islesired inpalaeoclimate
studies

Many organisms deposit aragonite in their shells, so it is important to know if
different polymorphs of CaC{have significantly different oxygen isotope properties.
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From limited experimetal data, Tarutaret al. (1969)determined an inorganic aragonite
calcite fract i2b€aNhiecahis fractionatibn 8 &elati@ely small, as
expected for two such similar minerals, it is significant in terms of paleotemperature
determinations.That is, the paleotemperature equation developed for calcite is not
appropriate for shells madef aragonite. Grossman and Ku(1986) empirically
determinedhe aragonitavater fractionation between living organisms and seawater over
a temperature range of20°C (Fig. 6.4).Their equation, presented in terms a3fO
aragonite on the PDB scale atfiO water on th&MOW scalefor mollusksis given by

T(°C) =21.87 4.69d'®Oaragonite- d*¥0watey) 6.7.

Equilibrium dolomitewater fractionations are larger than those for calaitater. At

25°C, theD™¥Odoiomitecacie V.2l ue i s ~44a, casing tensperatuxébhe wi t h i

dolomite-water equilibria is given bgHorita, 2014)
1000na = 3.14(x0.02) x 19721 3.14 (+0.11) 6.8.

6.4 Factors Affecting Oxygen Isotope Paleotemperatures

The carbonate paleotemperature equation has three variaBRarbonate
d*®Owater and temperature)( We esimatet from the measured'®Ocaronatevalue and an
assumedi*®Owater value. The validity of thet estimate depends on a number of factors,
already recognized by Urey early (1948} 1) The d'®Owater value at the time of calcite
growth Thed*0 values of the ocean have undoubtedly changed in the past due to glacial
i interglacial periodsOver the long term, the'®0 values of the oceans appear to be
buffered by hydrothermal interaction withe seafloor (Chapter 5), but the level of
fluctuation is not knownlsolated basins, or shallow seas could be perturbed from the
normal marine value by evaporation or influx of fresh waWe know that ancient
carbonates have lod/®0 values, supportinput in no way proving) that thé*®0 value
of the ancient ocean was lower than tod2yThe degree to which tha@'®O values of
carbonates have been alter&¥en low temperature diagenesis can alterdifi® value
of a carbonate due to the ease of digsm in fresh watersGreat care is taken to avoid
the effects of diagenesis, but no foolproof method exists to prove a lack of diagenesis.
The low d*¥0 values of ancient carbonates are equally explained by diagenesis as by
changing ocean compositioB) The degree to which the carbonates precipitated in
equilibrium with water It is known that some organismas.g.,corals) secrete carbonate
that is not in isotopic equilibrium with watefhissec al | ed o6vi t al 6 ef fect
considered.

6.4.1Variations in d*®0 of ocean water in space and time

We have seen that variations in oxygen isotope compositions of surface waters in
modern oceans arise from both evaporation and influx of fresh Widtese processes
must be taken into consideration when working wité carbonates formed in the near
surface environment, or planktic organisms, especially in samples from shallow
epicontinental seas or restricted marine basins where influx of fresh water and
evaporation could have caused large isotopic sHifte. probém can be at least partly
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addressed because oxygen isotope values and salinity are generally correlated (Chapter
5). For fossil materials, therefore, it is sometimes possible to estimaté®®esalue of
the ocean if an independent estimate of salinity can be made from sdépapndent
cation ratios in the carbonaf€arpenter and Lohmann, 1998pm Sr/Ca ratiogBeck et
al., 1992; DeVilliers et al., 1994y by some other means.

The Quaternary period presents a unique problemanwe have to deal with
fluctuating d*®0oceanvalues related to glaciaterglacial cyclesOn a time scale of tens
of thousands of years, tllt?O value of the entire ocean mass changed when isotopically
light water was transferred from the ocean to continental ice siNgtserous isotoi
studies have shown that during periods of advance and retreat of continental glaciers,
d'®O values of marine carbonate changed repeatedly and in a regular nfsnentire
isotopic shifts due to changing ocean temperature or changing composition oédime oc
related to growth of ice sheetd?hen the temperature of seawater decreases, the
fractionation between carbonate and water increases (lower temperature, larger
fractionation), so that organisms should precipitate carbonate with hitfevalues At
the same time, howevewhen temperatures decrease, ice caps grow, removing light
water from the ocean and increasing €Oocean value. Both effectsi lowering
temperature and raising tltB80 value of the oceain will cause thed'®O values of
carbonateso increaseWe cannot telh priori if high d*®0 values in glacial times are due
to lower ocean temperatures or larger ice c&psiliani (1955, 1966)attempted to
deconvolute this problem by analyzing carbonalbes were precipitated in warmater
regions of the Caribbean and equatorial Atlantic (Fig. 61B)reasoned that temperatures
would be relatively constant in the Central Atlantic, so that changes in the secular isotope
record would be related to changeshe d*®0 values of the oceans and not temperature.
He therefore, interpreted the regular variations in oxygen isotope ratios of the carbonates
as a record of changing ice volumes.

-30

T(°C)

?
0 50 100 150 200 250 300 350 400
x10° YEARS B.P
Fig. 6.5 Generalized temperature curve for surface waters from the Caribbean determined fr
d*®0 values of foramiifiera from Caribbean core@eproduced from Emiliani, 1966)0dd numbers
refer to interglacial stages

This conclusion was reaffirmed in a later series of works by Shackleton and
Opdyke (1973; 1976)using d*®0 values of benthic and planktic foraminifera from the
western tropical Pacificc ol | owi ng Emi |l i ani 6s reasoni ng, t |
T generated at high latitudes and buffered bg presence of icé have relatively
constant nearfreezing temperaturesVariations in thed'®0 values of deep (benthic)
foraminifera should therefore track the isotopic composition of the oddery. found
that deep (benthic) and shallow (planktic) foraera had the same secular isotopic
patterns, offset only by a constant amount related to thedative temperature
differencesThe magnitude of the isotopic variations were therefore related to changes in
the oceanbs isotopicatureeomposition and not ten
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The usefulness of measuring coeval benthic and planktic foraminifera is
illustrated in a comparative chemostratigraphic study of the Central and Intermediate
Pacific ocean over a much longer time interval (Fig. 6@ similarity and gradual
increase ind*®0 values of benthic and planktic foraminifera from intermediate latitudes
over the past 80 million years shows that temperatures have decreased during this mostly
ice-free time.In contrast, planktic foraminifera from the Central Pacific havesarly
constantd*®0 value, suggesting that the surface temperatures at the more tropical
latitudes have remained constant as havelf@ values of the oceans.

AGE Central Pacific Intermediate latitudes
T Plestocene ULV Y L L L _ 1 1 1 1711
] Y a0 A VY
A A y AL
Miocene A%
as : A
20 } 1—‘3@ PLANKTIC Bbj}()r,l‘»{l( Vo PLANKTIC
Oligocene “A‘ A FOR. A" FOR.
Vs i
40 N
< Eocene BENTHIC® # AAA
2 FOR. A &
60~ Paleocene AA %& v v
v V.
Maastrichtian h % v va
Campanian A v %
80 {__Santonian 111 lfﬁl I AN Y N N N Y N N (N N N N |

4 2 0 =2 4 4 2 0 2 -4
80 (%o vs PDB)

Fig. 6.6 d*®0 values of benthic and planktic foraminifera for central and intermediate latitudes
Pacific Ocean. The deep and shallow water data parallel each other at the intermediate |
suggesting that temperatures at the surfacedapth were the same. Temperatures generally decr
throughout the icéree Paleocene and Neogene. Benthic foraminifera data for the central Pacific
the intermediate latitude data throughout the column, consistent with temperatures beingedadmyr
downwelling waters from higher latitudes. In contrast, the equatorial planktic foraminifera da
relatively constant throughout, suggesting that surface temperatures are also constant. Modifi
Anderson and Arthu{1983)

6.4.2Vital effects

Epsteinds early cali bration of g he pal e
mollusks. Fortunately, molluss, especially belemnites and brachiopodsnd to
precipitate their carbonate shells in oxygen isotope equilibrium with ambient waters
(Lowenstam, 1961) see Carpenter and Lohmafit095) for additional detailsSome
organisms secrete shells out of equilibrium with ambient water, leading to-tatlesb
vital effect For purposes of thermometry, it is critical to identify those organisms whose
life processesalways introduce an oxygen isotope offset by the vital effect and to
recognize the conditions under which vital effects operate soiyetimedor other
organismsé€.g.foraminifera).

The commonly used planktic foraminifera often, but not always, secreteesisir
in oxygen isotope equilibriunDivergence from equilibrium is related to environmental
factors including intensity of sunlight, temperature stress, nutrient supplies and the like.
Thus planktic foraminifera can secrete carbonate out of equilibriitmh agean water,
especially at tropical temperaturddost benthic foraminifera, on the other hand, live in a
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more uniform environment and are isotopically much better behdwedact, the
extremely uniform temporal variations in data for certain bentbraminfera (and
corrected planktic data) allow precise correlations to be made between cores that are
thousands of kilometers apéirell et al., 1986)

Coccoliths(single celled algaefot only depositheir calcium carbonatglates
out of oxygen isotope equilibrium with environmental waters, but the magnitude of the
vital effect for this class of organisms varies irregularly with both temperature ead ta
Echinoderms, corals, red algae, and certain benthic foraminifera notoriously precipitate
their carbonate out of equilibrium with ambient waters (Fig. 6.7).

Over the course of 50
years or more, we have learned
which species to use in oxygen
iIsotope stdies of paleoclimate
Somsbelor and also to make sensible
components corrections to isotopic analysis
that are predictably offset by a
vital effect. Biogeochemists
have even used disequilibrium
Shallow water deposition of carbonate to study
Molluscs & . .

details of life processes of

Green Algae

-2 = Red Algae

5"C (%o vs PDB)
o

4 Foraminifera ; -
modern and extinct miae

6 = organisms. Proposed explan

g’(‘/’(’,’iz’[‘lﬁ’;m ations of the vital effect,
8 Corals particularly for carbon are
o | | : : | i : discgssed in more detail in
) Section 7.4.3.

-10 8 6 -4 2 0 2 4

5"0 (%o vs PDB) 6.4.3.Diagenesis
Fig. 6.7.lllustration of the range of disequilibrium oxygen ai Original isotopic ratios

carbon isotope offsets for selected modern organisms dt. must be preserved in carbonate
the vital effect. After Anderson and Arth(ir983) shells for meaningful studies of

palaeotemperatute be conductedReactions between biogenic carbonate and diagenetic
fluids can easily erase the original isotopic record if fluid/carbonate ratios are large.
During carbonate diagenesis, little or dwect isotopic exchange takes place between
solid cabonates and aqueous fluids, because the rates of solid state diffusion of carbon
and oxygen in carbonates at low temperatureshamsequentialO'Neil, 1977) Carbon
and oxygen isotope ratios of biogenic carbonate can be changed by two diagenetic
processes: (1) addition of new carbonate by cementation, and (2) dissolution of unstable
carbonate and reprecipitation of a stable mineral, normally low magnesium calcite.
Cementéion is the most common diagenetic process leading to a change in the
isotopic composition of a marine carbonatsotopic measurements of a cemented
biogenic carbonate reflect mixtures of original (unaltered) and new carbonate rather than
of original carlonate aloneCementation of marine carbonates commonly occurs where
sediments are exposed to highergy conditionsdBecause carbonate cements are abiotic,
there can be no vital effect and they are likely to be deposited in both carbon and oxygen
isotope gquilibrium with their parent fluidsThe pore waters in equilibrium with the
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earliestformed cements often are the same as marine water, so that these early cements
will be in isotopic equilibrium with ocean watenlike many biogenic carbonates,
which ae often unstable aragonite or hiljtg calcite (see below), cements aenerally
thermodynamically stable loWMg calcite (although this varies between ice age and
greenhouse conditions due to changing ocean chemistry) and therefore not prone to
recrystallzation at some later timeClearly then, cements have a high potential for
providing information relating to the original isotopic composition of seawater and/or
temperature.

Unfortunately, ot all cements give primary informatioifthe cementing fluid
may be locally confined and not in rapid communication with the major aqueous oceanic
reservoir.In such cases, breakdown of organic matter can lead to formation of cements
with very low d*C values.Secondary cements are often coayssined, but reflect
equiibration with meteoric waterCarbonate cements are frequently large enough to
sample cleanly, but infilling cements, particularly in shells of small organisms, can be
analyzed separately onlyith very high spatial resolutions techniques, such as
sophistcatedmicro-sampling oiin situion probeanalysis

Solution and reprecipitatiors a combined process that is thermodynamically
driven towards a lower free energy staf@r example, calcite is stable relative to
aragonite, and low Mgalcite is stablerelative to highMg calcite. During the
thermodynamicallydriven chemical reactions to more stable phases, isotopic exchange
will occur Recrystallization can take place on a very fine scalg (eplacement
reactions) such that original textures areineta despite chemical and isotopic changes.
Recrystallization or neomorphism are terms used to describe the process of solution and
redeposition and strictly used to describe the isochemical process of grain coarsening.

The magnitude of change in isotoptgompositions of carbon and oxygen in
biogenic carbonate that undergoes recrystallization depends on four factors: (1)
temperature, (2) isotopic compositions ofHand HC@ in the fluid, (3) fluid/solid(or
fluid/rock) ratio, (4) the susceptibility of thearbonate to recrystallization to a more
stable phaseAs an endmember case, consider a biogenic marine carbonate that
recrystallizes with a tiny amount of pore water of marine composition at a temperature
close to the original deposition temperatuflis process cannot significantly alter the
isotopic ratios of the original carbonate and indeed such recrystallization occurs in marine
sediments directly after depositio@n the other hand, isotopic ratios of the same
biogenic carbonate would change dréicaly if it underwent neomorphism bathed in a
diagenetic fluid containing a componentlofv d'®0 fresh water that carrietbw d'*C
soil-derived bicarbonateln general, opesystem diagenesis (high water/rock ratios)
leads to loss of primary isotopicfarmation but, if diagenetic trends in isotopic ratios are
regular, it may be possible to extrapolate back to original compos{&nss.8)

The diagenetic potentiabf a mineral in a given system can be described as the
tendency of that mineral to uedjo reaction with a given diagenetic fluithe greater
the departure from chemical (not isotopic) equilibrium between mineral and fluid, the
greater is the diagenetic potenti8leveral factors control the diagenetic potential of
biogenic calcium carbot® and the strongest of these is chemical composition,
specifically the Mg/Ca ratioLow-magnesium calcite istable and thus relatively
insoluble and nonreactive in diagenetic fluids, whereas -imghnesium calcite is
metastableelative to pure calciteand thus is more soluble and reacti@eystal size is
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also an important parameter because small particles have relatively high surface areas and
can lower the free energy of the system by dissolving and recrystallizing to larger grains.
The polymorphic fom of CaCQ is anotherimportant factor that controls diagenetic
potential. Aragonite and vaterifeare metastable in surface environments and are highly
prone to dissolution and reprecipitation to more stable calcite, particularly when exposed
to fluids with a fresh water component.

Fresh water or seawater containing a meteoric component is undersaturated with
respect to marine carbonates atite disequilibrium promotes dissolutionf-resh
rainwater is a particularly corrosive agent to carbonates assliglgly acidic as well.
Marine carbonates exposed to such fluids, either in shallow coastal waters or on land
undergo meteoric diagenesisAragonite and higimagnesium calcite are common
metastable constituents of biogenic carbonate and react with diagimes to form
more stable lowmagnesium calcitanda differentisotopic compaosition.

Meteoric diagenesis almost always lowers both carbon and oxygen isotope ratios
of carbonates becausd®O
values of meteoric waters are
normally lower than those of

original marine

0 value .
' seawater andd*C of soil
— S Tow Wi bicarbonate is lower than that
CDQ 2L affecting mainly oxygen of seawater bicarbon&teln
A arid regions where evaporation
2 high WR ratio; is intense, meteoric waters can
L 4 now afjecting have positived'8O values such
O B that meteod diagenesis of
56 marine carbonate could shift
6| s d*®O values to higher valugs
[~ altered in equilibrium although this process is rare
" i 1 RACHEE s 1 Alteration patterns on
- 1 13, H
S P 4 > ; 5 d®O-d'3C  diagrams have

characteristic shapes
depending on the magnitude of

Figure 6.8. lllustration of changes ind'®0 and d'*C that the various diagenetic
accompany alteration of a marine carbonate by meteoric w p_aramete_rs._At th_e Onse'[_ of
Initial dissolution and reprecipitation by interaction with pc diagenesis in a given region, a
water fluids with a small meteoric component will sh tiny amount of water enters the
carbonates to lowed'®O values but leavd'*C valuesrelatively system and dissolves some

unchanged (point 1). Only after W/R ratios become very la ~grbonateThe fluid/rock ratio
will d'*C values decrease. The vertical line defined by increa ;g perforce very low at this

5" 0 (%o vs PDB)

W/ R interaction is the Omet i d th t . K
d*®0 value of meteoric water responsible for ppéation of late S ag_e an e SYS em Is re_c
calcite cements. From Lohma(t988) dominated.The bicarbonate in

solution generated by

”Measurements are made only of calcite and aragonite. Vaterite, a rare naturally occurring polymorph of
CaCQ, has been studiezhly under laboratorgontrolled conditions.

8 Thed'3C value of atmospheric G@&s-6to-7 @ and iequilibrimm witlenaarine dissolved
inorganic carbon (see Chap. 7).
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dissolution of solid cdronate will exchange oxygen isotopes with the water, mix with the
soil bicarbonate already present in the fluid, and reprecipitate as a cement or replacement
carbonate.Under rockdominated conditions that prevail initially, newly precipitated
carbonate wi have isotopic ratios that are similar to those of the original carbonéde.

ever increasing water/rock (W/R) ratios, bdtfO andd*3C values of the carbonate will
decreaseBut they will not change at the same ra@xygen is a major component of
water, while dissolved carbon is only a trace comporidmrefore, early diagenesis will
affect the carbonate isotope ratios of oxygen far more than céBvand and Veizer,

1981; Lohmann, 1988; Marshall, 199 effect, the W/R ratio are highdéor oxygen

than for carbon for the same amount of wakes.diagenesis proceeds and fluid/rock
ratios increased'®0 values of successively deposited carbonate (cement) become
increasingly more negative whit#3C values remain nearly constaiitbe d*®0 values

reach a final limiting value that is controlled by the isotopic compositions of the
diagenetic fluid and é&ctive water/rock ratiosWith still increasing fluid/rock ratios,

d*C of ensuing cements become more negative, once again approaching a final, limiting
value defined by thd'3C value of the infiltrating fluidin the context of a time sequence,

a rotaed J pattern develops ond&®C-d*®0 diagram(Fig. 6.8). The data points on the
upper right limb of the curve represent unaltered matdnatombination with careful
petrographic examination and chemical analysis, these stable isotope patterns can provid
a detailed diagenetic history in a given carbonate terrane.

During diagenesis, a number of chemical changes occur and these changes can be
used to identify altered and primitive portions of the carbon&test commonly, the
concentrations of trace ehents, Mn (promotes cathodoluminescence) and Fe
(diminishes cathodoluminescence) of the cement increase during diagenesis under
reducing conditions, and concentrations of Sr and Mg decr@&#°Sr ratios can
increase or decrease depending on the sadirsteontium in the local meteoric watdll
these changes are specific to the conditions of diagenesis and sources of fluids, so no one
geochemical tracer is completely diagnostic.

A number of strategies can be employed to circumvent and even ex@oit th
effects of diagenesis, particularly for older materidiick, nonluminescent portions of
brachiopods and marine cements are likely to have preserved their original mineralogy,
as well as chemical and isotopic compositions (Figure 6®xtain portionsof
brachiopodscan and frequentlydo precipitate stable, lownagnesium calcite in
equilibrium with seawater and, in addition, this carbonate is relatively massive and coarse
grained.Analyses of nonluminescent portions of these shells can be used toideterm
original isotopic composition and analyses of altered portions are used to study
diagenesis.

Another strategy involves specificabgarching outhe metastable phas&¥hile
it may seem counterintuitive, the thinking goes that if an unstable priphase is still
present, t hen It mo s t | i Kragbnyte ishaa mataétable under g
polymorph of CaC® at surface conditiondt is easily altered to more stable calcite.
Therefore, if aragonite can be found, its very preservation implegsdibgersis has
been minimal.We have two seemingly diametrically opposed philosophies at our
disposal.One is to search for metastable material, such as aragbhéereasoning is
simply that if it had been altered, it would have recrystallized ateskal-Mg calcite.

The other approach is to find the most staptemary material, samples that were
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298 oy
Virgi- 5 J

precipitated as stable lew
Mg calcite.Because it is
already stable, it is less
likely to undergo
recrystallization.
Obviously, this strategy is
only valid if we can be
sure that the carbonate
originally was low-Mg
calcite. A simplified
schematic of acceptable
samples and strategies to
use in studies of the
stable isotope
composition of marine
- biogenic carbonate is
o 5 % o4 F : given in Figure 6.10.
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Fig. 6.9 North American Brachiopod§ (solid symbols) and coexist age, both diagenesis and
cements (grey circles) from Carboniferous sediments. df@ and biquiti . h
d*C values of cements are lower than coexisting brachiop _am |g_U|t|es |n. ) the
indicating diagenesis with meteoric water. The thick-honinescent 1SOtOpiC  composition  of
samples (colored symbols) tend to be the least modified by diager O0cean water are

Modified from Mii et al.(1999) negligible. Consequently
numerous isotopic studies

have been made of pristine fossils of Cenozoic age in undisturbed cores from the deep
sea.In Mesooic or older sediments, isotopic measurements are mostly limited to shelf
deposits where preservation is generally poor (and the oxygen isotope composition of the
water is suspect).

Early workers active in oxygen isotope paleothermometry establishedigesde
to assess diagenesis of their carbonates, and these guidelines are still valitt today.
of the following are true, the carbonate is more likely (though not certain) to have
retained its originad'®O value:

1. The skeletal material or cement isade of unstable minerals like aragonite or
high-Mg calcite. They would not survive exposure to diagenetic fluitieeir
survival indicates that interaction with diagenetic fluids has been minimal.

2. The skeletal materiagdecreted by the organisia stable lav-Mg calcite. Stable
minerals have a low diagenetic potential.

3. There are seasonal variations in isotopic ratios along the growth direction.
Recrystallization would obliterate these signélis point has been challenged).

4. The material has the highe$tO value in the populatiorDiagenesis normally
lowers thed'®O value.

5. The material is not luminescemiagenesis often introduces cathodoluminescent
Mn to neoformed carbonate.
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6.4.4Ecology of the organism

Carbon and oxygen isotope compositions ofllsheeflect local conditions of
productivity and temperatui the time of depositiorsome organisms spend one part of
their lives in one environment and other parts of their lives in different environments that
can be, for example, darker, more salmecolder.Even among the same species, larger
and more robust individuals tend to build their shells in deeper, colder waters and
therefore have highet®0/°0 ratios than their more fragilguvenile counterparts.
Researchers must be aware of the ecolofjyhe organisms they use if they are to
interpret the stable isotope data propeftywas precisely for these reasons that the
Chicago group analyzed shells of attached or sessile organisms to establish the
paleotemperature scale.

o diage;netic High diagenetic
potential potential:
aragonitic
\V | \/ muds, molluscs
calcite Thick fossil skeletons:
cements low-Mg calcite, in equil.
w/ water

[s aragonite

BRACHIOPODS Hreseriod?

Clear,
texturally
primary, lack
of microdolomite
inclusions?

Microstructures

no Yes
preserved?

~
S
‘4‘|< =

Trace elements,
Mn-, Fe- contents low?
Non-luminescent?

no

“'St/*Sr ratios
match secular
CurVe? no

yes

Proceed
with caution!

yes
Fig. 6.10. Schematic flowchart of common procedures for identifying diagenesis. For fu
information, se€Carpenter et al., 1991; Marshall, 1992; Grossman, 1994)

6.5 Applications of Oxygen Isotope Paleothermometry
Taking into account all the factors that can afté®D values of biogenic carbonate,
including the application of appropriate correction factors, it is possible to address many
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important issues of oceanography and paleoclimatology using the method of oxygen
isotope paleothermometryhe principles emplad aregenerally the sameo only a few
examples of applications will be given here.

6.5.1The Quaternary

The Quaternary record is very well preserved both in terms of complete detailed
stratigraphy and minimal amount of diagenesifie glacial periods(lce House
conditions) in the Quaternary pose a complication that is nearly unique in
chemostratigraphic reconstructioNost other times in history are free of extensive
glacial ice, and the'®0 values of the oceans can be considered to be constant in the short
term. In the Quaternary period, th#®0 values of marine carbonates are affected by
changes in the isotopic composition of the ocean as much as changes in temperature as
already discssed in section 6.4.1.

Arguably the most important discovery made through oxygen isotope analyses of
biogenic carbonate was the delineation of important details of Pleistocene glaciation. The
oxygen isotope curve originally presented by Emili@#66)and modified in(1978)is
shown in Figure 6.6Emiliani worked on shells of pelagic foraminifera from the
perennially warm waters of the @abvean in order to avoid the problem of temperature
variations as the cause of changesifO of the shellsSeveral important features of
glaciation over the last 700,000 years are apparent from Fig. 6.5:

1. The patterns are satwothed, implying that glaciation is a slow process
and that deglaciation occurs much more rapidly.

2. A periodicity of~100,000 years in the patterns can be reasonably linked
to one of the Milankovich periodicities in orbital forcing,

3. There are many more glacial/interglacial stages in the Pleistocene than
previouslythought.

An extremely useful method of correlating $igeaphic sections can be made
from the regularities observed in the oxygen isotope record in Quaternary foraminiferal
tests from all over the world oceai$he uniformity in the record stems from two facts:

(1) the effect measured is primarily a changaffO of the oceans that resulted from
changes in ice volumes on land, and (2) the mixing time of the oceans is very short (~10
years). Since the early work of Emiliani, synchronaxygen isotope stagesermed
marine isotope stagg®IS) have been recoiged by many workerOdd numbers are
assigned to warmer, interglacial times and even numbers to colder, glaciaMimase
presently in MIS 1There are five recognized oxygen isotope stages in the isotopic record
of the last 130,000 years and subst@re recognized as well, particularly in well
studied stage MIS extends back over 100 cycles.

Age assignments are critical in stratigraphic work and are frequently the subject
of considerable debateA novel approach to age assignment is to assuna¢ th
astronomically driven changes in climate (orbital forcing) are responsible for the waning
and growth of ice sheettJsing this approach to tune several oxygen isotope records,
Imbrie et al. (1984) established a reference chronostratigraphy for the late Quaternary
called the SPECMAP (Spectral Mapping Projekt)this work, they took the average of
multiple deep sea cores tuned to the orbital forcing parametgyeto er at e a 06 gene
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oxygen isotope record for the past 750,000 years (Fig. 6lhe) SPECMAP composite
chronology is frequently used to adjust oxygen isotope records when no reliable ages are
available.It is now common parlance to speak of events twaturred in a particular

stage as oxygen isotope stage 2 or 5.

6.5.2The Paleogene andeogene (Cenozoic)

From an historical point of view, our state of knowledge of oceanographic
features in the Paleogeieogene was greatly enhanced by oxygen isotoydyses of
benthic and planktic foraminifera made in the early 197681 marine coresAt that
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Fig. 6.11.Average (stackedj'®O records of multiple deep ocean cores turned to orbital paramt

The d*®0O values of each record are adjusted to have a mean valde.of OEven numb
marine isotope stages are shown. Afterbrie et al., 1984)
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time sampling techniques were primitive byo d astarwlards, but clear patterns were
neverthelesgvident in the data obtainefls a point of reference, tharlje difference in
d'®0 between planktic and benthic shells forming in modern oceans from low latitudes
reflect the large differences in temperature between surface and bottom Bates)
water temperatures are established by the sinking of cold, seitees in the Antarctic
and North Atlantic Seas. But ice volumes and ocean circulation patterns change with
time, and these changes are reflected in the oxygen isotop&eatauch changes are as
dramatic as those that occurred in Paleogéaegene time

Data for planktic and benthic foraminiferal shells separated from cores collected
at several sites in the North Pacific Ocean are shown in Figur®iff&ences ind*¥0
between planktic and benthic shells were relatively small in the dalgogene
reflecting a relatively small differences in surface and bottom water temperatbees
cooling at the late Eocene to Oligocene and divergencelastktic and benthic
foraminifera in Central Pacific samples suggests the beginning of cold downwelling
waters originating at high latitude¥he dramatic cooling in the middle Miocene are
related to the circumpolar Antarctic circulation and the formation of Antarctic ice sheets
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(Savin et al., 1975)

The huge number of analyses of Paleogdaegene ocean core samples results
in a extremely highresolution record for the past B0 million years.Zachoset al
(2001) presents a detailed compilation of Paleogene to Present stable isotope variations
(Fig. 6.12). Variations on the 10to 10 y time scale are related to orbital parameters,
while longerscale, irreversible variations are related éatanic processesSpectral
fitting of the data showa strong periodicity at 100 ky and 41 ky for samples 0 to 4 Ma,
with a loss of intensity of the 100 ky band in older samples.
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6.5.3.0lder samples

Well-preserved deep sea cores for Cretaceaspkes exist, so that the
foraminiferabased record extends back that fllost Mesozoic and all Paleozoic
samples are limited to shelf deposifbese lithologies have often undergone diagenesis,
and great care must be taken to retrieve unaltered sarphegdition, thed'®O value of
the water in a shallow shelf setting may have been affected by a large meteoric

contribution, | ower i ng Workess inathefield revetbeerd s e a wa t
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careful to alleviate these problems by analyzing diagenesistantmaterial and by
correlating salinity and*®0 values of seawater using a temperagaknity-density
model or salinitydependent cation ratios in the carbonais. the age of samples
increases, the uncertainties regarding diagenesidg'&@dvdues of the ocean increase as
well. Precambrian carbonates invariably have W#0 values, which can be correlated
with one or more of three variables: diagenesis, low mati#@ values or warm ocean
temperaturesOther stable isotope sedimentary proxéepport the lowd'®O values of
carbonates (cherts, iron formations), although the significance of the low values is still in
debate.

Although extraction of thel'®0 value of unaltered carbonates is complicated by
the effects of diagenesis, and the tielzship between the'®O values of carbonates and
ocean temperature is complicated by uncertainties about the oxygen isotope compaosition
of the ocean through time, there have been a number of attempts to determine a secular
curve for d*®0 values of marinecarbonates.Figure 6.B shows the extraordinary
compilation of Veizeet al. (1999)for low magnesium calcite shells, mainly brachiopods
and belemnitesHigh d'®0 values correspond to times of glaciation and generally cold
conditions, and there is a diminutiond¥O values of Ordovician and older samples.
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Fig. 6.13. Variations in the oxygen isotope ratio of shell carbesats uncertainties are shown as tt
shaded region around the central line. Cold periods with evidence for glaciation are indicated
shaded boxes above the curve, with ice ages illustrated with filled black boxes. Modified fromeVe
al. (1999)
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6.5.4Application to continentatarbonates

Carbonates form in equilibrium with meteoric water in ambar of different
environments. Climatic information can be retrieved from these samples, but
interpretation of the data is often complicated by the uncertainties a4Devalues of
the water forming the carbonafhe d'®0 values of terrestrial (or ctinental) carbonates
often are used to estimate thE€O value of the meteoric water, as opposed to the
temperature of formatiorSamples analyzed include speleothems, lake sediments, vein
calcite, travertines and soil carbonates.

Interpretations ofd*®0 values from terrestrial carbonates differ from those in the
marine setting(Grootes, 1993)In Quaternary marine samples, higfO values are
caused by either increasindf®0O values of the ocean due to glacial deposition on
continents or loweoceartemperatures, or a combination of the tiwocontrast, thel'O
values of water from lakes are primarily a function of dH© value of meteoric water.

In the marine setting, low temperatures increasedtf® value of carbonates$n the
continental setting, cold causes tHeO values of meteoric water to decrease (see Section
4.7.1), which in turn lowers the@'®O value of the prepitating carbonateThe effect is
essentially the reverse of tregen in the marine environment.

As an example, McKenzie and Holland&®93)measured the oxygen isotope profile
in a sedimentary sequence from avear lake in Switzerlandl'here is a regular decrease
in the d*®0 values of the lacustrine chalk fralB & pri or to 1887 to val
-11a i n mode MoKerwie and Rodlandesattribute the lowd#fO values in
the young sediments to changes in atmospheric circulation in Central EBre{i&87
metewic waters were source primarily from cold prevailing northwesterly winds with
low d'®O values.The moisture source changed to one dominated by warmer westerly to
southwesterly winds in modern times.

Cave deposits provide another important archive faesénal paleoclimateThere
are dozens of magnificent oxygen isotope records of speleothem deposits. The National
Climate Data Center lists over 106otope cavestudies from all over the world
(https://www.ncdc.noaa.gov/cdo/f?p=535:6:0;::Deep caveswith poor air circulation
have nearly constant yessund temperaturefrip waters entering a cave are often at or
near carbonate saturatiortwo processes contribute to the precipitation of calogeale
a cave 1) outgassing o€O: from the dripwater, and 2: evaporation, which increases the
Ca&* concentration of the fluidSchwarcz, 2007)If CO2 loss is slow, equilibrium
between the dissolved species HGCA®* and CQ is maintained, and carbonates
precipitate in carbon and oxygen isotope equilibrium with formation wdtéesdy,
1971; Schwarcz, 1986Fombined with accurate mass spectrometric urarsarnes dates
of the @arbonates, detailed records of terrestrial climates can be obtained.

Cave records provide a long term record in a specific location. Waa{ (2017)
measured thel'®0 values of the weltlated Paraiso Cave in eastern Amazoiiad
concluded that rainfall in the Amazon basin was lower by 58% in the last Glacial
Maximum and higher by 142% in the warmest period in the Holocene 6000 years ago.
These kinds of data providmntinental records of paleoclimate that are unmatched by
other recordsThe long term climatic data extractable from speleothems are illustrated by
the remarkable Hulu cave in Chiflaig. 6.14) which coves a timeintervalin excess of
70,000 yeargdWang et al., 2001)The cave record follows ¢h Greenland Ice core
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(GISP2) closely in some regards and, significantly, diverges in others. The comparison
between the Greenland record and the Monsboren China record allow for climatic
conditions to be compared over very different regions, and denate a global

insolatiordriven systenfCheng et al., 2006)
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Fig. 6.14. Oxygen isotope record of the Hulu cave sequence (top) compétethes Greenland GISP:
ice core (bottom in blue). The Hulu cave is the combination of three stalagmites shown in di
colors. Each analysisovers a period of ~ 130. %9 2*°Th analyses were made to date the core. -
Younger Dryas (YD) and Heinriclvents (HiH6) are shown by yellow bands. The glacial/interglac
and subglacial events are clearly evident (numbers). Similarities as well as differences between f
records allow for global climate information to be retrieved. See Waab(2001)for further details.

6.6 Clumped isotope thermometry
Clumped isotope thermometry is certainly one of the most exciting developiments

paleothermometrpver the last decad@he thermometer is based on thet fdwat the
non-stochastic distribution dfC and'®0 in CQ: is temperaturelependen{Ghosh et al.,
2006) and does not require an independent estimate of the isotopic composition of the

water . I't i s truly aUnfortunately, ldeingrhie aca digektiont h e r mo 1

of the carbonate,rdy 2/3 of the oxygen in aarbonate is released to €®ortunately,
any fractionation accompanying this decarbonation reacippears to bemostly
reproducible, so that the n@bochastic isotope distribution of the evolved@an still
be used to estimate the temperature st kequilibration(Muller et al., 2017) The
analytical technique is difficult and differences between laboratone<salibrations are
still being worked out(e.g., Daéron et al., 2016Yhe theory of clumped isotope
thermometry is introduced in section 3.7.

The exchange reaction governing the clumped isotope thermometerrlionate

can be expressed €&chauble et al., 2006)
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