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Abstract

13 Ž .New records of the abundance of C in marine organic matter have been compiled for i the later Neoproterozoic, from
Ž . Ž . Ž . Ž .800 to 543 Ma 346 analyses , ii the Cambrian through the Jurassic 1616 analyses , and iii the Cretaceous and Cenozoic

Ž . 132493 analyses . Comparison of these to existing compilations of the abundance of C in sedimentary carbonates has
Ž .allowed development of a record of the isotopic fractionation '´ accompanying the production and burial of organicTOC

Ž .material. Over time, globally averaged values of ´ have fallen in three ranges: i greater than 32‰ and apparentlyTOC

indicative of significant inputs from sulfide-oxidizing or other chemoautotrophic bacteria, notably during late Proterozoic
Ž .interglacials at 752, 740–732, and 623–600 Ma; ii between 28 and 32‰ and indicative of maximal fractionation of carbon

isotopes by phytoplanktonic producers, during the Neoproterozoic from 800 to 750 and from 685 to 625 Ma and during the
Ž .Phanerozoic up to the early Oligocene; and iii less than 28‰, probably reflecting a reduction of primary fractionation by

some combination of low levels of CO , rapid rates of growth, and high ratios of cellular volume to surface area during2
Ž .Neoproterozoic glaciations 740, 720, and 575 Ma and since the early Oligocene. Evidence of similar variations during the

Ordovician and Gondwanan glaciations is absent. The decline in ´ since the early Oligocene, from 30 to 22‰, has beenTOC

nearly linear. The structure of the record of ´ suggests that the maximal isotopic fractionation between dissolved COTOC 2

and primary biomass has consistently been 25‰. Overall, the records provide compelling evidence that values of ´ haveTOC

varied widely and that the long-term average fractionation is roughly 30‰. q 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Isotopic compositions of reactants and products in
the global carbon cycle respond to two mass-balance
requirements:

Total carbon entering atmosphere and hydrosphere

sTotal carbon being sequestered in sediments,
1Ž .

13C entering atmosphere and hydrosphere

s13C being sequestered in sediments. 2Ž .

Combining these yields:

d s f d q 1y f d , 3Ž . Ž .i o o o a

where d , d , and d are the isotopic compositionsi o a

of incoming carbon and of organic and carbonate
carbon immobilized in sediments, and f is theo

fraction of carbon that is buried in organic form. For
Ž .any point in time, Eq. 3 can be usefully recast by

defining ´ as the average isotopic fractionationTOC
Ž .between total organic carbon TOC and sedimentary

Ž .carbonates fd yd , thus:a o

d sd q f ´ . 4Ž .a i o TOC

For studies of the history of the carbon cycle, the
process-oriented variables on which attention should
logically be focused are f and ´ . The first ofo TOC

these bears directly on the global redox balance and
the second varies in response to evolutionary and
environmental changes. Neither can be measured
directly, particularly given the requirement for glob-
ally representative values. There are three basic prob-
lems: global averaging, reconstruction of d , and thei

required comparison of d and d .a o

In practice, attention has been focused on records
of d . Since carbonate sediments monitor the iso-a

topic composition of a reactant that is stirred glob-
Ž .ally albeit imperfectly , averaging is less problem-

Žatic. Since d is linearly related to f provided da o i

and ´ are constant; a risky assumption to whichTOC

Hayes, 1983; Kump, 1989; Raymo, 1997 have called
.attention , it is relatively rich in information. In a

notable example of rigor, Derry and France-Lanord
Ž .1996 were able to deal explicitly with reconstruc-

tion of d and with changing values of ´ byi TOC

restricting their attention to the Neogene.
Here, we ask two questions. First, has ´ var-TOC

ied significantly over the last 800 Ma? Second, if so,
what evolutionary and paleoenvironmental informa-
tion might those variations provide? We have com-
piled reports of the carbon-isotopic compositions of

Žsedimentary organic matter thus following Degens,
1969; Welte et al., 1975; Hayes et al., 1983; Lewan,

.1986 . By comparing these to previously established
records of d , we have developed an 800-Ma recorda

of ´ . With the aims of focusing on the mostTOC

important component of sedimentary organic carbon
and of obtaining a record that could be considered in
terms of the processes leading to its development, we
have considered only marine sediments and organic
materials of marine origin. For the most accurate
reconstruction of global geochemical budgets, it will
be necessary to consider all organic carbon that are
immobilized in sediments, specifically including ter-
rigenous inputs to marine sediments and all compo-
nents of freshwater sediments. If these are abundant
enough, and if their isotopic compositions differ
significantly from those of marine materials, adjust-
ments to the record of ´ will result.TOC

As fundamental data, we recommend maintenance
and refinement of records of d and d and develop-a o

ment of estimates of d . For discussion and interpre-i

tation, we recommend attention to records of f ando

´ or d and ´ . Separate attention to dTOC a TOC o

should be avoided, since d both rides up and downo
Žwith d thus carrying a redundant signal compo-a

.nent and responds to changes in ´ .TOC

2. Data and calculations

2.1. Time scales

The time interval considered here begins 800 Ma
ago, during the Neoproterozoic, and extends to the
Holocene. In compiling records and estimating the
ages of sedimentary beds, the dates summarized in
Table 1 have been used. Methods used for adjust-
ment of ages previously referred to other time scales
are described in the sections below.
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Table 1
Ages used in compilation of the present isotopic records

Ž .Event or time interval Age Ma References

Ž .Cenozoic Berggren et al. 1995
Ž .Paleozoic and Mesozoic not otherwise specified Harland et al. 1990

Ž . Ž .Arenig–Llanvirn early–middle Ordovician boundary 465 Young and Laurie 1996
Ž .Cambrian–Ordovician boundary 490 Young and Laurie 1996

Ž . Ž .St. David’s–Merioneth middle–late Cambrian boundary 500 Young and Laurie 1996
Ž . Ž .Caerfai–St. David’s early–middle Cambrian boundary 509 Young and Laurie 1996

Ž .Nemakit–Daldyn–Tommotian boundary 534 see Kaufman et al. 1996
Ž . Ž .Precambrian–Cambrian boundary 543 Bowring et al. 1993 , Grotzinger et al. 1995
Ž .Start of negative excursion of d prior to PC–C boundary 544 Pelechaty et al. 1996a
Ž .End of latest Vendian positive excursion of d 549 Grotzinger et al. 1995a

Ž .Minimum d , second Varanger ice age 575 Saylor et al. in pressa
Ž .Minimum d , first Varanger ice age 590 Saylor et al. in pressa

aMinimum d , second Sturtian ice age 720a

Minimum d , first Sturtian ice age 740 a
a

bBase of Shaler and Veteranen Groups 800

a Ž . ŽMaximum age of lower tillite is 746"2 Ma Hoffman et al., 1996 . Ages of 740 and 720 Ma are estimates nb, on carbon-isotopic
Ž .evidence, upper tillite is distinct from Varangian units see Kaufman et al., 1991; Smith et al., 1994; Kaufman and Knoll, 1995 .

b Ž . ŽShaler is older than 723"3 Ma Heaman and Rainbird, 1990 , and C and Sr isotopic correlations Knoll et al., 1986; Asmerom et al.,
.1991; Kaufman and Knoll, 1995 indicate that its Kilian Fm. is equivalent to the lower Svanbergfjellet Fm of the Veteranen Group and to

Ž .the Chuos lower Sturtian diamictite in Namibia. Basal age of 800 Ma is an estimate.

2.2. Values of d for organic and carbonate carbon

Assessment of ´ requires knowledge of bothTOC

d and d . Accordingly, it has been necessary nota o

only to compile results of isotopic analyses of or-
ganic carbon but also to compile or to select isotopic
records for carbonate carbon.

2.2.1. Neoproterozoic
Sources of data, locations, and time intervals are

summarized in Table 2. The investigations yielding
these results have been stratigraphically oriented.

Ž .Consequently, i systematic relationships between
age and position in the section are specified in each

Ž .report and ii sampling has been concentrated at
time horizons of particular interest. To deal with the
resulting highly variable temporal resolution, we have
combined the data from all sections, sorted points
according to assigned age, and computed moving-
average values of d and d . To begin, 25-sampleo a

Ž .groups ns56 were examined. Of 1400 samples,
409 had yielded values for both d and d , 885o a

contained analyzable concentrations only of carbon-
ate, and 106 had yielded values only for d .o

As noted in Table 2, dolomitic samples are abun-
dant in these Precambrian sections, and lithologies
have been consistently specified along with the iso-
topic compositions. There were 52 25-sample groups
in which the mean d value of at least three lime-
stones could be compared to that of at least three
dolomites. In 16 of these, the carbon-isotopic differ-
ence between calcite and dolomite was significant at

Žthe 95% confidence level 12 with dolomite depleted
13 .in C relative to limestone, four vice versa . Such

differences could reflect significant secular changes
in d that happened to be correlated with global
variations in the abundances of dolomite and calcite
within the time span of a 25-sample block. The
overall average limestone–dolomite difference was
0.59‰, with dolomites being depleted in 13C relative
to limestones. The standard deviation of the popula-

Ž .tion of differences ns52 was 1.77‰. Conceiv-
ably, a ‘‘correction’’ might have been applied with,
e.g., 0.6‰ being added to the d values of all
dolomites. However, since the 95% confidence inter-
val for that correction would be "0.5‰, the draw-
backs of dealing with adjusted data were considered
greater than any benefits. The values of d reporteda
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Table 2
Sources of d values for samples of Neoproterozoic age

cŽ .Unit or location Age Ma Number of d values Number of d values Referencesa o

a b a bTop Bottom Lms Dol Lms Dol

Kotuikan River, Siberia 536 544 47 84 9,10
Kytyngeder River, Siberia 544 548 32 11
Chekurov anticline, Siberia 544 550 74 62 11
Oolohan Ooekhtekh River, Siberia 545 552 44 11
Olenek River, Siberia 543 552 42 11
Khorbosuonka River, Siberia 538 553 51 36 35 16 8
Nama Group, southern Namibia 544 560 195 18 46 7 3,4,6,14
Witvlei Group, central Namibia 555 589 10 34 5 7 3,4,14
East Greenland 554 735 26 10 32 8 1
Mackenzie Mountains, NWT, Canada 543 750 86 29 70 25 5,12
Otavi Group, northern Namibia 589 766 62 158 33 83 3,13
Nordauslandet 575 780 7 14 27 13 1
Shaler Group, Victoria Island, Canada 740 800 48 52 24 20 7
Spitsbergen 555 800 39 57 42 28 1,2,4,12

a Limestones.
b Dolomites.
c Ž . Ž . Ž . Ž . Ž .1: Knoll et al. 1986 ; 2: Fairchild and Spiro 1987 ; 3: Kaufman et al. 1991 ; 4: Derry et al. 1992 ; 5: Narbonne et al. 1994 ; 6:

Ž . Ž . Ž . Ž . Ž .Grotzinger et al. 1995 ; 7: Kaufman and Knoll 1995 ; 8: Knoll et al. 1995a ; 9: Knoll et al. 1995b ; 10: Kaufman et al. 1996 ; 11:
Ž . Ž . Ž . Ž .Pelechaty et al. 1996 ; 12: Kaufman et al. 1997 ; 13: Hoffman et al. in press ; 14: Saylor et al. in press .

here represent averages in which samples have been
combined without regard to lithology.

Values of d could be compared among at leasto

three dolomitic and three calcitic samples in 27 of
the 56 blocks. Significant differences were found in
eight of these, with organic material in dolomites
being enriched in 13C relative to that in limestones in
five cases. The overall average difference was 0.90‰,
with organic carbon in dolomites tending to be en-
riched in 13C. Although this is larger than the differ-
ence observed for carbonates, the standard deviation

Ž .of the population of differences ns27 is 4.35‰.
The average difference is therefore significant only
at the 30% confidence level and no adjustment or
‘‘correction’’ can be justified.

When the 25-sample average was advanced in
five-sample steps, the time equivalent to each step
averaged 0.9 Ma and ranged from 0.02 to 9 Ma. On
average, each group contained 23.1 values of d anda

Ž9.5 values of d ranges 5–25 and 0–23, respec-o
.tively . The resulting record of d is displayed ina

subsequent sections of this report. The corresponding
record of d , however, was noisy and, in some timeo

intervals, the density of values for d was too sparseo

to support 25-sample averaging. The noise was traced
to a systematic enrichment of 13C in organic material

Žfrom the Nama and Otavi Groups Kaufman et al.,
.1997 . Whenever d values from either of theseo

units were abundant, the average value of d for ao

25-sample group would be shifted upward from the
Žtrend based on all other units i.e., organic carbon in

the Nama and Otavi Groups is enriched in 13C
relative to that in coeval samples from other loca-

.tions . This systematic enrichment could be due ei-
ther to conditions in the depositional environment or
to the effects of post-depositional heating. Resolution
of that question is a subject for further research.
Here, because of the marked contrast with all other
units, because many samples displayed d valueso

that are usually characteristic of thermally altered
Žmaterials i.e., y16-d -y7‰; see Hayes et al.,o

.1983 , and because the sampled successions from the
Otavi Group, at least, have reached the lower green-

Žschist facies of metamorphism P.J. Hoffman, per-
.sonal communication , all d values from the Namao

and Otavi Groups were excluded from further con-
sideration.

To develop a record of the isotopic composition
of organic carbon, groups with varying numbers of
samples were defined so that each contained 15
values of d . When this ‘‘15-organic’’ average waso

advanced so that each step was large enough to
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cover five samples for which d was known, 69o

group-average values of d were obtained. The timeo

equivalent to each step averaged 3.6 Ma and ranged
from 0.6 to 22 Ma. All groups contained exactly 15
values for d , but the number of values of d in eacho a

group ranged from 6 to 257, depending on the
distribution of analyses, and averaged 56. The record
of d values obtained in this way is not shown here,a

but its major features did not differ from those of the
25-sample moving average described in the preced-
ing paragraph.

2.2.2. Cambrian through Jurassic
The 1616 values of d were collected from theo

literature, from unpublished reports, and from per-
sonal communications. These include results of anal-
yses of separated kerogen and of TOC present in
whole rock samples of various lithologies. Samples
were excluded if independent evidence indicated that
post-depositional effects had been severe enough to

Ž .alter isotopic compositions cf. Strauss et al., 1992 .
This pertains particularly to effects associated with
thermal alteration, as indicated, e.g., by HrC ratios.
Similarly, samples were excluded if independent evi-
dence indicated that organic material was clearly of
terrestrial origin or if the isotopic composition of the
material had been significantly affected by admixture
of allochthonous material. Where available, this in-
formation has been derived from rock-eval data
andror from analyses of macerals.

Age constraints vary significantly. In 25 cases,
stratigraphic position could be specified in terms of

Ž .stage roughly, "2 Ma . In 26 cases, stratigraphic
position was reported or could be determined in

Ž .terms of epoch "6 Ma . For 30 reports, it was
possible only to assign the observed values of d too

Ž .a particular period "20 Ma or more . With this
limitation in mind, mean ages have been assigned to
each stratigraphic unit and individual values of do

Žwithin each 10-Ma window 520–510, 510–500,
.etc. have been averaged, resulting in 26 10-Ma

means for the time interval from the early Cambrian
Žto the latest Jurassic there being 13 10-Ma intervals

.lacking any reports of d .o

The isotopic record used for carbonate carbon is
the 20-Ma moving average shown as Fig. 10 by

Ž .Veizer et al. this volume , with ages in the Cam-
brian and earliest Ordovician adjusted to the time

scale specified in Table 1. For each interval, the
standard deviation is determined from the range re-

Žquired to include 68% of the observations Veizer et
.al., this volume .

2.2.3. Cretaceous and Cenozoic
Results of 2493 analyses of the isotopic composi-

tion of sedimentary organic carbon of marine origin
were obtained almost entirely from reports of the
Deep Sea Drilling Project and the Ocean Drilling
Program. The composition of this collection is sum-
marized in Table 3. Samples were excluded if the
organic material was described as being of terrige-

Ž .nous origin, if the hydrogen index when available
was lower than 50 mg hydrocarbonsrg organic car-

Ž .bon thus strongly indicating alteration or reworking ,
or if the total concentration of organic carbon was

Žless than 0.1% a circumstance often leading to
.inaccurate results in survey procedures . For each

sample, the stratigraphic assignment noted in the
report of the isotopic analyses, often based on a
preliminary assessment, was checked against the
stratigraphy described in the final, definitive report
for the hole. When these assignments were inconsis-
tent, precedence was given to the assignment in the
final report.

To estimate mean values of d for each of theo
Ž .intervals listed in Table 3, i the average value of do

Ž .at each site was determined; ii a weighting factor
between 1 and 5 was assigned to each of those

Ž .averages; and iii an overall weighted mean was
computed. For each site, the weighting factor was
based on the number of analyses, the estimated
reliability of the results, and the stratigraphic distri-
bution. To provide some examples, the average of
five or more highly reliable analyses widely dis-
tributed throughout the stratigraphic interval would
be assigned a weighting factor of 5 and the average
of tens of analyses obtained using a survey proce-
dure and tightly grouped within a few core segments
would be assigned a weighting factor of three. This
procedure avoids attributing undue weight to densely
sampled intervals or to results of reconnaissance
analyses.

To facilitate investigation of possible latitudinal
effects on d , assistance was generously provided byo

Dr. David Rowley of the paleogeography research
group at the University of Chicago, who determined



( )J.M. Hayes et al.rChemical Geology 161 1999 103–125108

Table 3
Sources and distribution of isotopic analyses of organic carbon, samples of Cretaceous and Cenozoic age

aInterval Age Number Weighted average Number References
Ž .Ma of sites paleolatitude of analyses

Pleistocene 0.9 15 30.3 221 2,12,17,19,22,23,25,26
Pliocene 3.5 16 38.8 1045 2,7,15–19,22,23,25,26
Late Miocene 8.3 12 44.4 129 6,7,12,16–18,22,23
Middle Miocene 13.8 15 37.3 228 2,6,7,9,12,15,16,18,22,23,25
Early Miocene 20.1 12 36.9 91 2,6,7,9,12,15,16,18,23,25
Late Oligocene 26.2 8 44.4 140 2,6,7,12,18,23
Early Oligocene 31.1 2 56.1 111 17,18
Late Eocene 35.3 4 44.5 27 2,6,18,21
Middle Eocene 43.0 7 43.8 33 2,6,7,10,12,16,18
Early Eocene 51.9 5 34.1 8 6–8,10,11
Late Paleocene 57.9 3 43.1 62 10,12,18
Early Paleocene 63.0 3 27.7 3 7,8,12
Maastrichtian 69.5 2 42.2 3 7,20
Campanian 78.5 1 1.7 2 1
Santonian 84.8 3 46.6 5 2,4,20
Coniacian 87.6 2 51.3 14 2,20
Turonian 89.5 6 31.7 99 4,7,8,13,20
Cenomanian 93.7 8 26.2 54 4,5,8,12,13,20,21,27
Albian 104.5 8 27.7 107 2,3,5,12,14,20,21,27
Aptian 118.3 3 35.9 13 5,7,12
Barremian 128.2 2 31.3 16 4,5
Hauterivian 133.4 6 21.8 37 4,5,12,21,24,27
Valanginian 137.9 7 27.4 40 4,5,12,21,24,27
Berriasian 143.2 4 25.9 5 5,12,27

a Ž . Ž . Ž . Ž . Ž .1: Buchardt and Holmes 1995 ; 2: Calder et al. 1974 ; 3: Dean 1981 ; 4: Dean and Arthur 1987 ; 5: Dunham et al. 1988 ; 6: Erdman
Ž . Ž . Ž . Ž .and Schorno 1978a ; 7: Erdman and Schorno 1978b ; 8: Erdman and Schorno 1978c ; 9: Erdman and Schorno 1978d ; 10: Erdman and

Ž . Ž . Ž . Ž . Ž .Schorno 1979a ; 11: Erdman and Schorno 1979b ; 12: Galimov et al. 1980 ; 13: Hayes et al. 1989 ; 14: Katz 1988 ; 15: Kennicutt et al.
Ž . Ž . Ž . Ž . Ž . Ž .1985 ; 16: Lewan 1986 ; 17: Macko 1989 ; 18: Macko and Pereira 1990 ; 19: Muzuka et al. 1991 ; 20: Nohara et al. 1984 ; 21: Patton

Ž . Ž . Ž . Ž . Ž .et al. 1984 ; 22: Romankevich et al. 1980 ; 23: Schorno 1980 ; 24: Schorno and Erdman 1980 ; 25: Simoneit and Mazurek 1981 ; 26:
Ž . Ž .Simoneit et al. 1984 ; 27: Thompson and Dow 1990 .

Žpaleocoordinates for each d value i.e., the paleolat-o

itude and paleolongitude for each site during each
stratigraphic interval from which organic carbon had

.been analyzed . This information has been used in
two ways. First, in order to provide an overview of
the data set, a weighted-average paleolatitude has
been computed for each stratigraphic interval:

Weighted-average paleolatitudesÝ w L rÝw ,Ž .i i i

5Ž .

where the w values are the weighting factors de-i

scribed above and the L terms are absolute values ofi
Žpaleolatitudes i.e., samples from 458N and 458S

.would yield an average of 458, not zero . Results are
shown in Table 3. Second, as described in Section 3,
samples with high paleolatitudes were excluded dur-
ing some trial calculations.

The record of d values for the Berriasian througha

the Santonian stages of the Cretaceous is based on
Ž .that provided by Arthur et al. 1985b . This is closely

Žsimilar to the record developed by Veizer et al. this
.volume except that its Aptian–Albian isotopic peak

is broader. Values for the Campanian and Maas-
trichtian stages are from the latter record. For the
Cenozoic, we have adopted the bulk-sediment record

Ž .provided by Shackleton 1987 .

2.3. Calculations

2.3.1. AÕailability of numerical results
Point lists for all graphs, including numerical

results of the calculations outlined below and related
uncertainties, can be downloaded from http:rr
www.nosams.whoi.edurjmh.
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2.3.2. Carbon-cycle descriptors
The isotopic fractionation between carbonate car-

bon and organic carbon is expressed in terms of
´ . When both ´ and d are expressed in units ofTOC

per mil:

3 3´ '10 a y1 s10 d q1000�Ž . Ž .TOC TOC a

r d q1000 y1 . 64Ž . Ž .o

For the Neoproterozoic, the values of d and da o

were those determined using the ‘‘15-organic’’ mov-
ing average described above. For the Cambrian–
Jurassic time interval, values of d were obtaineda

from the 20-Ma moving average described by Veizer
Ž .et al. this volume and values of d were averageso

for 10-Ma windows as described above. For the
Cretaceous and Cenozoic, values of d and d werea o

averages for the intervals noted in Table 3.
Ž .Rearrangement of Eq. 3 yields an expression for

f and thus would provide a means of monitoringo

changes in the relative rates of burial of carbonate
and organic carbon if values of d were known.i

Here, values of f for each stratigraphic intervalo

have been estimated from:

f s d q5 r d yd , 7Ž . Ž . Ž .o a a o

i.e., we have set d sy5‰ and thus adopted thei

‘‘first approximation’’ utilized by Derry and
Ž .France-Lanord 1996 , in which it is assumed that d i

will be equal to the average d value of total sedi-
Ž .mentary carbon Holser et al., 1988 . Since it takes

into account variations in ´ , the resulting recordTOC

is one step closer to the process of carbon burial than
is a record of d .a

2.3.3. Assessment of uncertainties
It is possible to discuss systematically only uncer-

tainties associated with the scatter of the values of da

and d that provide the basis for these records. Too

these must be added some consideration of inadequa-
cies in sampling. For older units, open-ocean sam-
ples are rare to nonexistent. For all units, sampling
reflects a variety of biases imposed by the interests
of the original investigators and by the methods of
collection employed here. Publication of the present
records — to be followed, no doubt, by recognition

of their imperfections — is an initial step towards
the reduction of those uncertainties.

Because accidental biases and incompleteness are
probably the most important uncertainties bearing on
the records constructed here, and in order to allow
compact and uncluttered graphic presentation of the
records, neither error bars nor distributional en-
velopes are shown in the figures. However, the
magnitudes of these uncertainties are summarized
quantitatively below and the specific, point-wise esti-
mates of uncertainty can be downloaded from the
web site noted above.

For the Neoproterozoic, calculation of standard
deviations for the populations of individual values of
d and d within each ‘‘15-organic’’ group wasa o

straightforward. Results are summarized in Table 4.

Table 4
Standard deviations

a bParameter Age range Standard deviation

Average Minimum Maximum

d , Population NP 2.5 0.8 4.5a

C–J 1.3 0.3 2.6
cK–Cen

d , Population NP 3.1 1.0 4.8o

C–J 1.5 0.07 2.8
K–Cen 1.5 0.1 3.5

d , Group mean NP 0.4 0.07 1.6a
dC–J

K–Cen 0.3 0.1 0.6
d , Group mean NP 0.8 0.3 1.2o

e e eC–J 0.2 0.05 0.6
K–Cen 0.8 0.1 2.6

´ NP 1.0 0.5 1.8TOC

C–J 1.5 0.3 2.9
K–Cen 0.9 0.3 2.6

f NP 0.06 0.05 0.08o

C–J 0.05 0.05 0.06
K–Cen 0.06 0.05 0.07

a NP, Neoproterozoic; C–J, Cambrian–Jurassic; K–Cen, Creta-
ceous–Cenozoic.
bStandard deviations varied in response to the scatter and number
of points within each age interval. The minima and maxima
tabulated here indicate the range of that variation.
c Not reported by initial investigators. Standard deviations of mean
values, required for error-propagation calculations, were esti-
mated. See text.
d Numbers of observations were not reported by initial investiga-
tors, thus standard deviations of mean values could not be com-
puted. See text regarding error-propagation calculations.
eLow values result from large numbers of observations. See text
regarding error-propagation calculations.
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These measures of spread in the distributions reflect
the combined effects of analytical imprecision, natu-
ral variability at any given time horizon, and secular
change within the time interval covered by the sam-
ple group. Since values of ´ and f are based onTOC o

average values of d and d , standard deviations ofa o
Ž 1r2 .these means 'srn are also shown in Table 4.

For Cambrian to Jurassic ages, standard devia-
tions of populations of d values within each 20-Maa

span were provided by Veizer et al. and are summa-
Ž .rized in Table 4 d , population, C–J along witha

corresponding values for d populations within eacho

10-Ma window. As indicated by the low standard
deviations, the processes of selection employed in
construction of the d record yielded relatively tighta

distributions. If these already-low uncertainties were
Ž 1r2 .reduced by substantial factors i.e., n in order to

estimate the standard deviation of the mean value, it
would have the effect of postulating a surface ocean

Žwith perfect isotopic homogeneity since the stan-
dard deviation represents natural as well as analytical

.variability . A similar problem arises with the stan-
dard deviation of the mean value of d , for whicho

the very large values of n within each stratigraphic
interval led to the very low values shown in Table 4
Ž .d , group mean, C–J . To avoid development ofo

artifactually low uncertainties for ´ and f , alter-TOC o

native values were used in error-propagation calcula-
tions, as described below.

For stratigraphic intervals in the Cretaceous and
Cenozoic, standard deviations of populations of site-
average values of d varied as noted in Table 4.o

Standard deviations of weighted-mean values of do
Ž .Table 4 , used in error-propagation calculations,

Ž 2 .1r2were computed from 5s rN , where s is the
standard deviation of the population of site averages
and N is the sum of the weighting factors. Standard

Ž .deviations for mean values of d Table 4 werea

estimated from the extent of agreement between the
Ž .older records Arthur et al., 1985b; Shackleton, 1987

Žand that of now developed by Veizer et al. this
.volume , and were increased where secular changes

within a particular stratigraphic interval were large.
In estimates of the propagation of errors, the

uncertainty in ´ has been computed from:TOC

s 2 fs 2 qs 2 , 8Ž .´ a o

where s and s are the standard deviations ofa o

mean values of d and d as identified in thea o

preceding sections and summarized in Table 4. For
stratigraphic intervals of Cambrian-to-Jurassic age,
s was approximated by sr4, where s is thea

standard deviation of the population of individual
values of d for that interval, and s was set equala o

to the standard deviation of the population of indi-
vidual d values. As shown in Table 4, the resultingo

estimates of s are roughly equal to those obtained´

for the other age intervals. This treatment of the C–J
Ž .interval is justified because i the standard deviation

of the population of d values has been systemati-a

cally minimized through selection of exceptionally
Ž .preserved samples and ii the large values of n

Žcharacteristic of averaging across all analyses as
opposed to averaging across sites, as in the Creta-

.ceous and Cenozoic would have the effect of unreal-
istically minimizing s .o

An estimate of the standard deviation of f wouldo

be provided by:

s 2 s s 2 qs 2 rD2Ž .f a i

22 2 2q d yd rD s qs , 9Ž . Ž .Ž .a i a o

where values of s and s are as specified abovea o

and, for convenience in notation, D'd yd . Cal-o a

culation of s thus requires values for d and s , thef i i

isotopic composition of carbon entering the atmo-
sphere and hydrosphere and the uncertainty in that
value. Here, we have adopted d sy5‰ and s si i

1.5‰. In fact, however, d has surely not beeni

constant, and the uncertainty about its value — or
the magnitude of its natural variations — also varies
in response to tectonic factors.

3. Results and discussion

Records of isotopic abundances, of the overall
fractionation of 13C in the carbon cycle, and esti-
mates of variations of f are shown in Figs. 1–3.o

3.1. Assessment of the records

3.1.1. Neoproterozoic
The records shown in Fig. 1 indicate that isotopic

fractionation varied widely during the Neoprotero-
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zoic. Significant declines in both isotopic fractiona-
tion and the burial of organic carbon relative to
carbonate carbon are associated with the first and
second Sturtian glaciation, with the second Varanger
glaciation, and with an isotopic event at the Precam-
brian–Cambrian boundary for which evidence of

Žglaciation is lacking Kimura et al., 1997; Bartley et
.al., 1998 but see also Bertrand-Sarfati et al., 1995 .

Isotopic fractionation declined only slightly during
Žthe first Varanger glaciation, but if the estimate
.based on d fy5‰ is indicative that event isi

marked by a strong decline in the relative rate of
burial of organic carbon. Comparisons to Figs. 2 and

Ž .Fig. 1. Neoproterozoic records. a 25-Sample, moving-average
Ž .isotopic compositions of carbonates. b 15-Sample, moving-aver-

Ž .age isotopic compositions of TOC in sedimentary rocks. c The
corresponding isotopic fractionation between carbonate and TOC.
Ž .d Estimated values of f , the fraction of carbon being buried ino

organic form. Sources of data, calculations, and estimates of
uncertainty are described in the text and in Tables 2 and 4.
Detailed data in tabular form, including pointwise estimates of
uncertainty, can be obtained from http:rrwww.nosams.whoi.
edurjmh.

Ž .Fig. 2. Cambrian–Jurassic records. a 20-Ma moving average
Ž . Ž5-Ma steps of isotopic compositions of carbonates Veizer et al.,

. Ž .this volume . b A manually smoothed representation of 26
10-Ma average values for the isotopic composition of organic
carbon. The method of age assignments described in the text
resulted in no values for the 10-Ma increments centered on 505,
485, 465, 405, 335, 325, 315, 295, 285, 275, 235, 215, and 205

Ž .Ma. c The corresponding isotopic fractionation between carbon-
Ž .ate and TOC. d Estimated values of f , the fraction of carbono

being buried in organic form. Calculations are described in the
text of this report and uncertainties are summarized in Table 4.
Detailed data in tabular form, including unsmoothed averages and
pointwise estimates of uncertainty, can be obtained from http:rr
www.nosams.whoi.edurjmh.

3 show that, outside of the glaciations, the rate of
burial of organic carbon relatiÕe to that of carbonate
carbon was significantly higher than that characteris-

Žtic of the Phanerozoic as noted already during nu-
merous considerations of the record of d , e.g.,a

Knoll et al., 1986; Derry et al., 1992; Kaufman and
.Knoll, 1995 .

Uncertainties are associated with the method used
to estimate values of ´ . To recapitulate briefly:TOC
Ž .i samples were sorted in order of assigned age,
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Ž .Fig. 3. Cretaceous and Cenozoic records. a Isotopic composi-
Ž .tions of carbonates, as described in text. b Average isotopic

compositions of TOC for time increments and data sources identi-
fied in Table 3. Broken line indicates record that excludes all

Ž .points from paleolatitudes greater than 458. c The corresponding
Žisotopic fractionations i.e., with and without exclusion of high-

. Ž .latitude data between carbonate and TOC. d Estimated values of
f , the fraction of carbon being buried in organic form. Calcula-o

tions are described in the text of this report and uncertainties are
summarized in Table 4. Detailed data in tabular form, including
pointwise estimates of uncertainty, can be obtained from http:rr
www.nosams.whoi.edurjmh.

thus producing a sequence in which samples from
different tectonic provinces were interspersed; and
Ž .ii values of d and d were compared amonga o

samples with closely similar ages, without regard for
location. Thus, the isotopic composition of a carbon-

Ž .ate from the Shaler Group Victoria Island might be
compared with that of organic material from the

Ž .Veteranen Group Svalbard . The validity of this
approach depends on the accuracy of the age assign-
ments that guide the comparisons. Correlations be-
tween Precambrian sedimentary successions are of-

ten profoundly uncertain, and special consideration
of the problem is required here because the carbon-
ate-isotopic records have themselves been used in
establishing the relationships underlying the age as-
signments. These ‘‘ages’’ are, therefore, more prop-
erly viewed as parameters within a stratigraphic
model.

A question then arises: Is it possible that unde-
tected errors in the age assignments are responsible
for the structure in the record of ´ , and thatTOC

perfectly correct correlations would erase or greatly
alter that structure? An answer can be based on the
subset of observations of ´ for which there is noTOC

possibility of errors in age assignments, namely those
cases in which both d and d have been measureda o

in the same physical sample. If these single-sample
values are assigned the symbol ´ , they can bepair

compared to values of ´ estimated from theTOC

group-average values of d and d . The latter definea o

the trend line shown as Fig. 1c and can be assigned
the symbol ´ . If ´ is responding faithfully totrend trend

global variations in the average value of ´ , weTOC

expect ´ f´ wherever these values can bepair trend

compared. For the 246 cases in which values of both
d and d were determined from the same sample,a o

the average value of ´ y´ is 0.16‰, indicat-trend pair

ing either that ´ is accurately reflective of varia-trend

tions in fractionation or that errors have cancelled
fortuitously. When ´ is plotted vs. ´ , thetrend pair

slope of the major axis is 0.67, indicating — as
would be expected, given the extensive use of aver-
aging in derivation of the trend line — that point-
wise variations measured by ´ tended to exceedpair

those represented by the trend line. The correlation
coefficient, r, is significant at the 99% confidence
level, but the magnitude of r 2 is relatively low,
indicating that only 28% of the variation in ´ ispair

explained by variations in ´ and leaving thetrend

remainder to analytical, environmental, and strati-
graphic ‘‘noise’’. These factors would include ana-
lytical errors, site-specific effects on the magnitude

Žof ´ as are frequently observed in modernTOC
.environments , and errors in correlation. These com-

parisons of ´ and ´ suggest that the trend linepair trend

in Fig. 1c is unbiased in the sense that it is not
systematically high or low, and conservative in that
it is unlikely to overestimate variations in ´ .TOC

They indicate also that there is much room for
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improvement in detail and that only the most funda-
mental features of the record may prove to be robust.

3.1.2. Cambrian through Jurassic
In contrast to the much more severe Neoprotero-

zoic glaciations, the records shown in Fig. 2 provide
no evidence for declines in fractionation during the

Ž . Žlate Ordovician ca. 440 Ma and Gondwanan 250–
.320 Ma glaciations. Values of ´ are close toTOC

those observed during non-glaciated portions of the
Neoproterozoic and significantly greater than the
value of 25‰ employed in many models of the
Phanerozoic carbon cycle. Relative rates of burial of

Ž .organic carbon i.e., values of f were especiallyo

low during the Cambrian and, as noted from mass
Žbalances based on carbonate-isotopic evidence e.g.,

.Berner, 1994 , were at Phanerozoic maxima during
the Permian and Carboniferous periods.

Uncertainties are associated with problems of
temporal resolution and with spotty sampling. Ironi-
cally, problems with age assignments are greater for
the Cambrian–Jurassic time interval than for its older
and younger counterparts. For the Neoproterozoic, a
strong interest in the use of carbon-isotopic records
as a means of stratigraphic correlation has provided
records that are relatively continuous and well-
ordered. For the Cretaceous and Cenozoic, the strati-
graphic information available from ocean-drilling
records provides good control. Neither of these ad-
vantages pertains to the Paleozoic and Mesozoic,
where richness of the fossil record obviates any need
for correlations based on carbon-isotopic records and
where sampling and reporting have not been as
systematic as that engendered by the ocean-drilling
projects. Here, for each 10-Ma interval in which an
average value of d was obtained, values of ´o TOC

and f have been calculated as described in theo
Ž . Ž .discussions of Eqs. 6 and 7 . From the resulting

points, a smooth curve, shown in Fig. 2c, was then
drawn to represent the trend of values of ´ . TheTOC

trend lines shown in Fig. 2b and d for values of do

and f are based on the lines for d and ´ . Theo a TOC

stratigraphic imprecision thus imposed on the record
of d undoubtedly obscures some features that willo

become visible in better records, a probable example
being the rapid decrease in d which is visible ino

some Permian–Triassic boundary sections that have

Žbeen continuously sampled and analyzed Foster et
.al., 1997 .

Persistence of high values of ´ through nearlyTOC

70 Ma of Gondwanan glaciation cannot, however, be
ascribed simply to poor temporal resolution. Within
the glaciation, the present record contains values of
d only for the 10-Ma increments centered on 255o
Ž . Žns138, Zechstein and North Sea , 265 ns35,

. ŽNorth America and Bolivia , and 305 Ma ns25,
.North America and Germany . Mechanisms possibly

underlying the persistence of large apparent differ-
ences between d and d are discussed near the enda o

of this report, but the restricted coverage of these
data shows clearly that further work is required.

3.1.3. Cretaceous and Cenozoic
Records for this time interval are shown in Fig. 3.

Aspects of the timing of the isotopic variations, and
ways in which they have interacted, are notable.
First, although values of d and d vary signifi-a o

cantly during this time interval, the net effect of
those variations is to hold ´ essentially constantTOC

at 30‰ until at least the middle Eocene. Second, the
decline in carbon-isotopic fractionation, which has
been recognized as characteristic of the Neogene
ŽArthur et al., 1985a; Popp et al., 1989; Kump and

.Arthur, 1997 , actually begins in the Oligocene and
proceeds at a nearly constant rate up to the Recent.
Third, declines in d together with increases in da o

lead to an 8‰ change in ´ , considerably largerTOC

than the change of roughly 5‰ that is observed in do

alone. Finally, changes in d and ´ combine toa TOC

hold estimates of f essentially constant at approxi-o

mately 0.25.
A principal uncertainty concerns the possibility of

latitudinal effects. Marine organic matter forming at
high latitudes today is significantly depleted in 13C

Žrelative to that forming at temperate latitudes e.g.,
.Goericke and Fry, 1994 . Accordingly, we must ask

whether some artifacts of sampling, in which sam-
ples in older time intervals happen to be drawn
preferentially from high paleolatitudes, is wholly or
partly responsible for the observed isotopic shift. The
likelihood of this can be judged crudely from Table
3, which shows no systematic poleward trend of
paleolatitudes for older time intervals. Plots of d aso

a function of paleolatitude for the Pleistocene,
Pliocene, late Miocene, early Miocene, and late
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Ž . Ž .Fig. 4. The records of a carbon-isotopic fractionation and b fo

from Figs. 1–3, combined on a uniform time axis.

Ž .Oligocene not shown here are consistent with lati-
tudinal gradients in d , but the data are too sparse too

allow estimation of the magnitude of those gradients.
Indeed, there are no low-latitude points for the early
Oligocene.

As a means of testing the sensitivity of these
records to latitudinal effects, average values of do

for each time interval were recalculated after exclud-
ing all d values with paleolatitudes equal to oro

greater than 45.08. Results are indicated by the bro-
ken lines in Fig. 3b, c, and d. Significant changes in
the computed-average value of d occurred for theo

early Oligocene and for the early Eocene. In the
former, the average value of d was estimated to beo

equal to that in the late Oligocene, since d values ato

high northern and southern latitudes appeared con-
stant throughout the Oligocene. In the early Eocene,
exclusion of relatively high d values from sites 403o
Ž . Ž .49.18N and 338 62.28N pulled the average down
by 1.4‰. As can be seen by comparison of the
records indicated by the broken- and unbroken-lines,
such adjustments — if adopted — would alter the
fine details but not the overall pattern of these
isotopic variations.

3.2. Discussion of the records

The records assembled in Figs. 1–4 provide an
answer to our first question, showing clearly that
´ has varied significantly. These data are imme-TOC

diately useful for reconstruction of geochemical bud-

gets. Secondarily, and in the remainder of this report,
it is interesting to consider mechanisms possibly
responsible for the observed variations in ´ . TheTOC

issue is not exactly what can be learned about
ancient organisms or environmental conditions from
these crude data but instead what if anything can be
learned. How might these observations be under-
stood, and in what ways do they fit existing ideas?
Where do they not fit?

3.2.1. Factors controlling isotopic fractionation
As indicated schematically in Fig. 5, the isotopic

difference denoted here by ´ represents the com-TOC
Ž .bined effects of at least four natural processes: i the

fractionation associated with fixation of CO and2

production of biomass by primary producers, chiefly
Ž .phytoplankton; ii the temperature-dependent frac-

Ž .tionation between dissolved inorganic carbon DIC
and dissolved CO , which is the substrate utilized by2

most primary producers, particularly at high concen-
Ž . Ž .trations Raven, 1991 ; iii the fractionation between

Ž .DIC and carbonate minerals; and iv whatever frac-
tionations are associated with secondary biological
processes ranging from grazing and heterotrophy in
the water column through microbial reworking in
sediments. Additionally, thermal processes can alter
the 13C content of sedimentary organic matter, mainly
by preferentially mobilizing compounds that are de-
pleted in 13C relative to the bulk of the organic
carbon. This process, however, becomes significant

Fig. 5. Schematic summary of isotopic relationships between
dissolved CO and carbonate minerals, and between primary2

products and sedimentary TOC.
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only as sediments are heated strongly enough to
produce oil, a threshold that has been reached for
few if any of the materials included here.

Following the definitions indicated graphically in
Fig. 5, we can write:

´ yD s´ yD , 10Ž .TOC carb P 2

where D is the isotopic depletion of dissolvedcarb

CO in surface waters relative to sedimentary car-2

bonates, ´ is the isotope effect associated withP
Žprimary production Hayes et al., 1989, as modified

.by Freeman and Hayes, 1992 and D is the isotopic2

shift associated with secondary biological processes
Ždefined as positive when the residual organic matter

13 .is enriched in C relative to primary biomass . As
Ž .written, Eq. 10 places a measured parameter and a

fractionation controlled mainly by chemical equilib-
ria on its left side and leaves biological and environ-
mental factors on its right. This arrangement points
to a key problem: we can be relatively certain about
the net isotopic fractionation imposed by biological
processes, but, without more detailed information
such as the isotopic compositions of primary

Ž .biomarkers e.g., Hayes et al., 1989 , it is difficult to
resolve the primary and secondary components of
that fractionation.

Isotopic relationships between DIC, dissolved
CO , and carbonate minerals have been reviewed by2

Ž .Freeman and Hayes 1992 . Additional factors have
Ž .recently been studied by Spero et al. 1997 . As

indicated in Fig. 5, D has two components. Thecarb

isotopic difference between dissolved CO and DIC2

is large and quite strongly temperature dependent
Ž .0.12‰rC8 . That between DIC and carbonate min-
erals is much smaller and only weakly temperature-

Ž .dependent 0.01‰rC8 . Its expression in natural set-
tings can be explored by comparing the 13C content
of total sedimentary carbonate at 11 sites, worldwide
Ž .Shackleton, 1987 to the d value of DIC in the

Ž .overlying surface waters Kroopnick, 1985 . The
average isotopic depletion in carbonate minerals rela-
tive to DIC, 1.2‰, is not correlated significantly

Ž .either with latitude 448N–438S or with surface
Žwater temperature estimated annual average temper-

.atures between 118 and 288 . In contrast, at equilib-
rium, dissolved CO in seawater is depleted in 13C2

relative to DIC by 8.2‰ at 308 and by 11.6‰ at 08.
As a result of the combination of these fractiona-

Ž .tions, D is commonly 7‰ s8.2–1.2‰ wherecarb

surface waters are warm and 10‰ where they are
Žcold the latter value being chosen on the assumption

that calcareous sediments formed at sea-surface tem-
peratures below 38 are not important components of

.the record . Boundary conditions for ´ yD canP 2
Ž .thus be defined using Eq. 10 . Specifically, for

temperatures between 38 and 308:

´ y10F´ yD F´ y7. 11Ž .TOC P 2 TOC

The effects recently demonstrated by Spero et al.
Ž .1997 increase the 1.2‰ difference between DIC
and carbonate minerals as concentrations of CO2y

3

increase. As a result, a greater portion of ´ mustTOC
Ž .be ascribed to ´ yD , and the constants in Eq. 11P 2

would be reduced. For CaCO , the effect amounts to3
w 2yx2‰ for a threefold increase in CO from present3

values.
Where secondary processes are dominated by res-

piratory remineralization, values of D are expected2
Ž .to be small and positive Hayes et al., 1989 . This is

borne out by observations in, e.g., the South At-
lantic, where sedimentary TOC is enriched relative
to planktonic organic carbon in the overlying water

Ž .column by approximately 1.5‰ Fischer et al., 1998 .
In the relatively short water column of the Santa

Ž .Monica Basin, Gong and Hollander 1997 find D2

f0 at the core top where bottom waters are oxic. In
sediments underlying the upwelling zone in the

Ž .Equatorial Pacific, Laarkamp and Raymo 1995 find
that the flocculent organic material on the surface of
the sediment is enriched in 13C by about 0.5‰

Žrelative to primary products analyzed separately by
.Jasper et al., 1994 and that a further enrichment of

as much as 3‰ takes place in the top 6 cm of the
sediment as more than 80% of the organic carbon is
remineralized. Such relatively large enrichments have
also been observed in the Southern Ocean by Fischer
Ž .1991 , but values of D near 1.5‰ appear more2

generally representative of oxic conditions both there
and at sediment depths greater than 100 cm in the

Ž .Equatorial Pacific Laarkamp and Raymo, 1995 .
Apparently, even under oxic conditions, D responds2

to competing processes, with the balance of these
commonly favoring enrichment on the order of 1.5‰.

Negative values of D , corresponding to deple-2

tion of 13C in TOC relative to primary products, are
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observed when the range of processes includes sec-
ondary inputs from non-photosynthetic organisms.
The best modern example is provided by the Black
Sea, in which sulfide-oxidizing bacteria flourish in
the water column. As is common in such settings,
these chemoautotrophic organisms fix CO at the2

oxycline, where DIC is depleted in 13C relative to
DIC in the photic zone. As a result, isotopically light
organic carbon is added to the pool of TOC. Obser-

Ž .vations by Kodina et al. 1996 indicate that, at the
same time that phytoplanktonic products averaged
y22.5‰, values of d for inputs from sulfide oxi-o

dizers were near y25.5‰. Examining sedimentary
Ž .records, Arthur et al. 1994 found values of do

ranging from y22.1 to y26.0‰ and averaging
y24‰, significantly depleted relative to phytoplank-
tonic products. Examining biologically controlled
flows of carbon in the water column of the Black

Ž .Sea, Karl and Knauer 1991 concluded that as much
as 30% of the sinking particulate organic carbon
could be derived from chemoautotrophic production.
In the Santa Monica Basin, sediments accumulating
at the depocenter are laminated because bottom wa-
ters there are poorly ventilated. At the periphery of
the Basin, at water depths above the sill between the
Basin and the open ocean, sediments are bioturbated
and the boundary between aerobic and anaerobic
conditions is not in the water column. Gong and

Ž . Ž .Hollander 1997 have shown i that TOC in sedi-
ments at the depocenter is consistently depleted in
13C relative to that in sediments on the periphery of

Ž .the basin and ii via compound-specific analyses,
that the depletion is associated with inputs from
chemoautotrophs. Within the water column itself,
production of isotopically depleted organic carbon,
presumably by sulfide-oxidizing bacteria, is clearly
evident at the depth of the sill, where aerobic and

Žanaerobic waters are in contact Hollander et al.,
.unpublished observations .

Factors controlling ´ have recently been dis-P

cussed in very general terms, with agreement from
Ž .theoretical considerations Rau et al., 1997 and

Ždirect observations Laws et al., 1997; Popp et al.,
.1998 . An upper bound for ´ is established by theP

isotope effect associated with carbon fixation. The
expression of that isotope effect is attenuated as the
growth rate increases, as the ratio of cellular volume
to surface area increases, or as the concentration of

dissolved CO decreases. The magnitude of that2

attenuation is in turn dependent on the permeability
of the algal cell wall. From observations of three

Ž .representative species, Popp et al. 1998 found:

´ s25.3y182 mrc VrS , 12Ž . Ž . Ž .P e

where 25.3‰ is the isotope effect associated with
fixation of carbon; the coefficient 182 is partly de-
pendent on permeability; m is the specific growth

Ž .rate rday ; VrS is the cellular volumersurface area
Ž .ratio mm ; and c is the concentration of dissolvede
Ž .CO mmolrkg . A plot of this relationship in terms2

of the concentration of dissolved CO , ´ , and the2 P

rate of growth is shown in Fig. 6. The graph empha-
Ž .sizes a requirement imposed by the form of Eq. 12 ,

namely that values of ´ characteristic of phyto-P
Ž .plankton modern phytoplankton, at least cannot

exceed approximately 25‰. Considerably lower val-
ues will be observed where rates of growth are rapid
or where concentrations of dissolved CO are low.2

In the modern ocean, values of ´ commonly rangeP
Žbetween 8 and 18‰ e.g, Francois et al., 1993;

.Jasper et al., 1994; Bidigare et al., 1997 .

3.2.2. Significance of Õariations in fractionation
Interactions between D , ´ , and D are sum-carb P 2

marized graphically in Fig. 7. For any observed
value of ´ , it is necessary first to estimate theTOC

likely range of sea-surface temperatures, since that
controls D and, accordingly, provides boundarycarb

Ž Ž .values for ´ yD see Eq. 10 and accompanyingP 2

Fig. 6. Relationships between concentrations of dissolved CO2
Ž .c and the isotopic fractionation associated with the productione

Ž .of primary biomass ´ at representative rates of growth. Valuesp

of the coefficients in the equation are those reported by Popp et al.
Ž .1998 .
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Fig. 7. Illustration of boundary–value relationships described in
text, encompassing the range of values of ´ encountered. TTOC

refers to the globally averaged temperature of productive ocean
waters. The scale of values of ´ y D shown at right pertains toP 2

the unbroken and dotted lines crossing the graph. The areas
marked A and B are discussed in the text.

.discussion . Given 25‰ as a maximum value for ´ ,P

observations falling above the unbroken line in Fig.
7 require D F0 and are thus indicative of chemoau-2

totrophic inputs. Other observations can be explained
without requiring D F0. Inputs from chemoau-2

totrophs are not excluded in such cases — e.g.,
´ s30‰ at Tf108 might indicate ´ s18.7TOC P

and D sy2.0‰ — but the observation could be2

accounted for without calling for important levels of
Žchemoautotrophy i.e., by 20.7F´ F25 and 0FP

. 2yD F4.3 . Increasing concentrations of CO are2 3

expected to shift the lines on this graph downward.
Values of ´ ranging between 28 and 32‰TOC

Ž800–750 Ma and the Phanerozoic up to the Neo-
gene, with possible exceptions in the Permo-

.Carboniferous and middle Jurassic are generally
associated with warm periods and would fall in
region A in Fig. 7. These observations are generally
consistent with oxic reworking of phytoplanktonic
products, given some combination of slower rates of
growth, higher levels of CO , and smaller VrS2

ratios.
Estimated values of ´ exceed 32‰ at fourTOC

intervals during the Cambrian–Jurassic time span.
Of these, two occurrences have statistical signifi-
cance. One, from the middle Jurassic, represents
only two analyses of shales from the Tarim Basin,

Ž .China the trend lines in Fig. 2 ignore this point ,
and the other, from the middle Permian, is controlled
entirely by samples from the Phosphoria Formation.

If representative of a strong zone of upwelling, the
latter depositional environment may well not have
been globally representative. Additionally, DIC
available in surface waters in these paleoenviron-
ments may have been depleted in 13C relative to the
open-ocean settings represented by the d record.a

Given the relative prominence of continental and
near-shore sediments among samples not collected
from ocean-drilling cores, this factor may have sub-
tly but broadly influenced the pre-Cretaceous record
of d .o

Marked occurrences of ´ )32‰ are observedTOC

in the Neoproterozoic at 610–620 Ma, just prior to
the Varanger ice ages, and at 740 and 760 Ma, in
between and just prior to the two Sturtian ice ages.
Examination of the databases shows that these values
have not been shifted upward by inclusion of isotopi-
cally enriched dolomites in the records of d . No-a

Ž .tably, Canfield and Teske 1996 have interpreted the
sulfur-isotopic record and molecular–biologic evi-
dence as indicating that sulfide-oxidizing bacteria
radiated and flourished during these intervals. More

Ž .recently, Canfield 1998 has shown that deep ocean
waters were probably anaerobic and sulfidic until
late in the Proterozoic. The oxygenation of surface
environments that made the Cambrian explosion pos-
sible also drove the oxygenation of the deep ocean,
and levels of O must have been held down until2

that redox buffer was saturated. The oxidation of
deep-sea sulfide would have been microbially cat-
alyzed and considerable amounts of chemosynthetic
bacterial biomass thus produced. Incorporation of
these products in sediments would push D to nega-2

tive values. In short, the carbon isotopic evidence is
consistent with the independent inferences based on
sulfur-isotopic and molecular–biologic evidence.

ŽValues of ´ ranging down to 23‰ region B,TOC
.Fig. 7 are associated with some, but not all, of the

cooler periods of earth history, specifically the Stur-
Ž . Ž .tian 740, 720 Ma and Varangerian 590, 575 Ma

glaciations and the Neogene cooling. Notably, esti-
Ž .mated values of f Fig. 4b vary only slightlyo

during the Neogene, but strongly during the Neopro-
terozoic. The earlier events have been described as

Žyielding a ‘‘Snowball Earth’’ Kirschvink, 1992;
.Hoffman et al., 1998 in which ice margins normally

found at polar latitudes met at the equator, entomb-
ing the planet in pack ice and continental glaciers
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and halting the hydrologic cycle. The present ice age
is, clearly, less severe, but solar luminosity is now

Ž6–7% higher than during the Neoproterozoic Gough,
.1981; Kasting, 1992 . The rough equality between

Neoproterozoic and Pleistocene values of ´ isTOC

plausibly indicative of similar concentrations of CO2

in productive ocean waters which, given the different
solar luminosities, may have yielded a global snow-
ball during the Neoproterozoic and icecaps during
the Pleistocene. Alternative or additional factors
would include high VrS ratios or rapid rates of

Ž .growth. Mendelson and Schopf 1992 have summa-
rized occurrences of particularly large acritarchs
throughout the Neoproterozoic. If these organisms
were phytoplanktonic and dominant in producer
communities, such organisms might have yielded
particularly low values of ´ . The paleontologicalP

record does not indicate that their abundance peaked
during the low-´ episodes, but they did die outTOC

during the terminal Proterozoic and lower Cambrian.
High rates of oceanic circulation, driven by strong
temperature gradients during icehouse episodes,
might also have fertilized surface waters and sus-
tained rapid rates of algal growth.

The Neoproterozoic records available at present
are interesting rather than definitive. The low-´ fea-
tures all include cases in which both organic carbon
and carbonate carbon have been analyzed in the
same sample. But the durations of these features are
influenced strongly by comparisons of d and do a

values from different basins. Revised stratigraphic
correlations could thus pinch these features strongly.
Moreover, estimates of the abundances and fluxes of

Ž .carbon Hoffman et al., 1998 suggest extraordinary
fluctuations during glacial advances and retreats. The
dramatic variations in the isotopic records are well-
matched with the dramatic climatic and environmen-
tal variations, but no systematic interpretation can
yet be offered.

Values of ´ observed since the Eocene alsoTOC

fall in region B of Fig. 7, and this record can be
considered in more detail. Representative values of
´ and their likely relationships to ´ are summa-TOC P

rized graphically in Fig. 8. In this sequence, it is
postulated that globally averaged values of Dcarb

increased from 7.5 to 8.5‰ as surface temperatures
declined, and that conditions of ocean ventilation at
sites sampled by the ocean drilling programs were

such that D remained constant at 1.5‰. In those2

circumstances, average values of ´ would haveP

declined as shown from roughly 24 to 15.4‰. No
significant carbonate effect is postulated. If concen-
trations of CO2y increased strongly, values of D3 carb

would be decreased and estimated values of ´ P

increased. For reference, the Pleistocene relation-
ships depicted in Fig. 8 would correspond to sedi-
mentary d s q0.2‰, d s y8.3‰, primarya CO2

products with dsy23.3‰, and sedimentary d so

y21.8‰.
The changing values of ´ must reflect changesP

Ž .in one or more of the parameters in Eq. 12 . The
graph shown in Fig. 9 provides a means of consider-
ing such variations. In it, concentrations of dissolved

Ž . Ž .CO c and specific growth rates m are ex-2 e

pressed relative to those characteristic of the Pleis-
tocene. The lines represent c y´ relationships, ate P

the indicated relative rates of growth, for phytoplank-
tonic communities with VrS ratios equal to that
prevailing during the Pleistocene. The reference point
indicative of Pleistocene conditions is shown at lower
left, at ´ s15.4‰ and relative c s1. Points repre-P e

sentative of the other times shown in Fig. 8 are
plotted at the corresponding values of ´ . For exam-P

ple, the value of ´ estimated for the late OligoceneP
Ž .21.9‰, see Fig. 8 , would correspond to relative
c s2.9 if the average rate of growth were equal toe

that during the Pleistocene, or to relative c s1.4 if,e

presumably due to slower delivery of nutrients to
surface water, average rates of growth during the late
Oligocene were half as rapid as those during the
Pleistocene.

The Oligocene-to-Pleistocene decrease in ´ P

could also be ascribed in part to a systematic in-
crease in globally averaged VrS ratios over this
same time span. To whatever extent this occurred,
the c axis in Fig. 9 would be compressed, withe

estimated concentrations of CO during the2

Oligocene exceeding Pleistocene values by a smaller
factor. There is organic geochemical evidence for a
trend of this kind, since relative concentrations of
C steranes, for which diatoms are a prominent28

source, increase significantly over this time interval
Ž .Grantham and Wakefield, 1988 . An even larger
increase in the relative abundance of C steranes,28

however, precedes the Cenozoic, let alone the Neo-
gene. To further examine the importance of large
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Fig. 8. Graphical summary of varying isotopic relationships probably underlying the observed decrease in values of ´ , early OligoceneTOC

to Pleistocene.

diatoms as shapers of the isotopic record, we have
computed separate records of d for sediments fromo

Ž .the Atlantic minimal inputs from diatoms and Pa-
Žcific and Southern Oceans relatively abundant di-

.atoms . These show that d has increased in botho

regions, with the average difference between them
not differing significantly from zero. Accordingly, if
a VrS trend is partly responsible for the decline in
´ , that trend is probably not being driven byP

diatoms.
The uncertainties highlighted by these considera-

tions of Figs. 8 and 9 are reminders of the advan-
tages of more tightly focused proxies. Compound-
specific isotopic analyses of primary products can
eliminate concerns about the unknown magnitude of
D and, if the range of producers is narrow enough,2

about changes in VrS. Even so, it will be necessary
to resolve effects of c and m, and to deal withe

relationships between measurable values of d anda

the isotopic composition of dissolved CO .2

Finally, we can return to the question of maximal
values for ´ . The 25.3‰ maximum indicated byP

Ž .Eq. 12 derives from studies of only a few species.
Its significance can, however, be strongly buttressed.
First, there are no reports of phytoplanktonic prod-
ucts in nature or in laboratory studies for which the

isotopic compositions require ´ )25‰. Second,P

the 28–32‰ plateau for values of ´ , which isTOC

representative of most of the Phanerozoic and signif-
icant portions of the Neoproterozoic, can be straight-
forwardly interpreted as a manifestation of a 25‰-
maximum value for ´ . Third, the values of ´P TOC

greater than 32‰ that occur prominently during the
Neoproterozoic, and which could be representative

Fig. 9. Possible relationships between concentrations of dissolved
CO , isotopic fractionation, and rate of growth for a phytoplank-2

Ž .tonic community with an average volumersurface area ratio like
Ž .that of the Pleistocene. Concentrations of dissolved CO c and2 e

Ž .rates of growth m are expressed relative to Pleistocene values.
The values of ´ are those estimated in Fig. 8.P
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of ´ )25‰, are more satisfactorily interpreted inP

terms of chemoautotrophic inputs, for which there is
independent evidence. Fourth, interpretation of any
part of the record as representative of ´ )25‰P

would require, on present biological evidence, simul-
taneous acceptance of the idea that a super-
fractionating mechanism of carbon fixation, once
globally dominant, had since disappeared without a
trace. On balance, we consider that acceptance of
25‰ as a maximum value for globally representative
values of ´ is a strong working hypothesis.P

3.2.3. The exogenic cycle and burial of carbon
The record of f shown in Fig. 4 is a crudeo

estimate based on the assumption that the isotopic
composition of carbon entering the exogenic cycle
has remained constant at y5‰ vs. PDB. Its values
are, therefore, not equivalent to those of X bur, theorg

organic-carbon-burial mole fraction defined by Derry
Ž .and France-Lanord 1996 , which takes explicit ac-

count of variations in the isotopic composition of
recycling carbon. Still less do they specify net burial
fluxes of organic carbon, which can be determined
only after rates of erosion have been estimated
Ž .Derry and France-Lanord, 1996 . With those caveats,
however, several features of the curve displayed in
Fig. 4 may point to subjects for further study. Since
the early Devonian, the net effect of variations in da

and ´ has been to constrain variations in f ,TOC o

holding it near 0.25. Indeed, estimated variations in
f diminish as the available records of d and do a o

Žimprove i.e., for times covered by cores of oceanic
.sediments . Does this reflect the operation of feed-

back-control mechanisms which stabilized pO ? At2

earlier times — notably, prior to the development of
extensive and substantial populations of plants on
land — variations in f appear to have been mucho

Žlarger. As noted earlier Knoll et al., 1986; Derry et
.al., 1992 , intervals in the Neoproterozoic were char-

acterized by high values of f that may well haveo

been related to a global rise in atmospheric pO and2

the subsequent development of animals with rela-
tively high demands for O . Additionally, the Stur-2

Ž . Ž .tian 740, 720 Ma and Varangerian 590, 575 Ma
glaciations are all marked by precipitous drops in
estimated values of f . These suggest a markedo

preference for deposition of carbonates rather than
organic carbon and may be related to the formation

Ž .of the ‘‘cap carbonates’’ Fairchild, 1993 which are
so prominent in these successions. As a result of
variations in d and d , this signal appears stronglya o

for the first Varanger glaciation even though varia-
tions in ´ are small relative to those observedTOC

Žduring the other Neoproterozoic glaciations com-
.pare Fig. 4a and b at 590 Ma .

3.2.4. Comparisons to alternatiÕe estimates
Geochemical models, isotopic analyses of pedo-

genic carbonates in paleosols, and stomatal indices
Ž .all reviewed by Berner, 1997 concordantly indicate
a return to near-present concentrations of CO in the2

atmosphere and oceans at the time of the Gond-
wanan glaciations, 250–320 Ma ago. If this concor-
dance is accepted as definitive, we are left to search
for explanations for the constancy, and high values,
of ´ through this same interval. Two sets ofTOC

factors can be identified. In their diversity and
marginal plausibility, they point to a need for many
more, and more highly specific, isotopic analyses of
sedimentary organic carbon during the Gondwanan
glaciation and, indeed, throughout the Paleozoic.

3.2.4.1. Depositional. The record is very sparse and
biased towards epicratonic sediments that, in spite of
attempts to avoid terrigenous influences, may have
been particularly susceptible to them. Perhaps se-
questration of nutrients by land plants was so strong
that marine productivity was diminished. Terrige-
nous inputs, both aeolian and riverine, thus gained in
importance and may have been enriched in lipids and
lignin-related components, both so strongly depleted
in 13C relative to whole-plant carbon that values of
d were driven down even though Permian ando

Carboniferous coals are enriched in 13C relative to
coeval marine sediments. The same effects would
not have been observed during the Neoproterozoic
glaciations because land plants were absent.

3.2.4.2. Biological and enÕironmental. As permitted
by the uncertainties in the alternative lines of evi-

Ž .dence paleosols, etc. , concentrations of CO might2

actually have declined only to levels about threefold
greater than those at present. Values of ´ couldP

then have been as high as 23.5‰ if the average VrS
Žratio were half that at present andror permeabilities

.of algal cell walls were higher . For cold surface
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waters, values of ´ as high as 32‰ could thus beTOC

accommodated. In other words, the excursion to low
levels of CO during the glaciation may have been2

very poorly recorded because ´ was so near itsTOC

maximum values.
Ž .Possible carbonate effects Spero et al., 1997 do

not help to explain the absence of isotopic signals
because they tend to increase estimated values of ´ .P

And it is not attractive to call for high inputs from
Žchemoautotrophs and thus D -0, which would2

.yield lower estimates of ´ during a glacial inter-P

val, since strong temperature gradients are expected
to invigorate circulation and prevent development of
anaerobic bottom waters.

For the Cenozoic, mass-balance models and pale-
Ž .osol data Berner, 1994, 1997 indicate CO levels2

only slightly lower than those indicated in Fig. 9.
The discordance could be neutralized by changes in
VrS or in cell-wall permeability.

4. Conclusions

The records of ´ developed here are consis-TOC

tent with the occurrence of Pleistocene levels of CO2
Žduring the Neoproterozoic glaciations Kasting,

.1992 . The high values of ´ observed duringTOC

non-glaciated intervals of the Neoproterozoic suggest
globally significant accumulation of chemoau-
totrophic products in oceanic sediments, and thus
provide support for suggestions that the deeper wa-

Žters of Proterozoic oceans were sulfidic Canfield,
.1998 , and that sulfide-oxidizing bacteria flourished

Žand developed during these time intervals Canfield
.and Teske, 1996 .

The estimates of f compiled here suggest thato
Ž .the organic carbon burialrtotal carbon burial ratio

has probably varied by less than 25% since the
Devonian and by less than 10% since the early
Oligocene. By contrast, there is good evidence that
the same ratio varied widely during the Neoprotero-
zoic, quite possibly over a fourfold range.

The structure of the record of ´ stronglyTOC

suggests that the maximum isotopic fractionation
associated with photosynthetic fixation of carbon
being unchanged for 800 Ma.

There is compelling evidence that values of ´ TOC

have varied widely, at least between 23 and 34‰,

and that the long-term average is roughly 30‰ rather
than the value of 25‰ frequently employed in car-
bon-cycle models. In particular, there is compelling
evidence for wide, climatically linked variations of
´ during the Neoproterozoic, with minima beingP

closely associated with glaciations. Finally, there is
very strong evidence that globally averaged values of
´ have declined almost linearly since the earlyTOC

Oligocene.
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