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Abstract 

New Sr and C isotopic data, both obtained on the same samples of marine carbonates, provide a relatively 
detailed record of isotopic variation in seawater through the latest Proterozoic and allow, for the first time, direct 
correlation of these isotopic changes in the Vendian (~ 540-610 Ma). The strong isotope variations determined in 
this study record significant environmental and tectonic changes. Together with a fairly poorly constrained Nd 
isotopic record, the Sr and C isotopic records can be used to constrain rates of erosion, hydrothermal alteration and 
organic C burial. Further, comparison of these records with those of the Cenozoic permit investigation of the general 
relationship between global tectonics and continental glaciation. In particular, results of this study show a very large 
change in the STSr/86Sr of marine carbonates from low pre-Vendian (> 610 Ma) values (~ 0.7066) to high Middle 
Cambrian values (~ 0.7090). This change is greater in magnitude than the significant increase in seawater  87Sr/86Sr 
through the Cenozoic. Both changes are attributed to high erosion rates associated with continent-continent 
collisions (Pan-African and Himalayan-Tibetan). In the latest Proterozoic these high erosion rates, probably coupled 
with high organic productivity and anoxic bottom-water conditions, contributed to a significant increase in the burial 
rate of organic C. Ice ages mark both the Neoproterozoic and Cenozoic, but different stratigraphic relationships 
between the Sr isotopic increase and continental glaciation indicate that uplift-driven models proposed to explain 
Cenozoic climatic change cannot account for the latest Proterozoic ice ages. 

1. Introduct ion 

During the past 100 Ma, the 87Sr/86Sr of sea 
water has increased almost monotonically, from 
about 0.7076 to 0.7092 [1]. Rates of increase were 
particularly high between 40 and 15 Ma ago. 
Secular variation in SVSr/S6Sr of sea water results 
primarily from variation in continental erosion, 
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the isotopic composition of eroding continental 
rocks and the hydrothermal flux from mid-ocean 
ridges. The Cretaceous/Cenozoic  pattern has 
been attributed to increased erosional flux from 
the continents, associated, at least in part, with 
uplift of the Himalayas and Tibetan Plateau, and 
to increasing erosion of extremely radiogenic crust 
[2-51. 

Strontium isotopic variation for the Vendian 
(~  540-610 Ma [6]) and Cambrian periods resem- 
bles that for the last 100 Ma of the Phanerozoic 
in that 87Sr/SOSr increased from ~ 0.707 prior to 
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the Varanger glacial episode (ca. 590-610 Ma) to 
0.709 by Middle Cambrian times [7]. A closer 

comparison of the two intervals requires that the 
older isotopic record be reconstructed in more 
detail than has hitherto been available. In this 
paper, we present improved data on the Sr iso- 
topic record of sea water through most of the 
Vendian, based principally on carbonates from 
the Polarisbreen Group in Svalbard and equiva- 
lents in East Greenland, the Witvlei and Nama 
groups in Namibia and South Africa, and the 
upper Windermere Supergroup in the Northwest 
Territories of Canada. 

Large variations in the isotopic composition of 
C, S, Nd and Sr are recorded in Neoproterozoic 
(540-1000 Ma) successions and these appear to 
be much larger than those preserved in Cenozoic 
successions. Simple first-order models have been 
developed to interpret these records [2,7,8]. These 
models suggest that the Vendian was a time of 
both extremely high erosion rates and of signifi- 
cant organic C bur ia l - -perhaps  greater than any 
other period of Earth history. The Vendian Sr 
isotopic record is consistent with, and may re- 
quire that, Pan-African orogenesis produced Hi- 
malayan-scale mountains during the latest Pro- 
terozoic and Cambrian [7]. 

Recognition of major orogenic uplift at this 
time is important in another context. It has been 
suggested that late Cenozoic uplift altered pat- 
terns of atmospheric circulation and increased 
rates of chemical weathering, resulting in de- 
creased atmospheric p C O  2 and continental 
glaciation [4,9]. In so far as major ice ages also 
characterize the Neoproterozoic, the Sr and Nd 
isotopic curves for this period permit us to evalu- 
ate the generality of the proposed relationship 
between tectonics and climate. 

2. Geology 

2.1 Polarisbreen Group and equivalents, Svalbard 
and East Greenland 

The Polarisbreen Group and its equivalents in 
Svalbard and East Greenland have recently been 
the focus of several detailed studies [10-12]. The 

group comprises a thick succession of shallow 
marine and lacustrine carbonates and siliciclastics 
which alternate with glacial deposits. In Svalbard, 
the group is divided into the Elbobreen, Wilson- 
breen and Dracoisen formations. Two tillite hori- 
zons occur in this succession, one each in the 
Elbobreen and Wilsonbreen Formations; both 
horizons are attributed to the Varanger Ice Age. 
The Polarisbreen Group sits disconformably 
above the late Riphean Backlundtoppen Forma- 
tion of the Akademikerbreen Group and below 
the Early Cambrian Bl~revbreen Sandstone. The 
hiatus between the Polarisbreen and Aka- 
demikerbreen groups has been estimated at 50-70 
Ma [8] but could be significantly smaller. 

Deposition of the Polarisbreen Group oc- 
curred under predominantly marine conditions; 
however, a number of horizons, including inter- 
vals within both the Wilsonbreen and Dracoisen 
formations, have been interpreted as lacustrine 
[10]. 

2.2 Nama and Witvlei Groups, Namibia and South 
Africa 

The stratigraphy, sedimentology, depositional 
and diagenetic environments, paleontology and 
age of the Vendian Nama and Witvlei groups in 
Namibia have been the focus of several recent 
studies [13,14] and more detailed information can 
be found there. In brief, the Witvlei Group and 
Kuibis and Schwarzrand subgroups of the Nama 
Group represent a thick succession of mixed car- 
bonate and siliciclastic lithologies deposited on a 
shallow marine platform. The uppermost unit of 
the Nama Group, the Fish River Subgroup, is a 
thick redbed succession that disconformably over- 
lies the marine rocks of the lower two subgroups. 
A significant unconformity is inferred to separate 
the lower Court (lacustrine) and upper Busch- 
mannsklippe (marine) formations of the Witvlei 
Group [15]. Germs [13] indicated that an uncon- 
formity also separates the Witvlei and Nama 
groups, but recent field investigations in the Gob- 
abis area suggest that this boundary is, at least 
locally, transitional [W. Hegenberger,  pets. com- 
mun., 1990]. In a detailed C isotopic study, Kauf- 
man et al. [16] indicate that the hiatus between 
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the Court and Buschmannsklippe formations may 
be coeval with a period of continental glaciation, 
possibly represented by the Numees tillite of the 
Gariep Group in Namibia. Hoffmann [15], how- 
ever, considers that the Gariep Group is older 
than the Witvlei Group. 

Correlation of the flat-lying and relatively un- 
tectonized Nama and Witvlei groups in Namibia 
with apparently coeval sediments in South Africa 
is complicated by a lack of continuous outcrop, as 
well as poor exposure and extreme tectonic fold- 
ing and faulting in the northern Cape Province of 
South Africa [14]. Earlier lithostratigraphic corre- 
lations by Kr6ner [17] suggest that carbonates in 
the Grootreit Formation of the Vanrhynsdorp 
Group near Vanrhynsdorp, South Africa, are 
equivalent to carbonates in the Kuibis Subgroup. 
This correlation formed the stratigraphic basis for 
the interpretation of carbonate samples collected 
around Vanrhynsdorp and featured in two earlier 
isotopic studies [18,19]. Subsequent field work in 
Namibia and South Africa has resulted in a rein- 
terpretation of this correlation. Germs and Gresse 
[14] note that virtually all of the stratigraphic 
units of the Vanrhynsdorp Group resemble strata 
of the Schwarzrand Subgroup, which overlies the 
Kuibis Subgroup in Namibia. In particular, the 
Grootriet Formation limestones, which contain 
both oolites and catagraphs, are lithologically 
similar to those in the Huns Member of the 
Schwarzrand Subgroup; Germs and Gresse [14] 
thus suggest that they are probably equivalent 
units. 

2.3 Windermere Supergroup, Arctic Canada 

The upper succession of the Windermere Su- 
pergroup contains three siliciclastic to carbonate 
"Grand Cycles" which include, in ascending or- 
der, the Twitya-Keele, Sheepbed-Gametrail and 
Blueflower-Risky formations [20-22]. In the 
Mackenzie Mountains, shallow-water carbonates 
of the late Riphean to earliest Vendian Keele 
Formation are disconformably overlain by the Ice 
Brook Formation, a recently discovered diamic- 
tite attributed to the Varanger glacial episode 
[21]. The Keele and Ice Brook formations are 
overlain by a thin unit known as the "Tepee 

dolomite" [21], which is similar to numerous other 
"cap" dolomites that occur above glacial deposits 
of this age worldwide. 

Above the "Tepee dolomite", the Sheepbed 
Formation consists of siliciclastics and minor 
fine-grained limestones that pass upward into 
massive dolostones of the Gametrail Formation 
[20,23]. Gametrail carbonates contain gashes of 
baroque dolomite suggestive of significant hy- 
drothermal alteration. The uppermost "Grand 
Cycle" begins with siliciclastic mudstone and tur- 
biditic sandstone punctuated by thin horizons of 
ribbon-bedded limestone (the Blueflower Forma- 
tion), followed by dolomites and limestones of the 
Risky Formation. At the top of the Risky Forma- 
tion is a karstic disconformity that marks the top 
of the Windermere Supergroup [22]. The Neo- 
proterozoic-Cambrian transition is thought to oc- 
cur within the overlying Ingta Formation, which 
consists predominantly of sandstones and silt- 
stones of shallow-shelf origin. 

3. Age constraints 

As in the Phanerozoic Eon, latest Neoprotero- 
zoic rocks can be correlated by means of fossils 
and other chronostratigraphic indicators. Abso- 
lute age estimates come from a limited number of 
radiometric calibration points. In this paper we 
use the Vendian time scale and correlation 
scheme proposed by Knoll and Walter [6] and 
references therein. The base of the Vendian is 
placed at 610 Ma, the Ediacaran faunal interval 
spans the time from 580 to 560 Ma, and the 
Proterozoic-Cambrian boundary is placed at 540 
Ma. Thus, the age of each succession can be 
broadly constrained by paleontological and 
chronostratigraphic evidence, as well as the posi- 
tion of Varanger diamictites. Given these con- 
straints, ages are placed at several points within 
each succession. 

The age of the Polarisbreen Group is con- 
strained at its base by the presence of Varanger 
age glacial deposits and at its top by the occur- 
rence of Early Cambrian fossils in rocks immedi- 
ately above the Dracoisen Formation. However, 
the absence of Ediacaran trace and body fossils, 
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latest Vendian acritarchs, and the distinctive, 
middle Vendian, C-isotope positive excursion 
suggests that the upper  Polarisbreen Group was 
deposited before ~ 580 Ma. Using the combined 
litho- and bio-stratigraphic information and the 
empirical subsidence model of Sleep [24]: 

T = T o + ~-eln 1 A0~'e (1) 

where ~'e = the erosion rate time constant (as- 
sumed to be 50 Ma 1); A0 = the initial sedimen- 
tation rate; D = the stratigraphic height; and T 0 
= the age of the oldest sediments at the base of 
the section; ages can be assigned to each sample 
within the group. Assuming ages of 585 and 610 
Ma for the top and bottom of this succession, 
then, with T 0 = 610 Ma and a total thickness of 
1170 m, we obtain an initial sedimentation rate 
(A 0) of 59.47 m M a -  '. This yields ages of 598 Ma 
and 606 Ma at the top of the upper  and lower 
glacial horizons, respectively. An age of 601 Ma 
was calculated for the boundary between the 
Elbobreen and Wilsonbreen Formations. The age 
of 598 Ma for the end of the Varanger  Ice Age in 
the Polarisbreen succession will also be used as a 
constraint for the Nama-Witvlei and Windermere 
successions. By this method relative ages are well 
constrained: absolute age estimates are less cer- 
tain, however, due to uncertainty in the chrono- 
metric ages of tie points, as well as the simplifica- 
tion of using eq. (1). Nonetheless, calculated ages 
are useful for correlating samples from different 
successions. 

The age of the Nama Group, from the base of 
the Kliphoek Member  in the Kuibis Subgroup to 
the top of the Huns Member  in the Schwarzrand 
Subgroup, is constrained between 560 and 580 
Ma by the presence of Ediacaran metazoans. The 
Feldschuhorn and Spitzkop formations record an 
additional several million years, estimated here 
by extrapolation of the subsidence curve. The age 
of the Nomtsas Formation,  which lies uncon- 
formably above the Spitzkop Member,  remains 
uncertain, but the presence of the trace fossils 
Phycodes pedum and Diplichnites suggests an 
Early Cambrian age. For this study, a 70 m thick 
section of the Nomtsas Formation is assumed to 

span the time from 535-540 Ma. For this short 
time interval we estimate ages by linear interpola- 
tion. Available paleomagnetic data and radiomet- 
ric dates roughly corroborate ages suggested by 
paleontological data for the Nama Group.  The 
base of the Buschmannsklippe Formation of the 
underlying Witvlei Group sits above an uncon- 
formity interpreted as being of Varanger  age [15]. 
Our Vendian section from this area has a total 
thickness of 815 m. The lower part  includes the 
Ediacaran, in the range 235-695 m, and is thus 
estimated to cover the time span 592-552 Ma. 
Using D = 695 m at 560 Ma and D = 235 m at 
580 Ma we obtain A 0 = 48.50 m Ma -1. Extrapo- 
lation of the subsidence model described above 
to sediments below the Ediacaran interval in the 
Nama Group indicates an age of T o = 592 Ma for 
the base of the succession and 552 Ma for the top 
(i.e., 815 m). 

The upper  Windermere Supergroup, from the 
base of the "Tepee  dolomite" to the middle of 
the Ingta Formation, is approximately 2140 m 
thick and is assumed to span the entire period 
from the top of the Varanger  glacials (extrapo- 
lated from the Polarisbreen Group to be 598 Ma) 
to the Precambr ian-Cambr ian  boundary at 540 
Ma. Ediacaran assemblages have been described 
from sediments in the middle of the Sheepbed 
Formation, at approximately 450 m, to the top of 
the Blueflower Formation at 1770 m. The trace 
fossil Phycodes pedum and elements of the P. 
pedum Zone sensu Narbonne [25] occur within 
the Ingta Formation and can be used to recognize 
the base of the Cambrian in the Mackenzie 
Mountains. Using T 0 = 598 Ma and D = 2140 m 
at 540 Ma we obtain A 0 = 62.34 m Ma ~. 

Fig. 1 shows a comparison of the ages of the 
three successions. Constraints on ages of all sam- 
pies, as determined by the subsidence model cal- 
culations, along with the distribution of limestone 
and dolostone samples used in this study, are 
summarized in Fig. 2. The similar A 0 values 
obtained for each of the successions suggests that 
overall sedimentation rates in each of the Ven- 
dian basins were roughly similar. However, we 
recognize that within each sequence sedimenta- 
tion rates may have varied significantly--particu- 
larly during periods of continental glaciation. 
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4. Samples and methods 

4.1 Samples 

Limestones and dolostones from southern 
Africa used in this study were collected from 
outcrop exposures by AJK in 1990 with the gen- 
erous assistance of Pieter Gresse (South African 
Geological Survey, Cape Town) and Wulf Hegen- 
berger (Namibian Geological Survey, Windhoek), 
or were samples used previously in the study by 
Kaufman et al. [16]. Additional carbonate sam- 
ples from the Polarisbreen Group and its equiva- 
lents in Svalbard and East Greenland were pro- 
vided by Ian Fairchild (University of Birming- 
ham) and Keene Swett (University of Iowa), or 
were samples described in Knoll et al. [11] or 
Derry et al. [8,26]. All samples analyzed here 
feature facies relationships, lateral dimensions 
and thicknesses, and (in some cases) fossils in- 
dicative of a marine origin. 

4.2 Methods 

Whole-rock powders were prepared from field 
samples using techniques described in Wedeking 
et al. [27]. In addition, polished thin and thick 
sections were prepared from a selected suite of 
samples for petrographic and cathodolumines- 
cence (CL) examination, respectively. Where pos- 
sible, non-luminescent (NLM) or moderately lu- 
minescent microspar (MLM) was isolated (5-10 
mg) by microdrilling techniques from thick sec- 
tions (cf. Kaufman et al., [16]). For the determi- 
nation of Mn, Sr, Mg and Ca concentrations in 
carbonate, aliquots of whole-rock and micro- 
drilled powders were weighed and leached in 
ultra clean, weak (0.5 M) acetic acid to avoid the 
dissolution of clastic components noted to occur 
with the use of even dilute solution of HCI. After 
leaching, solutions were decanted and diluted in 
2% HNO3; residues were dried and weighed to 
determine the percentage dissolution. Elemental 
analyses were performed on a VG PQ2 + plasma 
source mass spectrometer. Gravimetrically deter- 
mined standards were analyzed in order to de- 
velop response calibration curves and a 100 ppb 
HSIn spike was added for normalization. Accu- 

racy of elemental abundances determined by this 
technique are better than + 5 %  compared to 
isotope dilution techniques. 

Carbon dioxide was evolved from powders of 
limestone for determination of ~13C and 6~80 by 
reaction with concentrated H3PO 4 (p > 1.89 g /  
ml) at 90°C in the auto-sample magazine of a VG 
PRISM gas isotope ratio mass spectrometer. Since 
a much longer reaction time is necessary for the 
quantitative digestion of dolostone powders, CO 2 
in these samples was exsolved using off-line tech- 
niques under identical conditions and was subse- 
quently isolated by cryogenic distillation. Frac- 
tionation factors used for the calculation of 180 
abundances of calcites and dolomites based on 
analyses of CO 2 prepared at 90°C were 1.00798 
and 1.00895, respectively. Accuracy of these iso- 
topic techniques, as determined by multiple de- 
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Fig. 1. Comparison of stratigraphic height against age rela- 
tionships calculated by an empirical subsidence model (see 
text) determined for Vendian-aged basins used in this study. 
Tie points connected by a dashed line relate to comparable 
stratigraphic horizons within the Polarisbreen and upper Win- 
dermere successions related to the position of the termination 
of the Varanger glaciation. The circles represent the calcu- 
lated age of the correlation point at the top of the glacial 
horizon in the Upper Windermere Supergroup at 598 Ma. 
The break in the subsidence curve for the Nama/Witvlei 
groups represents an inferred hiatus near the top of the 
sequence. Ages of individual samples in this study were calcu- 
lated using these relationships. 
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terminations (n > 25) of standard materials, is 
_+0.1 for 613C and +0.3 for 61SO. 

A third aliquot of microsample or whole-rock 
powder was leached in 0.5 M acetic acid for 
determination of Rb and Sr concentrations, 
87Rb/86 Sr and 87Sr/86Sr. After centrifugation, 

the supernate was decanted, dried and redis- 
solved in 1.5 M HC1. A 1% aliquot of the solu- 
tion was removed and spiked with isotopic tracers 
for Rb and Sr. Concentrations of these elements 
were determined by isotope dilution techniques 
on a Finnigan THQ thermal ionization mass 
spectrometer. Strontium was separated from the 
remaining solution by standard ion exchange 
techniques and isotopic compositions determined 
on a Finnigan MAT 262 thermal ionization mass 
spectrometer with static multi-collection. Inter- 
ference from STRb was monitored by measuring 
SSRb with an ion counter. Multiple NBS 987 
standards analyzed during the course of this work 
yield an average value of 0.710241 _+ 8 (uncer- 

tainty given as 2~r of the mean) and replicate 
analyses of modern Pacific seawater resulted in 
an average value of 0.709174 + 5. 

5. Results 

5.1 Petrography and cathodoluminescence 

After an initial period of investigation on the 
elemental and Sr isotopic compositions of fine- 
grained whole-rock (WR) carbonate samples, de- 
tailed studies of microsample carbonate were un- 
dertaken on a selected suite of representative 
rocks. Petrographic and cathodoluminescence ex- 
amination on this suite of samples show that 
individual samples commonly exhibit wide varia- 
tions in texture. Organic C abundance also varies 
considerably within and among samples. Non- 
luminescent portions of the samples have been 
recognized as representing the least-altered ma- 
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Fig. 2. Stratigraphy, ages and sample distribution. Correlation of successions and distribution of samples plotted against calculated 
ages. The position of the Ediacaran and Varanger intervals are shown, as well as the calculated position of glacial horizons; these 
horizons are represented by triangles within the Polarisbreen Group and at the base of the upper Windermere Supergroup. 
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terial [16]. Therefore, where possible, microsam- 
ples were isolated from zones composed of non- 
luminescent microspar (NLM) or dolomicrospar 
for subsequent elemental and isotopic analyses. 
Most dolostone samples in this study were textu- 
rally homogeneous and had higher luminescence 
than limestone samples. Although early dolomiti- 
zation, in many examples, preserves the primary 
textural features of these carbonates, it is unlikely 
that this process preserves primary elemental and 
isotopic compositions of minor and trace ele- 
ments. 

5.2 Elemental and isotopic compositions 

To illustrate the elemental and Sr isotopic 
heterogeneity within a single sample, M n / S r  and 
87Sr/86Sr of variably luminescent microsamples 
and of WR carbonate are presented in Fig. 3 
from sample SH 12 of the Huns Member of the 
Nama Group (cf. fig. 5 in [16]). Microsamples 
were isolated from two zones of the least recrys- 
tallized/altered portion of the sample (non- 
luminescent microspar: NLM1 and NLM2), mod- 
erately altered/recrystallized portions (mod- 

sample 8'3C 8180 Mg/Ca Sr 87Rb/86Sr 
. . . . . . . . . . . . . . . .  (ppm) 
(%0, PDB) 

WR 0.8 -14.1 0.002 1793 0.00129 
NLM1 1.3 -6.5 0.004 3336 0.000358 
NLM2 1.4 -6.8 0.006 3088 0.000573 
MLM 0.8 -14.8 0.005 1305 0.00132 
LSC 0.6 -15.0 0.005 882 0.00227 

Fig. 3. Photograph of a highly polished section of sample SH 12 under cathodoluminescence. Mn/Sr  and 878r/86Sr of 
nonquminescent microspar (NLM), moderately luminescent microspar (MLM), luminescent sparry calcite (LSC) and whole-rock 
(WR) carbonate are shown. Scale bar = 1 cm (cf. [16]). Additional data for each of the microsamples and whole-rock carbonates are 
tabulated below the photograph. 
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erately luminescent microspar: MLM), and a very 
late, highly recrystallized, luminescent sparry cal- 
cite (LSC). In thin section, carbonate textures in 
NLM zones are slightly finer grained than those 
in MLM zones. In addition, NLM has a relatively 
greater  abundance of organic C relative to MLM. 
There is no variation in the abundance of iron-rich 
clays or hematite between the two zones but, as 
shown, M n / S r  and 87Sr/S6Sr vary significantly. 
The 8~3C, 8180, M g / C a ,  S7Rb/86Sr and Sr con- 
centrations on these microsamples are tabulated 
below the photograph in Fig. 3. 

The two NLM zones have very similar Sr con- 
centrations, M n / S r ,  87Rb/86Sr and 87Sr/86Sr. 
The MLM, LSC and WR samples all have lower 
Sr concentrations and higher M n / S r ,  87Rb/SOSr 
and 87Sr/86 Sr relative to the NLM zones. Higher 
M n / S r  has been attributed to the addition of Mn 
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Fig. 4. Plot of SVRb/86Sr and ,5180 against Mn/Sr for all 
limestone and dolostone samples used in this study. Dashed 
boxes represent our best estimate for the field of least-altered 
samples. These include samples with Mn/Sr < 1.5, 6J80 < 
- 11 and 87Rb/S6Sr < 0.001. 

a n d / o r  the removal of Sr during meteoric diage- 
nesis [19]. This example is consistent with previ- 
ous studies [7,8,19] in that NLM zones with the 
lowest M n / S r ,  87Rb/86Sr and 87Sr/86Sr, as well 
as the highest ¢~13C and 8180 values, appear  to 
represent the least-altered carbonate phase. The 
difference of 0.0002 in 87Sr/86Sr values between 
NLM and WR carbonate, although small in this 
example, shows that Sr isotopic compositions of 
contemporaneous seawater may not always be 
represented by whole-rock analyses. 

Results of elemental and isotopic analyses on 
all whole-rock and microdrilled carbonates are 
presented in Table 1. This suite of samples in- 
cludes those that passed an initial screening of 
~ 300 samples. We included for isotopic analysis 
only limestones and dolostones satisfying the fol- 
lowing criteria: (1) low abundances of siliciclastic 
material; (2) relatively fine-grained texture; (3) 
low to moderate  luminescence; and (4) M n / S r  
< 3. We have highest confidence that limestones 
with M n / S r  < 1.5, 87Rb/S6Sr < 0.001, and 8180 
> - 11 most probably record near-primary C and 
Sr isotope compositions (Fig. 4). Although some 
dolostones in this study fall within the M n / S r  
and 61sO boundaries set for unaltered samples 
(Fig. 4b), elevated S7Rb/86Sr and low Sr concen- 
trations (Table 1) suggest that the Sr isotopic 
compositions of these are altered. NLM carbon- 
ates with high 6~3C and 3~80 values and low 
M n / S r ,  SVRb/s6Sr, and 878r/ 868r values, in 

most cases, yield the least altered samples. In a 
few samples, however, it appears  that WR car- 
bonate is slightly less altered than the NLM car- 
bonate chosen for analysis. This observation fur- 
ther underscores the heterogeneity within indi- 
vidual samples. For these, only WR values are 
reported (Table 1). 

5.3 Secular variations 

5.3.1 Strontium 

Strong and rapid secular variations in Sr iso- 
topic compositions have been identified previ- 
ously in Neoproterozoic successions [7,19,26], but 
our knowledge of the true magnitude and rate of 
Sr isotopic variations in the latest Neoproterozoic 
to Cambrian times has remained relatively poor. 
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The dashed line in Fig. 5 i l lustrates a previous 

est imate of the evolut ion of Sr isotopic composi- 
tions through V e n d i a n  time. In  contrast ,  the solid 
band  represents  our  cur ren t  best est imate from 
data  in Table  1 in tegra ted  from three separate  
Vend i an  basins.  It is well known that  87Sr/86Sr in 

the ocean remains  cons tant  to within ~ 20 ppm, 
due to its long residence t ime of ~ 4 Ma. Thus,  
assuming our lowest 87Sr/S6Sr values within each 

format ion are representat ive  of pr imary seawater  

values, we have constructed a thin band  of possi- 
ble secular variat ions in the V e nd i a n  ocean. 

Prior to the Varanger  glaciation, 878r/S6Sr val- 

ues in mar ine  carbonates  were relatively low (at 
present ,  values are known to range be tween  
0.7065 and  0.7075) back to a major  apparen t  
hydrothermal  event about  800 Ma ago [7,19]. 
Small f luctuat ions in S7Sr/S6Sr of carbonate  sam- 
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pies deposited within the Varanger interval may 
result from enhanced erosion of platform sedi- 
ments by glaciers during a sea-level draw-down; 
however, since SVSr/86Sr values remain relatively 
low in a "cap" dolomite (actually a limestone in 
the sample under discussion) above the glacial 
horizon, this mechanism cannot account for the 
strong and rapid rise in Sr isotopic compositions 
in post-Varanger carbonates. Above the "cap" 
carbonates, Sr isotope values rise from 0.7071 to 
0.7081 in the upper Witvlei Group (ca. 584 Ma) 
and plateau at values from 0.7084 to 0.7085 in the 
Schwarzrand Subgroup of the Nama Group (ca. 
570-552 Ma). There is a large spread of 87Sr/S6Sr 
values in the Nomtsas Formation, but the least- 
altered microsample suggests a value of 0.7087 
for earliest Cambrian time. However, breaks in 
our curve for the Vendian (Fig. 5) emphasize that 
detailed patterns of secular change in SYSr/S6Sr 

across the Precambrian-Cambrian boundary can- 
not be determined from a single sample. Finally, 
data from Burke et al. [28], Keto and Jacobsen 
[29] and Donnelly et al. [30] suggest that in Mid- 
dle and Late Cambrian times 878r/86Sr values 
rose to a maximum of 0.7091 and then fell to 
0.7090 near the Cambrian-Ordovician boundary. 

The least-altered dolostone samples show a 
strong secular trend in Sr isotopes similar to that 
obtained by the least-altered limestones, but val- 
ues are offset towards substantially higher STSr/ 
868r (Fig. 5). This may explain why 87Sr/S6Sr 
values reported in a preliminary study of a 
dolomitic succession in Oman show substantially 
higher values than those reported here [31]. Al- 
though dolomitization removed Sr from pre-exist- 
ing limestones, the process apparently did not 
completely obliterate the signal of strong secular 
87Sr/86Sr variation during terminal Proterozoic 
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time. From these results we conclude that, al- 
though Sr isotopic abundances in dolostones 
might be useful for correlation during times of 
rapid change, they usually do not record primary 
seawater Sr isotopic values. 

5.3.2 Carbon 
Fig. 6 shows the secular variation in C isotopes 

from Vendian to Cambrian time. This result is 
compiled from the present data base for the time 
interval 610-560 Ma, as well as numerous other 
C isotopic studies on Neoproterozoic and Cam- 
brian successions [22,32,33] for the time 560-510 
Ma. We note that dolostones appear to follow the 
same trend as limestones. With careful selection 
they can probably also be used to reconstruct 
trends in seawater 613C evolution. Prior to the 
Varanger Ice Age, ~3C values of limestone and 
dolostone were typically high, averaging around 
+6,  with some successions recording values as 
high as + 8 to + 10 or more. These highly positive 
613C values are followed by a rapid excursion to 
negative 613C values of around - 3  to - 4 ,  a 
likely response to enhanced ocean circulation and 
increased erosion of sedimentary organic C dur- 
ing and immediately following the Varanger 
glaciation. Carbon isotopic compositions re- 
mained negative until about 585 Ma and then 
increased rapidly to positive ~13C values, peaking 
at +5  to +6  at about 575 Ma. Although the 
positive peak in 6~3C values is not represented by 
our highest quality samples, our confidence in i t s  

existence is enhanced by the fact that it occurs on 
five continents in every early Vendian sequence 
where isotopic studies have been conducted. The 
first fossil evidence of complex Ediacaran meta- 
zoans is found in rocks that document this in- 
crease in a~3C. Through the rest of the Vendian 
and into the Cambrian, ~3C  fluctuates between 
positive and negative values but the variations are 
generally smaller than those recorded in earlier 
Vendian time. The residence time of C (ca. 8 × 
104 y) in the ocean is sufficiently short that inter- 
and intra-basinal variations should be expected. 
Natural variations recorded in the modern ocean 
confirm this, so we include approximate upper 
and lower bourids for the Vendian to Cambrian C 
isotope curve (Fig. 6). 

6 .  D i s c u s s i o n  

6.1 The Neoproterozoic record o f  N d  isotopic varia- 

tions in seawater 

The present Nd budget of the oceans is domi- 
nated by the river water (RW) flux ( j~w )  from 
continental sources which vary in both their con- 
centration and isotopic composition [34,35]. In 
contrast, the mid-ocean ridge hydrothermal water 
(HW) Nd flux today ( j ~ w )  is only about 1% of 
the total Nd input to the oceans. Thus, variation 
of 143Nd/144Nd (expressed as end) in seawater 
(SW) is primarily due to changes in the Nd iso- 
topic composition of the continental flux to the 
oceans. The Nd isotopic mass balance is: 

dE sw J~Ntd w  Nd)+ (E w_ sw 
- -  ~ - -  ENd ) l"Nd dt JN Rw (ENHW_ SW 

(2) 

where the left-hand side of eq. (2) is ~ 0 because 
of the short residence time of Nd in seawater 
( T N d  ~ 1 0  3 y ) ,  Furthermore, this short residence 
time is the principal reason for the large varia- 
tions in ENd recorded within both modern and 
ancient oceans. However, since the characteristic 
end value of each ocean reflects that mixed from 
numerous source terrains, the average ENd value 
of the oceans through time can be useful for 
tracing the isotopic evolution of the continental 
crust. 

A global mean ENd curve for the Phanerozoic 
has been constructed by averaging end values of 
various paleo-oceans [36] and these results show 
that global seawater end values were extremely 
low during the Cambrian (values range between 
- 10 to - 15). In contrast, due to: (1) uncertainty 
in the number and size of Neoproterozoic paleo- 
oceans; (2) the small number of chemical sedi- 
ments analyzed; and (3) large uncertainty in the 
ages of samples; the record of Nd isotope varia- 
tions in Neoproterozoic seawater is poorly con- 
strained. Nonetheless, it appears from limited 
data on phosphorites and banded iron formations 
[36-38] that there is a significant decrease in 
seawater eNd values from middle Neoproterozoic 
time, where values average around - 4 ,  to the 
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C a m b r i a n  average  o f  - 12. B e c a u s e  o f  the  s ignif i -  
cant  u n c e r t a i n t y  in this  s ecu lar  trend and  its 
c o n s i d e r a b l e  i m p a c t  on m o d e l s  o f  s e d i m e n t a r y  
cyc l ing  [7,8] m u c h  a d d i t i o n a l  w o r k  on  the  N d  
i so top ic  c o m p o s i t i o n  o f  N e o p r o t e r o z o i c  c h e m i c a l  
s e d i m e n t s  is n e e d e d .  

6.2 Comparison o f  the Cenozoic and Vendian, Sr, 
C and N d  isotopic variations in seawater 

A c o m p a r i s o n  o f  the  Sr, N d  and  C s e a w a t e r  
i s o t o p e  records  for the  V e n d i a n - C a m b r i a n  a n d  
C e n o z o i c  are s h o w n  in Fig.  7. A l s o  s h o w n  are the  
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positions of the recent (0-10 Ma) and Varanger 
(598-610 Ma) glacial episodes. Rates of Sr iso- 
topic increase were particularly high between 600 
and 580 Ma ago (Fig. 7b), similar to those 
recorded between 40 and 15 Ma ago (Fig. 7a). 
Compared to the Cenozoic rise in 87Sr/S6Sr of 
seawater, our current best estimate of the Sr 
isotope curve during the Vendian shows an even 
larger change. Nonetheless, the striking similarity 
in both trends suggests a similarity of orogenic 
events leading to an increase in the erosional flux 
of Sr from continental sources. The Vendian 
record of S7Sr/S6Sr variations probably requires 
that Pan-African orogenesis produced Hi- 
malayan-scale mountains [7]. In strong contrast to 
the Cenozoic record, however, Neoproterozoic 
glaciations all precede the rise in Sr isotopic 
compositions. Note that Fig. 7 does not show the 
earlier Neoproterozoic ice ages, which occurred 
during a long interval characterized by relatively 
low 878r/86Sr. 

The strong secular variation noted in C iso- 
topic abundances in Vendian to Cambrian suc- 
cessions (Fig. 7~t) is not evident in the Cenozoic 
record [39] (Fig. 7c). As discussed above, enrich- 
ment in 13C of Neoproterozoic platform carbon- 
ates has been attributed to stratification of ocean 
basins in which 13C-depleted organic C could 
accumulate in sediments beneath anoxic deep 
water. However, the rapid excursion to negative 
13C values at Varanger time is attributed to the 
mixing of 13C-depleted deep water with shallow 
water on carbonate platforms during glacially en- 
hanced circulation of the world ocean [16] and, 
possibly, to increased erosion of organic C stored 
on shelves and platforms. A similar process may 
have led to the 2%o depletion in 13C abundances 
recorded in marine carbonates over the past 20 
Ma of the Cenozoic. The magnitude of the effect 
is smaller, however, and there is no evidence for 
ocean stratification immediately prior to Ceno- 
zoic glaciation. 

There is little variation in the averaged Nd 
isotopic composition of Cenozoic oceans [36], with 
only a suggestion of a slight rise in ENd over the 
past 20 Ma (Fig. 7e). In comparison, Fig. 7f shows 
the long-term drop in eNd in Vendian to Cam- 
brian seawater described above. The constancy in 

late Cenozoic ENd for the Indian Ocean [36] is 
inconsistent with the suggestion by Edmond [5] 
that the increase in S7Sr/86Sr is solely due to the 
unroofing of a highly radiogenic metamorphic 
core complex. If the Edmond [5] interpretation 
were correct, end of seawater, especially in the 
Indian Ocean, should have decreased toward the 
very low values (eNd = --16) typical of the com- 
plex [40]. 

6.3 Constraints on crustal euolution, tectonics and 
global erosion rates from Sr and Nd isotopic uaria- 
tions 

From the pattern of Nd model ages in sedi- 
ments, the period between 1,500 and 600 Ma 
appears to be a time of aging of the crust with the 
addition of relatively little juvenile material [2]. 
Tectonic processes primarily resulted in a rework- 
ing of old crust during this period. For the same 
time interval there is a large overall increase in 
87Sr/S6Sr of seawater. This increase results from 
the aging of the upper crust exposed to erosion, 
as well as a decrease in the hydrothermal contri- 
bution to the Sr budget. Superimposed on this 
long-term increase in STSr/S6Sr are rapid fluctua- 
tions that correlate with tectonic events in the 
Neoproterozoic [7]. This record provides an im- 
portant tool for studying secular trends in global 
tectonic processes and crust-mantle  evolution. 

A detailed comparison of tectonic events with 
STSr/S6Sr must await more precise dating of geo- 
logical events, as well as better  age calibration of 
the 87Sr/S6Sr seawater curve. However, the main 
features now appear to be well established. They 
are: very low STSr/86Sr associated with a major 
rifting event ca. 800 Ma ago and the very signifi- 
cant Vendian rise in S7Sr/S6Sr. The geological 
record shows evidence for the existence and 
breakup of an early supercontinent (i.e., Rodinia), 
followed by the widespread Pan-African orogenic 
event in which the Gondwana supercontinent was 
assembled. This orogeny affected much of pre- 
sent day Africa, Europe and Asia [41-43]. 

Tectonically driven increases or decreases in 
continental erosion are assumed to have strong 
effects on the variation of STSr/S6Sr in seawater. 
Secular change in 87Sr/S6Sr is controlled both by 
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changes in the ratio of the river water flux (JsRrW: 
the erosional flux) of Sr from the continents and 
the hydrothermal flux (jHW) of Sr through ocean 
ridges (at least 10-20% of the total input today), 
as well as by changes in the isotopic composition 
of these fluxes. The mass balance equation for 
8 7 8 r / 8 6 S r  (expressed as es~) of seawater is: 

(3) 

where rsr ( ~  4.1 Ma) is the residence time of Sr 
in the oceans. The end and Es~ variations in 
present river waters roughly obey the following 
relationship: RW_ aW e S r  ~ f i e N d  q ' - / 3  w h e r e  a a n d / 3  a r e  

constants [35]. Calculations based on both the Nd 
and Sr isotopic variations in seawater with time 
can be used to estimate changes in the relative 

importance of the river and the hydrothermal flux 
of Sr to the oceans through time [2,7] using: 

jRW) (+HW_eSW)_fiYCeNHW eSW) 

= (a4w/ 
- a T -  j - ( f i 4 w  + - 4 w )  

(4) 

where 3' = ( N d / S r ) H w / ( N d / S r ) R w  [2,7]. Esti- 
mates of fi = 6.44, /3 = 52 and 7 = 0.09 were ob- 
tained from [7,35] and are consistent with a pre- 
sent average 87Sr/86Sr = 0.711 for the global river 
water flux [3,35,44,45]. Estimates of ENd and Es~ 
in the hydrothermal component can be evaluated 
using the Sr and Nd isotopic evolution of the 
depleted mantle through time. 

In so far as the global dissolved flux of Sr in 
rivers is proportional to the global erosion rate 
[2], the jRW value constrained by eq. (4) is a 
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proxy of  erosion rates through time. We note that 
this does not necessarily imply that SVSr/86Sr in 
seawater is a proxy for erosion rates. Most likely 

sw value is a function of both varying ero- the eSr 
sion rates and changes in the 87Sr/86Sr of the 
river flux. 

Two extreme views have been presented for 
the interpretation of the seawater 87Sr/86Sr curve: 
(1) S7Sr/86Sr principally reflects variations in ero- 
sional fluxes from the continents [4,9,46], and (2) 
87Sr/86Sr principally reflects the varying isotopic 
compositions of continental rocks subject to ero- 
sion [5,47]. Jacobsen [2] developed a simple first- 
order model (using the isotopic records of Sr and 
Nd in marine samples) that may be used to distin- 
guish between these two end-member hypothe- 
ses. His model results [see also 7] indicate three 
distinct episodes of high global flux ratio, 
j R W  / l H W  Sr /~sr , over the past 700 Ma. This was at- 
tributed primarily to very high global continental 
erosion rates during uplift, caused by continental 
collisions at: ~ 0-30 Ma (Himalayan-Tibetan 
collision), ~ 400 Ma (Caledonian-Appalachian 
collision) and ~ 600 Ma (Pan-African collision) 
ago [2,7]. Two of these episodes occurred during 
an interval of very rapid increase in S7Sr/S6Sr 
( ~ 0 - 3 0  Ma and ~ 600 Ma), while the third 
event ( ~  400 Ma) did not. Thus, it appears that 
there is only a limited correlation between the Sr 
isotope curve and high versus low erosional fluxes. 
This pattern also contradicts the idea that STSr/ 
86Sr of seawater predominantly reflects variations 
in the isotopic composition of the erosional flux 
from continents [5]. Other evidence comes from a 
model of Richter et al. [3], who suggest that 
about 50% of the Cenozoic increase in 87Sr/S6Sr 
since the Eocene is attributable to increased Sr 
flux and the other 50% is due to the increased 
87Sr/86Sr of the dissolved Sr flux in rivers. 

Processes operating during the Vendian and 
Cambrian periods resulted in the largest change 
observed in 87Sr/S6Sr of seawater at any time 
during the Earth's history (Fig. 7). It is possible 
that the rapid rise is primarily due to changes in 
rock composition a n d / o r  mean age of eroding 
rocks. For example, Hoffman [43] has suggested 
that a supercontinent was turned inside out at 
about this time, resulting in the erosion of rifted 

margins of old cratons. This is one possible mech- 
anism for a rapid change in 87Sr/S6Sr of the 
erosional flux. 

The Vendian-Cambrian Sr and Nd isotopic 
curves in Fig. 7 were used to calculate JR w (using 
eq. 4) for the period 510-650 Ma. The resulting 
jRW curve shows a peak at ~ 580-590 Ma (Fig. 
8b) suggesting that the change is the result of 
enhanced erosion associated with Pan-African 
orogenesis. The significant decrease in ENd of 
seawater through the Vendian suggests that the 
87Sr/86Sr of the river water flux did increase 
somewhat at this time. However, in spite of this 
change, a very large increase in the jRW is still 
necessary to account for the very large increase in 
87Sr/86Sr. In contrast, the Cenozoic JSRr w curve 
(Fig. 8a) shows a peak at ~ 5 Ma which, given 
the constancy of oceanic Nd isotopic composi- 
tions through this interval (Fig. 7e), does not 
appear to be correlated with any significant 
change in the 87Sr/86Sr of the river water flux to 
the oceans. 

6.4 Constraints on organic C burial and the evolu- 
tion of  0 e in the atmosphere 

The variation of 6~3C of seawater (and marine 
carbonates) over time scales of crustal recycling is 
controlled both by changes in the global organic 
C erosion rate (j~ro~ion) and by changes in the 

of C burial (j~rial). The rate of change of rate 
C --or~(~org) is a balance between crustal organic 

burial and erosion: 

d f o r g  __ j b u r i a l  jerosion _ jburial 
d t  Corg - corg  - cor~ - k c o r g f o r g  ( 5 )  

where k c is the time parameter  for erosion of 
org . 1 n n be organic C. This mass balance equat 'o ca 

coupled with the St, Nd and C isotopic records of 
seawater to yield estimates of the organic C burial 
rate. To couple the Sr and C cycles it is assumed 
that the erosion rate for Sr is proportional to that 
of organic C (i.e., k c = k~  ( jRW /JsRrrW * ) where 

• org org 
the asterisk denotes the present-day value• 

Assuming that the rate of recycling of carbon- 
ate rocks and sedimentary organic C is equal, 
then, by using eq. (5) and the isotopic mass bal- 
ance for C, the burial rate of organic C shows a 
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simple relationship to overall erosion rates and 
secular variations in a13C of seawater [8]: 

jburial Mtc 
Corg -- 

[ jRW ) 
, | OSr ((~13Ccarb__(~13Ctc) j rW, 

(6) 

Here the 613C values of the carbonate 
(~13Ccarb) a n d  organic (~13Corg) C reservoirs are 
related by the average exogenic carbon isotope 
value of  ~13Ctc = --5.5. Further, for the Neopro- 
terozoic, 6 = ~13Ccarb -- ~13Corg is considered to 
be reasonably constant at 28.5 [11]. Eqs. (4) and 
(6) provide the basis for obtaining changes in 
erosion (JR w) and organic C burial rates cfburial~ " OCorg J 
as a function of time, based on the Sr, C and Nd 
isotopic records of seawater. The calculated rate 
of organic C burial depends on the product of the 
erosion rate a n d  ((~13Ccarb -- 613Ctc ) values in car- 
bonates. Thus, it is possible to have relatively low 
6~3C values ( + 1  to +2)  in marine carbonates 
during periods of high organic carbon burial, if 
the erosion rate is very high. The changes in jRW 
and Jbo~r~aJ calculated using the isotope records 
shown in Fig. 7 and eqs. (4) and (6) are shown in 
Fig. 8 for both the Cenozoic and Vendian-  
Cambrian. 

A new curve for the burial rate of organic C, 
constrained by the new C and Sr isotopic varia- 
tions presented in this study, as well as a re- 
evaluation of secular variations in the Nd isotopic 
composition of Vendian seawater is shown in Fig. 
8b. This curve shows a peak at ~ 575 Ma that is 
smaller than that of Derry et al. [8] because of 
the substantial improvements in the C and Sr 
isotopic records presented here for the Vendian. 

The evolution of atmospheric O 2 is, in part, 
controlled by the rates that we can constrain from 
the above model results //burial and jRW). The ~,*' Corg 
long-term accumulation of O 2 in the atmosphere 
is primarily due to inputs related to the reduction 
of C, Fe or S in the exogenic cycle and to burial 
of these in sediments. Atmospheric 0 2 is con- 
sumed by oxidation of the same elements during 
erosion of crustal rocks, so the balance of these 
through time should, to a first approximation, 
indicate changes in pO  e . The erosion parameter  

for oxygen is ko:  and, to a first approximation, 
the rate of change of 0 2 in the atmosphere is: 

dO~ tm 
__ j in atm 

dt 02 -- k o 2 0 2  (7) 

where j in is the input flux of 0 2 to the atmo- 02 
sphere. For each mole of C buried in sediments, 
1 mole of 0 2 is released to the atmosphere. By 
ignoring the smaller effects from the Fe and S 
cycles, we may scale the second term on the 
right-hand side of eq. (7) to erosion rates deter- 
mined from eq. (4) (i.e. kOz--b*(IRW/IRW*'~ --,~O2,.~Sr /OSr J 
where the * again denotes present values) and 
the first term may be set equal to the burial rate 
of organic C determined from eq. (5). This yields 
the following equation: 

dO~tm _ jbu r i a '  [ k~)2 )lRWF~atm 
dt  C°rg -- | / R W *  aSr "~'2 (8)  

\ ~Sr 

which is a first approximation to linking the evo- 
lution of atmospheric 0 2 to changes in the rates 
of sedimentary cycling. 

Earlier model results suggest that in pre- 
Varanger time " 0 2 "  liberated by organic C burial 
was largely consumed by reducing hydrothermal 
fluids and oxidation of sedimentary sulfide, 
thereby buffering any net changes in p O  2 [8]. 
Derry et al. [8] suggested that the Vendian peak 
in organic C burial, coupled with lower fluxes of 
reducing hydrothermal fluids, gave rise to a large 
increase in 02 in the atmosphere after the 
Varanger glaciation. The somewhat smaller peak 
in organic C burial (shown in Fig. 8b) compared 
to that published in [8] is still sufficiently large 
enough to generate most of the 02 in the present 
atmosphere (37.5 × 1018 mol). 

Recent investigations into the secular varia- 
tions of S isotopes in the Vendian [48] strongly 
suggest that the excess of O 2 was not balanced by 
concomitant oxidation of sedimentary sulfides. 
Model results for the Cenozoic record are shown 
in Fig. 8a. The apparent Cenozoic peak in JLUrr~ al 
perhaps represents the "Monterey Event" ( ~  
15-20 Ma). However, during the Phanerozoic 
such peaks in Jbo~r~ al need not cause large changes 
in atmospheric 0 2 levels, because they may be 
balanced by the S cycle [49, see also 8]. Other  
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likely problems with our simple model for the 
Cenozoic are that ~ has been shown not to be 
constant [50], and we have assumed (perhaps 
incorrectly) that the 6~3C composition of deep 
sea carbonates represents the C isotopic composi- 
tion of the bulk carbonate flux [39]. 

6.5 Relationship to atmospheric CO e and paleocli- 
mate 

The evolution of the atmospheric C O  2 is, in 
part, controlled by the erosion rate that we can 
constrain from the Sr and Nd records ( j~w).  The 
long-term rate of change of atmospheric CO 2 is a 
balance between the input from the Earth's inte- 
rior relative to the effect of erosion which con- 
sumes CO 2. To a first approximation we have: 

dCO~ ~m 
k CO atm dt J ~ 2 -  co: 2 (9) 

in where Jco2 is the CO 2 input flux to the atmo- 
sphere. Here, kco 2 is the erosion parameter for 
CO2. However, as discussed by DePaolo [51] eq. 
9 may have to be replaced with a non-linear 
equation for large changes in CO 2. The flux from 
the interior of the Earth is primarily due to the 
release of mantle CO 2 along mid-ocean ridges 
rMORB is the present mantle flux of CO 2 through °CO2 

mid-ocean ridge basalts) and it may be scaled to 
! MORB the hydrothermal flux of Sr ( J ~ :  ~co2 

(Js~HW/j~W*)). The CO 2 consumption rate may 
be scaled to the erosion rate determined from the 
river water Sr flux and we obtain: 

dCO~tm / jMORB \ [ k* 
_ ]"CO2 | / H W  ~CO2 / I R W c ,  f~at m 

d t  1 j~w ]OSr ~ ~'sr/RW* ]|OSr "-'~2 

(10) 

This equation provides a first approximation of 
the quantitative linkage between atmospheric 
CO 2 and tectonics in the way proposed by Cham- 
berlin [52]. He proposed that tectonics and cli- 
mate are linked by atmospheric pC02.  Increased 
rates of chemical weathering and erosion associ- 
ated with orogenic uplift diminish pCO2, result- 
ing in global cooling. Eqs. (4) and (10) form a 
simple system in which the Sr and Nd-isotopic 
records allow evaluation of erosion rates, as well 

as the evolution of C O  2 in the atmosphere and its 
relation to climate changes. 

For the Cenozoic it is suggested, by using 
Ep = ~13Ccarb-  ~13Cporphyrins as a proxy for p C O  2 
[53], that atmospheric pCO 2 has decreased by 
about a factor of 3 since the Cretaceous. Assum- 
ing a uniform change in pCO2, use of eq. (10) 
suggests that the decrease in pCO 2 is consistent 
with a threefold increase in weathering rates over 
the same period, assuming no change in other 
terms of this equation. This is consistent with the 
increased weathering rate obtained from the Sr 
and Nd records in Fig. 8a, as well as of Jacobsen 
[2]. Raymo et al. [4] argued that Neogene conti- 
nental glaciation can be related to uplift and 
erosion of the Himalayas, Andes and Tibetan 
Plateau over the last 30 Ma and that these tec- 
tonic events resulted in: (1) a lowering of atmo- 
spheric CO2; and (2) a change in atmospheric 
circulation; which together resulted in the cli- 
matic changes evident in the recent glacial epoch. 

The Neoproterozoic Era was a time of re- 
peated continental glaciation, including one of 
the Earth's most severe refrigerations, the 
Varanger Ice Age of ~ 610-590 Ma ago [54]. It is 
of particular interest to correlate the changes in 
87Sr/S6Sr of seawater and the calculated value of 
j~w  with the timing of these latest Proterozoic 
glaciogenic rocks. If increased weathering leads 
to reduction of CO 2 and glaciation, then glacia- 
tions should occur at times of high STSr/S6 Sr, if 
this parameter is a proxy of erosion as assumed 
by Raymo [9]. However, if j ~w  is used as a proxy 
for weathering, as suggested by Jacobsen [2], then 
glaciation should correlate with highs in this pa- 
rameter. Figs. 7 and 8 show that for the Neopro- 
terozoic neither is the case. The Varanger Ice 
Age occurs at the very beginning of the terminal 
Proterozoic rise in 87Sr/86Sr of seawater and not 
at the maximum, as today. The peak in j~w also 
postdates the Varanger glaciation. Indeed, the 
high STSr/S6Sr ratios but low JsRr w of Cambrian 
rocks are associated in time with what is generally 
regarded as one of the warmest intervals of the 
Paleozoic Era. Similarly, the Sturtian Ice Age of 
ca. 735-725 Ma ago [55] does not come close to a 
peak in either 87Sr/86Sr or jRW. Instead, it oc- 
curs during a long period of low and uniform 
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j1aw and 87Sr/S6Sr in seawater [7]. We note that, 
S r  • 

in the Cenozoic, Antarctic ice sheets first formed 
ca. 35 Ma ago, near the beginning of the principal 
rise in 87Sr/86Sr. While this provides an apparent 
parallel to the Varanger relationship, Cenozoic 
ice sheets expanded as 87Sr/86Sr rose, while Neo- 
proterozoic ice sheets disappeared. Thus, a de- 
tailed comparison of the Cenozoic and Vendian 
suggest a more complex relationship between cli- 
mate, continental erosion rates, glaciation and 
changes in atmospheric p C O  2 than previously 
envisioned. 

In conclusion, ice ages mark both the Neopro- 
terozoic and Cenozoic, but different stratigraphic 
relationships between Sr isotopic increase and 
continental glaciation indicate that uplift-driven 
models proposed to explain Cenozoic climatic 
change cannot account for latest Proterozoic ice 
ages. In so far as the Neoproterozoic Sr and Nd 
isotopic curves appear to rule out high erosion 
rates prior to and during glacial periods, one 
must look to factors such as high rates of organic 
C burial in an episodically stratified Neoprotero- 
zoic ocean to explain decreases in pCO 2 that 
could facilitate the growth of continental ice 
sheets. It is likely that atmospheric pCO 2 levels 
have exerted a primary control on global climate 
through geological time, but the potential con- 
trois on pCO 2 are variable. While continental 
"weatherability" and CO 2 emission associated 
with seafloor spreading certainly contribute to 
pCO2, changes in the position of the lysocline, 
rates of organic C burial, seafloor weathering and 
other factors may also be important. Global cli- 
mate changes also depend on other factors; such 
as the position and profile of continents, sea 
level, ocean and atmospheric circulation. 
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