'

www.elsevier.nllocate/palaco

ELSEVIER Palaeogeography, Palacoclimatology, Palaeoecology 168 (2001) 311-336

Sr/Ca variations in Cretaceous carbonates: relation to productivity
and sea level changes

Heather M. Stoll**, Daniel P. Schrag®

®Dept. de Geologia, Universidad de Oviedoc, Arias de Velaso, s/n 33005 Oviedo, Asturias, Spain
®Dept. of Earth and Planetary Sciences, 20 Oxford St., Harvard University, Cambridge, MA 02168, USA

Received 28 September 1999; accepted for publication 29 November 2000

Abstract

We present high resolution Sr/Ca measurements on coccolith-dominated pelagic carbonates of Berriasian—Valanginian,
Albian—Santonian, and Campanian—Maastrichtian age from DSDP sites and Tethyan land sections. Carbonate St/Ca varies by
up to 80% over both long and short timescales and may reflect either temporal variations in seawater Sr/Ca or variable Sr
partitioning in biogenic carbonates. Numerical models of seawater Sr and Ca budgets indicate that while sea level changes can
cause comparably large variations in the seawater Sr/Ca ratio, the timing and pattern of predicted Sr/Ca variations agrees poorly
with the carbonate record. Reef crises unrelated to sea level changes may also elevate seawater St/Ca, and in some cases, the
record of reef crises corresponds to increasing carbonate Sr/Ca. Changes in Sr partitioning, likely due to changes in calcareous
nannoplankton productivity, also appear to control carbonate Sr/Ca in these records. Cretaceous carbonate Sr/Ca broadly
covaries with indicators of productivity derived from microfossil ecology. Recent studies in sediment core tops and cultures
have shown that Sr partitioning in coccolith carbonate is strongly influenced by changes in coccolithophorid growth and
calcification rate. Where the effects of changing seawater Sr/Ca can be constrained by independent geological data, carbonate
Sr/Ca measurements could provide a valuable perspective on changes in the productivity of calcareous nannoplankton and

" variations in the carbonate and carbon cycle in the Cretaceous. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction of secondary diagenesis on records of past carbonate
’ chemistry, it is often possible to infer changes in
The Sr/Ca ratio of marine carbonates is controlled - seawater chemistry and/or element partitioning
both by the Sr/Ca ratio of seawater from which they which reflect changes in past environmental and/or
precipitate, and by environmental and biological oceanographic conditions.
effects on the partitioning of Sr in biogenic carbo- Recent studies in sediment core tops and cultures
nates. In addition, secondary diagenetic processes have shown that Sr partitioning in coccolith carbonate
can modify the chemistry of ancient carbonates. is strongly influenced by changes in coccolithophorid
However, by taking steps to minimize the influence growth and calcification rate (e.g. Stoll and Schrag,

2000b; Stoll et al., 2000; Rosenthal et al., 2000; Stoll
* Corresponding author et al., in press). Since nannofossil carbonate is the
dominant carbonate source in Cretaceous sediments,

E-mail address: heather.stoll @asturias.geol.uniovi.es : o "
(H.M. Stoll). carbonate Sr/Ca variations may reflect variations in
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coccolithophorid productivity. However, seawater Sr/
Ca can vary appreciatively over timescales longer
than the 1-2 m.y. residence times of Sr and Ca in
the ocean. For example, large, rapid increases in
seawater Sr/Ca ratios were predicted to accompany
large Cretaceous sea level falls that expose Sr-rich
shelf sediments to weathering (Stoll and Schrag,
1996). We suggest that the sources of Sr variations
in Cretaceous carbonates can be constrained using
independent geological data on likely changes in
seawater Sr/Ca.

Here we examine variations in the Sr/Ca ratios of
deep sea, nannofossil-dominated carbonates from
three time intervals in the Cretaceous period: the
Berriasian—Valanginian, Late Albian—Early Santo-
nian, and Late Campanian to Middle Maastrichtian.
In the first part of the paper (Section 2), we present
precise analyses of Sr/Ca and stable isotopes from
over 2100 samples, with multiple sites for each time
interval. This data set is distinguished from previous
published Cretaceous minor element records (e.g.

Renard, 1986) by its much higher resolution and °

tight age correlation among multiple sites.

In the second part of the paper (Section 3), we use
numerical models of seawater Sr and Ca budgets to
evaluate which variations in carbonate Sr/Ca ratios
could be accomplished by changes in seawater St/
Ca. Using sequence stratigraphic and stable isotopic
data, we assess the magnitude and timing of likely
changes in the Sr/Ca ratio of seawater resulting
from weathering of Sr-rich shelf aragonites during
sea level falls. Data on ocean crust production rates
and Sr isotopic variations in carbonates are used to
constrain the effects of past variations in the hydro-
thermal and riverine Sr and Ca fluxes on seawater St/
Ca. Potential changes in the fraction of carbonate
sedimentation in deep sea vs. shelf settings are
compared to the timing of reef crisis and platform
drowning events.

‘Carbonate Sr/Ca variations that cannot be
explained by changing seawater St/Ca ratios are likely
to reflect changes in Sr partitioning in biogenic carbo-
nates. In the third section of the paper (Section 4), we
discuss how variations in coccolithophorid productiv-
ity may influence Sr partitioning in carbonates. To
compare geochemical records with other productivity
indicators, we compile detailed records of variations
in the ecology of planktonic foraminifera and nanno-

fossils that may reflect changes in environmental
conditions and productivity. This approach does not
lead to an unambiguous interpretation of Cretaceous
S1/Ca variations. However, it suggests some dominant
controls over carbonate Sr/Ca ratios during certain
intervals. In particular, changes in Sr partitioning,
likely related to the productivity of calcareous nanno-
fossils, appear to be an important control on carbonate
Sr/Ca in deep sea Cretaceous carbonates. Sr/Ca varia-
tions thus provide some insights on variations in the
carbon and carbonate cycle during the Cretaceous.

2. Records of Sr/Ca in Cretaceous carbonates
2.1. Sites and analytical methods

We selected sites of deep sea pelagic sedimentation to
avoid variations in the mineralogy (aragonite vs. calcite)
of the sediments which lead to heterogeneities in Sr
partitioning and in diagenetic alteration. The selected
sites are predominantly carbonate-rich and the carbo-
nate fraction is comprised almost entirely by calcareous
nannofossils (Arthur and Fisher, 1977; Exon et al.,

- 1992). The location, paleolatitude and paleodepth, and
lithology of the selected sites is given in Table 1 along
with the sampling resolution of this study.

For both Sr/Ca and minor element determinations,
bulk carbonate was analyzed. Bulk carbonate analysis
is ideal for the high resolution required by this study
because it facilitates rapid analysis of a large number
of samples and requires very little core material.
Using bulk carbonate rather than specific fractions
of the sediment may introduce additional sources of
variability in the record, both from changes in the
components of the sediments and from more
advanced alteration in some components. Changes
in the components of sediments are minimal since
calcareous nannofossils dominate carbonate in all
sediments. In addition, comparisons of stable isotopic
values of bulk carbonate and microfossil separates
shows that bulk carbonate accurately records isotopic
changes over Late Quaternary glacial cycles (Shack-
leton et al., 1993; Schrag et al., 1995).

Berriasian—Valanginian and Campanian—Maastrich-
tian age samples were crushed, weighed, dissolved in
1 N acetic acid, and centrifuged to separate the insoluble
residue. Sr concentrations of the dissolved carbonate
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fraction were determined by flame Atomic Absorption
Spectrometry on a Perkin Elmer model 3100 instrument
at Princeton University, with the addition of 2% LaCl as
aspectral releasing agent. Ca concentrations were deter-
mined from the fraction of insoluble residue, calculated
as CaCO,. Precision, as determined by analysis of repli-
cate pairs, is better than 2% (1 SD). Evaluation of clean-
ing procedures showed that ion exchange cleaning steps
had anegligible effect onthe variations in these samples.
Late Albian to Santonian samples from Spain and
Italy were drilled from land exposures. To minimize
interferences from cations adsorbed on noncarbonate
components, the precleaning procedure of Apitz
(1991) was utilized. Approximately 100 mg of sample
- powder was added to a centrifuge tube. The sample was
then shaken with 50 ml of reducing solution (25 g
NH,OH:HCI, 200 m! concentrated NH,OH, in 300 ml
distilled water) for 4—12 h at room temperature. The
reducing solution was aspirated off and the sample
‘was then shaken for 10 min with 50 ml of jon exchange
solution (1 M NH,OH), and this solution was aspirated
off. Finally, the sample was dissolved in 12 ml of 0.1 M

ammonium acetate-acetic acid buffer. Sr/Ca ratios for

these samples were determined using Inductively
Coupled Plasma Emission Spectroscopy on a Jobin-
Yvon simultaneous 46-P instrument at Harvard Univer-
sity with repeated analysis of a reference standard after
every 20 samples for drift correction. Precision averages
were 5% for Sr/Caratios (1 SD) from the Italian section,
due to interference of La added during sample prepara-
tion in anticipation of analysis via Atomic Adsorption.
Precision averages were 2% for S1/Ca ratios from the
Spanish section, prepared without addition of La.
Stable isotopic data for all samples were collected
on a gas source mass spectrometer at Princeton
University and Harvard University. Approximately
2 mg of bulk sediment was loaded into a stainless
steel capsule and placed in a drying oven for 48 h at
50°C. Samples were dissolved on line in a common
acid bath of orthophosphoric acid at 90°C. Precision

(1 s) averages were 0.07%o for oxygen and 0.05%o for
carbon.

2.2. Diagenetic alteration of Sr/Ca in carbonates

Quantitative studies on the fate of Sr in carbonate
during diagenesis permit us to assess the likely influ-
ence of diagenesis on our Sr/Ca records (e.g. Richter
and DePaolo, 1987, 1988; Richter and Liang, 1993;
Richter, 1996). The Sr content of primary biogenic
calcites is much higher than secondary equilibrium
abiogenic calcites, so diagenetic recrystallization
results in loss of Sr to porewaters. As sediments are
buried deeper than ~200 m, Sr loss is limited by the
slow rate of diffusion relative to burial and an equili-
brium is established between pore water Sr concentra-
tions and the Sr concentration of recrystallizing
carbonate. Consequently, Sr loss from sediments
occurs only during early burial stages and is typically
limited to 15-25% of the original Sr concentration at
the moderate to high sedimentation rates characteris-
tic of these Cretaceous sections (Richter and Liang,
1993). As long as sedimentation is continuous and
sediments from the same section have the same
recrystallization behavior, they will all lose compar-
able amounts of Str. While diagenesis will decrease the
mean Sr/Ca ratio of the sediments, primary variations
will be preserved, although partially attenuated. For
this study, we focus on variations in Sr/Ca ratios in
sediments and not on absolute values of St/Ca ratios.

Differential alteration of sediments within the
section may result in a potentially more problematic
consequence of diagenesis, the creation of high-
frequency Sr/Ca variations where none existed in
the primary sediment. Such differential alteration
would require variation in the character or reactivity
of the sediments, so that some sediments recrystallize
more rapidly, and hence to a greater extent, than adja-
cent sediments. Schlanger and Douglass (1974)
suggested that the reactivity, or diagenetic potential,

Fig. 1. Geochemistry of Berriasian—Valanginian sequences vs. sample depth. Crosses indicate all data points and triangles and circles are used
to track variations among sediments of limited CaCO; content as described in the text (circles, CaCOj; from 75 to 85% in 534A, 70-80% in
603B; triangles, CaCQ; from 65 to 75% in 534A, 60-70% in 603B). Significant trends in each panel are highlighted with thin lines: the positive
8'3C excursion starting at the nc2/nc3 boundary in both sites has been noted globally (Lini et al., 1992; Weissert et al., 1998); Sr/Ca begins to
increase in both sites slightly before 8'°C increase; small positive 8'30 excursions in the 534A record (just after ncl/nc2 and nc2/nc3
boundaries) cannot be distinguished in the 603B record due to lack of sample coverage at the appropriate intervals. Biostratigraphy from

Bralower et al., 1989 and age ties from timescale of Haq et al. (1987).
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Fig. 2. Correlation of St/Ca variations in Berriasian—Valanginian sequences. Correlation via 8"C as described in Stoll and Schrag (1996).
Triangles, from sites 534A, circles from 603B. Filled symbols, CaCO; 65-75% (60-70% for 603B), open symbols CaCO; 75-85% (70-80%

for 603B). Lines highlight increase in Sr/Ca around 126 Ma.

of carbonate sediments is likely to be controlled by the
relative contributions of different nanno- and micro-
fossil assemblages and CaCQj; content. Calculations
of recrystallization rate in recent sediments following
the method of Richter and Liang (1993) also show that
sediments with lower CaCOs; content recrystallize
much more slowly than sediments of high CaCOs
(Stoll, unpublished data). _ '
Where sediment lithology is very homogeneous,
such as the Contessa and Santa Ines sections, differ-
ential diagenesis is not likely to produce large artifacts
in Sr/Ca or stable isotopic records (see Stoll and
Schrag, 2000a, for a detailed analysis of diagenetic
effects on oxygen isotopes in this section). CaCOs
content is relatively constant in these sections and
variations in relative abundance of microfossils are
not correlated with stable isotopic variations (Stoll

and Schrag, 2000a). In other sites where lithology is
more variable, time series records of Sr/Ca may
contain small artifacts due to more extensive
recrystallization and Sr loss in CaCOsrich
sediments. To compare sediments that are likely to
have experienced a similar degree of diagenetic
alteration, we extracted Sr/Ca time series from a
subset of samples with a very narrow range (10%)
in CaCO; In this way, we reduced the probability
that trends in Sr/Ca ratios represent artifacts of differ-
ential diagenesis.

2.3. Variations in Sr/Ca of Cretaceous carbonates

The geochemical data for all samples are shown in
Figs. 1, 3 and 5, together with stable isotopic data,
magnetostratigraphy and biostratigraphy used as the

Fig. 3. Geochemistry of Albian—Santonian sequences vs. sample depth. For Contessa Quarry, data points represent 5 point running mean, for
Santa Ines data points represent a 3 point running mean. Due to uniform CaCO; content, time series records include all analyzed samples. The
oxygen isotope record is discussed in detail in Stoll and Schrag (2000a). Biostratigraphy for Italian section from Bottacione Gorge (4 km from
Contessa Quarry) of Premoli Silva and Sliter (1994). CaCO; for Bottacione Section from Arthur, 1979. Biostratigraphy of Santa Ines Section

from Aguado, 1994.
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Fig. 4. Comparison of Sr/Ca variations in correlated Albian—Santonian sequences from Contessa Quarry (right axis; data points 5 point running
mean) and Santa Ines section (left axis; data points 3 point running mean). Sites were correlated via biostratigraphy and 5'3C variations as

described in detail in Stoll and Schrag (2000a). The dashed box marks an

interval in the Santa Ines section which could not be characterized

biostratigraphically (Aguado, 1994), perhaps due to reworking, influx of shelf sediments, or other stratigraphic complexities.

basis for subsequent correlation of the sections
(shown in Figs. 2, 4 and 6). Numerical age assign-
ments for all tie points are based on the timescale of
Hagq et al. (1987). There is considerable discrepancy in
numeric ages for the Lower Cretaceous among the
different timescales. We selected the Haq et al. -
(1987) timescale to facilitate comparison with their
sequence stratigraphic sea level curve and not to
suggest that it represents the best or most current
absolute geochronological data (Figs. 1-6).

The most salient variations in carbonate St/Ca are
those of the Berriasian—Valanginian interval, when
Sr/Ca ratios in both sites ascend gradually by 80%
beginning around 126 Ma (Fig. 2). Very gradual
trends of Sr/Ca variations over several m.y. also char-
acterize Sr/Ca variations in the Albian—Santonian
record from the Contessa Quarry, although smaller
brief excursions are superimposed on these trends.
Both Contessa and Santa Ines records show Early

Cenomanian increases in Sr/Ca, but in Santa Ines,
Sr/Ca plateaus and drops sharply after the Cenoma-
nian/Turonian boundary whereas in the Contessa
record Sr/Ca remains high until the latest Turonian
(Fig. 4). This interval of poor agreement corresponds
to the interval which could not be characterized bios-
tratigraphically. In both records, St/Ca increases in
the Coniacian and Santonian with a synchronous
negative excursion around 87 Ma. The Campanian—
Maastrictian Sr/Ca records are characterized by multi-
ple rapid (<1 m.y.) oscillations in St/Ca, with a larger
magnitude positive excursion around 71 Ma (Fig. 6).
Some of the more rapid events appear to be repro-
duced in both sites, and in both sites the highest Sr/
Ca ratios occur at 71 Ma.

In the following sections, we investigate whether
these variations in carbonate Sr/Ca could be explained
by likely variations in seawater Si/Ca ratios or
changes in Sr partitioning in carbonates.

Fig. 5. Geochemistry of Campanian—Maastrichtian sequences vs. sample depth. Crosses indicate all data points and circles are used to track
variations among sediments of limited CaCO; content (80-90% in 762C; 65~75% in 516F) as described in the text. Thin lines highlight

pronounced increases in & 0 in 516F and less pronounced in 762C after

the middle of the C33N magnetochron which are consistent with a

Iong term cooling trend observed in foraminiferal 8 180 records (Barrera et al., 1997). Magnetostratigraphy for 762C from Galbrun, 1992, and
for 516F from Berggren et al., 1984. Nannofossil events in 762C from Bralower and Siesser, 1992.
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" Fig. 6. Comparison of St/Ca variations in correlated Campanian—Maastrichtian sequences (filled circles). Samples selected for minimum
limited CaCO, variation as shown in the lowest part of each figure (small diamonds). Magnetostratigraphic basis for correlation is shown at top
of figure. For Site 516F, youngest four data points are taken from Renard, 1986. Highest St/Ca is noted in both records around 71 Ma (indicated
by shaded boxes). Where there is tight magnetostratigraphic control of correlation, small positive excursions may correlate in the two records
(indicated by arrows). Thin dashed lines indicate possible correlation of St/Ca variations in the C33N interval where magnetostratigraphic

control is not tight.

3. Modeling likely variations in seawater Sr/Ca
ratios

3.1. Mechanisms for changing seawater Sr/Ca

Sr and Ca are added to the ocean via weathering of
continental crust and hydrothermal alteration of mid-
ocean ridge basalts, and removed from the ocean in
carbonate sediments in shallow shelf and deep ocean
settings. The Sr/Ca ratios of hydrothermal fluxes are
only about a factor of two larger than those derived
from continental weathering. However, modern
aragonite-dominated shelf carbonates have Sr/Ca
nearly six times higher than calcitic deep sea carbo-
nates. Consequently, the S1/Ca ratio of seawater is
sensitive to the proportion of carbonate removed in
aragonitic vs. calcitic sediments (e.g. Graham et al,,
1982; Turekian, 1963).

The large fractionation of Sr between shelf and
deep sea carbonates has other important consequences
for the Sr/Ca ratio of the ocean. When sea level drops,
shelf aragonite, exposed to meteoric waters, recrystal-
lizes rapidly to calcite and releases the majority of its
Sr while conserving Ca (Schlanger, 1988). This large
Sr influx produces a rapid increase in the Sr/Ca ratio
of seawater. In the Cretaceous, the Sr/Ca ratio of
seawater may have been a more sensitive indicator
of rapid sea level changes than today because of
higher overall rates of carbonate accumulation and
more extensive accumulation of shelf carbonates.
Both would increase the impact of shelf weathering.
on the Sr/Ca ratio of seawater. These combined effects
also reduced the residence time of Sr in the Cretac-
eous ocean, so that rapid changes in Sr fluxes would
produce higher amplitude responses in the seawater
Sr/Ca ratios. However, the dominance of calcitic
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Fig. 7. Likely variations in seawater St/Ca resulting from sea level changes, compared with measured carbonate Sr/Ca for Berriasian—
Valanginian (a), Albian—Santonian (b) and Campanian—Maastrichtian (c) intervals. Circle and triangle symbols in the upper portion of
each figure denote measured carbonate Sr/Ca (samples selected as in Figs. 2, 4 and 6). In (c) a composite Sr/Ca record for 516F and 762C
is shown. Modeled variations in seawater Sr/Ca for different sea level histories are shown by bold black and grey lines overlapping (a) and (c) or
below (b) the data. The sea level history used for each simulation is shown at the bottom of each figure with a matching line pattern (sea level
curves derived from sequence stratigraphic and stable isotope data, as detailed in Appendix B). For all figures, black line indicates model result
from sea level forcing of Haq et al. (1987). In (a) and (b) gray line denotes model result from sea level forcing from 8 180 records of DSDP 534A
and Contessa Quarry, respectively. In (c) grey line denotes model result from sea level forcing of Haq et al. (1987) including 50% reduction in
shelf accumulation during sea level regression. Percent variation in Sr/Ca was calculated as % difference from Sr/Ca ratios at 126.5, 96 and
76 Ma for Berriasian—Valanginian, Albian—Santonian, and Campanian—Maastrichtian, respectively.
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rudists in Upper Cretaceous shelf environments may
have decreased the amount of Sr available for recrys-
tallization during sea level falls,

Models offer several advantages over merely
comparing the timing of sea level changes and reef
crises events with Sr/Ca records. Because of the long
residence times of Sr and Ca in the ocean, the changes
in fluxes accompanying sea level changes and reef
crises do not produce instantaneous changes in
seawater Sr/Ca. Models illustrate the timing of the
ocean’s response to these changes. In addition, the
models predict the magnitude of changes in seawater
Sr/Ca in response to flux changes, subject, of course to
uncertainties in estimating model parameters.

3.2, Approach to modeling changes in Cretaceous
seawater Sr/Ca

‘We use a numerical model of the coupled Sr and Ca
budgets of the ocean to investigate whether changes in
fluxes may have produced the carbonate Sr/Ca varia-
tions during each of the studied time intervals. For
flux changes resulting from global sea level oscillations,
sequence stratigraphic sea level curves can be used to
- drive the model. For other flux changes, we take an
inverse approach, modeling the timing and magnitude
of flux changes needed to simulate the timing of Sr/Ca
variations observed in the carbonate record. By tracking
the Sr isotopic ratio of the ocean, we constrain the
magnitude of variations in hydrothermal and continental
weathering fluxes which can be invoked to explain
carbonate Sr/Ca variations. Finally, we simulate
changes in shelf vs. deep sea carbonate sedimentation
on seawater St/Ca and compare them with the record of
reef crises and platform drowning events.

The numerical model is based on one used to inves-
tigate the effect of Quaternary glacial sea level changes
-on Sr and Ca in seawater and is described in detail in
Stoll and Schrag (1998); Stoll et al. (1999). Here, we
modify the model to investigate long term St/Ca varia-
tions by including the effect of subsidence of shelf
carbonates (at an average rate of 10 m/my; Burke,

1979) and requiring that the carbonate budget balance
on timescales > 5000 years. Carbonate, Ca, Sr, and Sr
isotopic budgets are started in steady-state for each time
interval and remain balanced through CaCO; compen-
sation, whereby carbonate removal rate adjusts to main-
tain steady state with respect to carbonate inputs. The

parameterization of the Sr and Ca budgets for the
Cretaceous ocean, as well as the forcing functions
used for model simulations, are detailed in Appendices
A and B, respectively.

3.3. Variations resulting from sea level changes

We investigate whether temporal variations in the
St/Ca ratio of Berriasian—Valanginian, Campanian—
Maastrichtian, or sediments of either site in the
Albian—Santonian are consistent with those predicted
from other indicators of sea level change.

Modeled sea level variations during all intervals
produce up to 60% changes in seawater Sr/Ca ratios
which are comparable in magnitude to changes
observed in the Sr/Ca ratio of carbonates (Fig. 7).
Sea level variations driven by the sequence strati-
graphic sea level curve produce larger amplitudes of
Sr/Ca variation than those driven by oxygen isotopic
variations. For the Albian—Santonian, this is because
the 8'30 curve, although smoothed, contains many
more variations in sea level so that shelf aragonite
continuously recycles Sr to the ocean. In contrast,
with very infrequent sea level changes represented
by the sequence stratigraphic curve, Sr is effectively
sequestered in the shelf and large amounts are avail-
able for release during sea level falls. In the Berriasian
to Valanginian, the lower amplitude response is due to
two factors. First, since the sea level was scaled for a

total magnitude of 50 m, the individual sea level

regressions are lower in magnitude because they are
superimposed on long term sea level rise. Secondly,
the long-term sea level rise submerges previously
deposited shelf carbonates so less carbonate is avail-
able for weathering during sea level regressions. This
trend is equivalent to a fast subsidence rate.

While sea level changes can cause large variations
in the seawater Sr/Ca ratio, the timing and pattern of
predicted St/Ca variations agrees poorly with the
carbonate record. Only for the Campanian—Maas-
trichtian does the timing of model-predicted St/Ca
increases correspond well with the measured Sr/Ca
ratio increases at the 71 Ma event (Fig. 7¢), although
model-predicted flux variations cannot reproduce all
of the high frequency Sr/Ca variations. In the Albian—
Santonian, and perhaps Berriasian—Valanginian
where the timing of sea level events may be corrobo-
rated by stable isotopic evidence, it is surprising that
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Fig. 8. Variations in deep sea vs. shallow carbonate accumulation as a potential mechanism for carbonate Sr/Ca variations for the Berriasian—
Valanginian. Upper panel, carbonate Sr/Ca variation (symbols as in Fig. 2) and model simulated variation in seawater Sr/Ca (thick line).
Second panel shows variation in shelf accumulation rate (expressed as a fraction of the mean shelf accumulation rate) which most closely
reproduces the observed variation in carbonate Sr/Ca via changes in seawater St/Ca. This hypothetical variation in shelf accumulation rate is
compared with estimates of Tethyan and Caribbean reef history in the lower panels. Tethyan reef history from Masse and Philip (1981) with age
correlation via 8'°C study of Weissert et al. (1998). Caribbean reef history from Kauffman and Johnson, 1988. Brick patterns indicate reef

accumulation, horizontal lines indicate littoral sediment accumulation.

the St/Ca ratios of carbonates do not record the
model-predicted variations. Smaller sea level falls,
with superimposed higher frequency sea level oscilla-
tions, may have produced Sr/Ca variations which
were not as significant compared with other contribu-
tions to carbonate S1/Ca variations.

3.4. Variations resulting from changes in
hydrothermal and continental weathering fluxes

Changes in the relative contribution of hydrother-
mal and continental weathering fluxes affect only

slightly on the Sr/Ca ratio of seawater and cannot
account for the observed trends in carbonate Sr/Ca
ratios because there is little contrast between Sr/Ca
ratios of hydrothermal and continental weathering
fluxes. Most budgets indicate that the St/Ca ratio of
the hydrothermal flux is typically twice the Sr/Ca
ratio of the continental weathering flux (e.g. Palmer,
1992; Holland, 1984; Meybeck, 1988). Typical
changes in the hydrothermal flux can be inferred
from estimated ocean crustal generation rates from
the Cretaceous (Larson, 1991), since the hydrother-
mal Sr and Ca fluxes are probably a function of the
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Fig. 9. Variations in deep sea vs. shallow carbonate accumulation as a potential mechanism for carbonate Sr/Ca variations for the Albian—
Santonian. Upper panel, carbonate St/Ca variation in Contessa Quarry (thin line) and model simulated variation in seawater Sr/Ca (thick line).
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compared with estimates of Tethyan and Caribbean reef history in the lower panels. Reef history data as in Fig. 8 except age correlation of

Tethyan reef history from Kauffman and Johnson (1988).

hydrothermal fluid flux, which in turn probably
varies proportionally to the production rate of new
ocean crust. For example, the estimated 30%
increase in hydrothermal flux during the Berria-
sian—Valanginian results in less than 5% increase
in seawater St/Ca, assuming no change in shelf vs.
deep sea carbonate partitioning and constant conti-
nental weathering fluxes.

Additional variations in the continental weathering
flux (in excess of a factor of two) still produce <5%
variations in the Sr/Ca ratio of seawater although they
significantly affect its Sr isotopic ratio. Larger varia-

tions in the river flux would exceed the limited varia-
tions of the Sr isotopic ratio of seawater recorded in
carbonate sediments (Jones et al., 1994). Likewise,
since the Sr/Ca ratio varies by only a factor of 2-3
among different continental rock types (Meybeck,
1988), changes in the exposure and weathering rate
of different rock types change the Sr/Ca ratio of the
continental weathering flux only slightly. For exam-
ple, even a doubling of the relative Ca contribution
from igneous and metamorphic rocks, or a 50%
increase in the relative contribution from shale and
sandstone or evaporites, would change the Sr/Ca
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Fig. 10. Variations in deep sea vs. shallow carbonate accumulation as a potential mechanism for carbonate Sr/Ca variations for the Campanian-—
Maastrichtian. Upper panel, carbonate Sr/Ca variation in DSDP 762C (thin line with points) and model simulated variation in seawater Sr/Ca
(thick line). Second panel shows variation in shelf accumulation rate (expressed as a fraction of the mean shelf accumulation rate) which most
closely reproduces the observed variation in carbonate Sr/Ca through changes in seawater St/Ca. This hypothetical variation in shelf accu-
mulation rate is compared with estimates of Tethyan and Caribbean reef history in the lower panels. Data for lower panels as in Fig. 9.

ratio of the river flux by less than 20% and would not
significantly affect seawater Sr/Ca ratios.

3.5. Variations resulting from changing carbonate
accumulation in basin vs. shelf environments

Varying the fraction of carbonate removed in shelf
vs. deep sea environments can produce variations in
seawater Sr/Ca ratios which are comparable to those
observed in the carbonate Sr/Ca records, although
large changes in shelf accumulation rates are required.
In the Berriasian—Valanginian, a 160% decrease in
the shelf carbonate accumulation rate (relative to
mean accumulation rate) produces an 80% increase

in seawater S1/Ca over several million years (Fig. 8).
In the Upper Cretaceous, where shelf carbonates
consist of a mixture of aragonite and calcite, compar-
able variations in shelf accumulation rates produce
only 40% variations in seawater Sr/Ca (Figs. 9 and
10). For all intervals, these variations might account
for a significant portion of the variation in carbonate
seawater Sr/Ca ratios over periods of 1 Ma or more,
but cannot reproduce the higher frequency variations
due to the long residence times of Sr and Ca in the
ocean.

‘While it is difficult to assess whether the magnitude
of these variations in shelf accumulation rate is
reasonable, we can evaluate whether the timing of
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the required variations in shelf accumulation rate are
consistent with other data. Several factors may influ-
ence the proportion of carbonate accumulating in
shelf vs. deep sea environments, including imbalances
in the carbonate budget which are compensated by
changes in the carbonate compensation depth
(CCD), area of shelf habitat, and environmental
conditions in shelf habitats. The magnitude of changes
in the carbonate influx from continental weathering
and hydrothermal exchange is constrained by the
isotopic ratio of seawater to be no larger than a factor
of 2. If all of the changes in influx were compensated
via deep sea carbonate accumulation, the resulting
variations in the S1/Ca ratio of seawater would be
less than 10%, not sufficient to explain the variation
in carbonate St/Ca for any time period.

Short term changes in the area of shallow shelf
carbonate accumulation most likely result from sea
level changes, and the magnitude of the reduction
will depend on the coastal hypsometry at the time of
sea level fall. For example, including a 50% reduction
in the shelf carbonate accumulation rate during
Campanian—Maastrichtian sea level falls increases
the amplitude of Sr/Ca variations by 15% (Fig.
7(c)). However, as discussed above, the timing of
sea level falls corresponds poorly to Sr/Ca variations
during most intervals so basin/shelf fractionation due
to sea level falls is not likely to explain the observed
carbonate Sr/Ca variations.

The carbonate production of shelf organisms can
vary with factors other than the area of habitat within
a suitable depth range. For Cretaceous reef builders,
various ‘reef crisis’ have been described when carbo-
nate platform demise may result from changes in
temperature (Johnson et al., 1996), and nutrient levels
and turbidity (Weissert et al., 1998). The relative
timing of the Valanginian reef crisis in the Tethyan
is well constrained by the & BC excursion measured in
reef and deep sea carbonates (Weissert et al., 1998)
permitting precise correlation with our records. A
short burst of reef development in the Caribbean
also ends in the Middle Valanginian (Kauffman and
Johnson, 1988). While these decreases in reef carbo-
nate accumulation may in part explain ascending
carbonate Sr/Ca ratios, the decrease in reef carbonate
accumulations post-date the ascent in Sr/Ca ratios,
suggesting that other factors also contributed to the
ascent in carbonate Sr/Ca ratios (Fig. 8).

Agreement between modeled variations in shelf
carbonate production and observed reef accumulation
is variable during the Upper Cretaceous intervals and
is more difficult to assess because of uncertainties in
correlation. A reef crisis at the Cenomanian—Turonian
boundary in Tethyan sections corresponds with gener-
ally lower shelf accumulation rates required by the
model, although the Late Cenomanian demise of
reef carbonates postdates the decline required by the
model (Fig. 9). By the Campanian/Maastrichtian
interval, reef growth was sporadic in both the Tethys
and Caribbean. It is difficult to determine if the rapid
model-required variations in shelf accumulation rate
are consistent with reef history from 78 to 72 Ma (Fig.
10). However, the model-required decline in shelf
carbonate accumulation rate between 72 and 70 Ma
appears to be reflected in the cessation of reef accu-
mulation in both the Tethys and Caribbean.

3.6. Summary of modeling results

Rapid sea level falls may explain the overall
increases in Sr/Ca at 71 Ma and possibly 75 Ma, but
do not appear to explain the pattern of Sr/Ca variations
in either the Berriasian—Valanginian or Albjan—
Santonian intervals. Changes in the fraction of carbo-
nate sedimentation accumulated in shelf vs. deep sea
settings represent the most likely source of variations
in seawater Sr/Ca ratios which might explain some of
the observed variations in the Sr/Ca ratios of Cretac-
eous carbonates. In the Early Maastrichtian, Cenoma-
nian—Turonian boundary, and in the Valanginian, the
timing of some reef crises is consistent with increased
Sr/Ca ratios due to decreased shelf accumulation
rates. However, we cannot asses whether the magni-
tude of changes in shelf carbonate accumulation rates
is reasonable. Furthermore, basin-shelf fractionation
cannot explain all of the variations. In the Berria-
sian—Valanginian, where the timing of such events
is tightly constrained, reef crises postdate the begin-
ning of the ascent of Sr/Ca ratios and cannot be the
only cause of increasing Sr/Ca. In the Upper Creta-

" ceous, no flux changes can reproduce the rapidity of

some of the changes in carbonate Sr/Ca ratios. If the
timescale of the most rapid changes in carbonate St/
Ca is not biased by changing sedimentation rates and/
or diagenesis, then other factors must cause these
changes. We conclude that while sea level changes
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and basin-shelf fractionation likely contributed to
variation in seawater Sr/Ca ratios it was not the only
source, and probably not even the dominant source, of
variations in carbonate Sr/Ca.

4. Evaluating variations in Sr partitioning:
response to productivity changes?

4.1. Controls of Sr partitioning in modern nannofossil
carbonate

Since changes in Sr fluxes to the ocean-do not
appear to be able to explain the magnitude and time-
scale of many Sr/Ca variations in Cretaceous carbo-
nates, we consider how changes in Sr partitioning in
these carbonates may have been an important control
over their Sr/Ca ratios. All of the sediments studied
are dominated to a high degree by coccolith or calcar-
eous nannofossil carbonate (>90% of carbonate in
Contessa sediments is from coccoliths (Arthur,
1979); in 762C the percentage is also very high
(Exon et al., 1992). Recent studies indicate that across
modern upwelling systems, Sr partitioning in nanno-
fossil carbonate parallels variations in coccolitho-
phorid productivity, calcification, and growth rate

(Stoll and Schrag, 2000b; Stoll et al., 2000). Bulk.

carbonate Sr/Ca variations are driven by changing
coccolithophorid S1/Ca and higher contributions of

“coccolith carbonate (Sr/Ca 2—2.5 mmol/mol) relative

to foraminiferal carbonate (1.2-1.4 mmol/mol) in
areas of maximum upwelling intensity (Stoll and
Schrag, 2000b). Culture studies of a number of cocco-
lithophorid species also demonstrate increased Sr
partitioning with increased cell division rate and calci-
fication rate (Stoll et al., 2000; Rosenthal et al., 2000;

. Stoll et al., in review). Across upwelling systems and

in culture studies, St/Ca typically varies by 15-25%.
The magnitude of the temporal variations in Str/Ca of
Cretaceous sediments is a factor of 2 larger than
observed across the modern productivity gradients
in upwelling regions. Temporal changes in species
assemblages and a wider range in calcification rates
may cause larger amplitude variations.

4.2. Other indicators of productivity from microfossil
ecology

To evaluate the possibility that productivity

changes drove variations in Sr partitioning in Cretac-
eous carbonates, we compare Sr/Ca data with other
indicators of marine productivity. For the Upper
Cretaceous, Premoli-Silva and Sliter (1994) have
distinguished species of planktonic foraminifera
which likely followed life strategies of r-, K-, and
intermediate selection. K-selected taxa show specia-
lizations adapted to stable but difficult (resource-poor)
environments, whereas r-selected taxa are opportu-
nists adapted to rapid exploitation of resource-rich
environments (e.g. Guillard and Kilham, 1977;
Margalef, 1978). In the data of Premoli Silva and
Sliter (1994), the fractions of both r-selectors and
intermediate species are anticorrelated to the fractions
of k-selectors and are interpreted as representing high
productivity assemblage. We use the percent of r +
intermediate species as one indicator of productivity
changes in Upper Cretaceous sections. Ideally, we
would like to compare microfossil productivity
indices with Sr/Ca data from the same site. High-reso-
Iution planktonic. foraminiferal data for the Upper
Cretaceous of Gubbio (Premoli Silva and Sliter,
1994) overlap with our Albian to Santonian record
from the Contessa Quarry in Gubbio. However, we
are not aware of published microfossil census data
for any of the DSDP sites in this study. Data on %
r + intermediate were compiled for each biozone by
Premoli-Silva and Sliter (1994). To compare data at
higher temporal resolution, we additionally have -
calculated a % r +1 index for each sample level
from the species abundance data of Premoli-Silva
and Sliter (1994).

Indicators of calcareous nannoplankton productiv-
ity have also been studied in Cretaceous sediments.
Several groups have recognized a high fertility assem-
blage (consisting of Biscutum constans, Zygodiscus
(Zeugrhabdotus) elegans and Z. erectus, and D. igno-
tus (e.g. Roth and Krumbach, 1986; Premoli-Silva et
al., 1989; Watkins, 1989). Nannoconids have been

- distinguished as characteristic of oligotrophic to

mesotrophic environments, whereas W. barnesiae is
inferred to reflect high fertility surface waters (Tremo-
lada et al., 1999, 2000; Erba et al., 1994). Although
quantitative application of this scheme is difficult
since only a few species have been characterized
(whereas all species are characterized with the
foraminiferal r + intermediate index), we can exam-
ine changes in the abundance of high productivity
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Fig. 11. Relation of carbonate St/Ca with other indices of productivity for Upper Cretaceous, data averaged for each biozone. Comparison of
carbonate Sr/Ca with paleoecological productivity index (%r + I planktonic foraminifera, described in Section 4.2). (a) Data from Albian—
Santonian interval. Black squares, % 1 + I; grey squares, St/Ca data from Contessa Quarry; white squares, Sr/Ca data from Santa Ines. (b) Data
from Campanian—Maastrichtian interval, plotted at midpoint of biozone. Open squares, % r + I; filled circles, Sr/Ca data from DSDP 762C;
open circles, data from DSDP 516F. The timing of sea level regressions is indicated by shaded areas. For both panels, %r + 1 plantonic

foraminiferal index calculated by Premoli-Silva and Sliter (1994).
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assemblages. Detailed nannofossil data have been
compiled for the Santa Ines section in Spain (Aguado,
1994). Nannofossil data are also available for the
Campanian—Maastrichtian of Italian sections (Mone-
chi and Thierstein, 1985); however, many of the index
species for productivity are absent. Further studies of
nannofossil paleoecology in the latest Cretaceous are

probably needed in order to interpret productivity
changes from nannofossil assemblages. Detailed
work on the abundance of nannoconids and produc-
tivity changes for Lower Cretaceous sections in Italy
has been undertaken by Erba et al. (1994) and Tremo-
lada and Erba (2000) which we summarize and

" compare with our geochemical data.
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4.3. Comparing Upper Cretaceous carbonate Sr/Ca
with ecologic productivity indicators

For the Albian to Santonian where microfossil and
Sr/Ca data are both available for the Gubbio site, Sr/
Ca and the % r+1 index show broadly similar
patterns of variation (Fig. 11a). Both increase signifi-
cantly during the Cenomanian and decrease through
the Turonian and Coniacian, and are relatively stable
through the Lower Santonian. This similarity may
reflect generally synchronous productivity changes
in planktonic foraminifera and calcareous nannofos-
sils over this timescale, perhaps due to changes in
some factor that increased the overall productivity
of the environment. Because the Sr/Ca ratio of the
Santa Imes record differs from that of the Italian
section, it does not show as strong a correlation with
the % r + I index from the Italian site. In the Santa
Ines section of Spain, Sr/Ca ratios increase through

the Lower and Middle Cenomanian but decrease

earlier than the % r + I index from the Italian section.
It is possible that this divergence reflects differences
in the productivity between the two sites, a possibility
that we subsequently discuss in light of the nannofos-
sil-based productivity index for the Santa Ines section.
For the Campanian—Maastrichtian, the % r + I index
from Italy and Sr/Ca records from site S516F in the
South Atlantic and from 762C in the Indian Ocean
show similar increases from the Upper Campanian
through the Lower Maastrichtian (Fig. 11b). Two
biozones with opposing patterns in Sr/Ca and
%r +1 at 75 and 71 Ma correspond to sea level
regressions, and at 71 Ma to reduced reef accumula-
tion. Both of these factors may have contributed to
higher seawater St/Ca and hence higher carbonate St/
Ca relative to constant or decreasing productivity.
Comparing the data at higher resolutjon indicates that
in the Upper Albian—Santonian, there are broadly simi-
lar variations in foraminiferal paleoproductivity esti-
mates and Sir/Ca variations, as suggested by the
biozone averages (Fig. 12). Both records indicate high
productivity at the time of deposition of the black shales
of the Bonarelli Horizon (92.5 Ma). These and other
black shale events are believed to result from increased
fertility and concomitant production of organic matter
which produced sediment anoxia. Both microfossil
ecology and carbonate Sr/Ca suggest gradual, rather
than abrupt, increases in productivity leading up to the

black shales of the Bonarelli Horizon at 92.5 Ma.
Gradual productivity increases leading up to the deposi-
tion of analogous black shales of the Selli Horizon
(Aptian) have also been inferred from nannofossil ecol-
ogy (Tremolada and Erba, 2000).

The most prominent difference between Sr/Ca and
ecological productivity indices in the Gubbio section
is the earlier decline in productivity after the maxima
at the Cenomanian/Turonian boundary compared to
the much later decline in Sr/Ca in the Contessa
section. Foraminiferal productivity is also relatively
stable during the Coniacian and Santonian whereas
Sr/Ca increases in both Contessa and Santa Ines
records. These discrepancies cannot be readily
explained by changes in seawater Sr/Ca ratios due
to sea level changes, because the Turonian—Coniacian
sea level falls would increase Sr/Ca ratios during this
interval. One possibility is that Sr partitioning is also
affected by temperature, although temperature was
not the dominant control over Sr/Ca ratios in core
top samples across the equatorial upwelling zone
(Stoll and Schrag, 2000b). Interestingly, positive
excursions in the oxygen isotopic record of the
Contessa section at 95-94 and 89-90 Ma indicate
cooler temperatures which correspond to negative ‘
excursions in the foraminiféral productivity index
but not to negative excursions in Sr/Ca. An alternative
explanation for the discrepancies between foraminif-
eral productivity and Sr/Ca at shorter timescales is
that the productivity of planktonic foraminifera and
calcareous nannoplankton may be decoupled because
they may have different factors limiting their growth
rates.

For the Santa Ines section, high-fertility (nannofos-
sil) indicators Z. noellae, B. constans and D. ignotus
occur in the Albian to Cenomanian and then disappear
in the Upper Cenomanian. The disappearance of these
species coincides with the rapid drop in Sr/Ca ratios in
this section in the Upper Cenomanian (Fig. 12). This
may indicate that productivity variations were not
synchronous in the Santa Ines and Contessa sections
(or that stratigraphic complexities in the Santa Ines
section precludes correlation at high resolution).
However, increases in Sr/Ca in the Upper Turonian
and Lower Santonian are only matched by the return
of rare D. ignotous, although the stratigraphic ranges
of all three species extend beyond the Santonian.

Detailed comparisons of foraminiferal ecology and
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Sr/Ca for the Campanian—Maastrichtian show that
numerous small excursions in St/Ca may correspond
to excursions in the foraminiferal productivity index,
especially from 70.5 to 69 Ma (Fig. 13). Because the
correlation is imprecise during the C33N magneto-
chron, it is difficult to establish whether the small
variations in productivity and Sr/Ca correspond
during this time; for example, peaks at 73 Ma and
the minima between 72.5 and 72.0 may correspond.
At 71.5 Ma, Sr/Ca ratios ascend rapidly with little
change in the foraminiferal productivity index. This
increase may be due in part to increased seawater Sr/
Ca ratios due to the sea level regression and possibly
reef demise at this time. Differences may also result
from different ecological responses of calcareous
nannoplankton and foraminifera and from local
productivity variations, since the foraminiferal
productivity data are from the Tethys but the Sr/Ca

. data are from the South Atlantic and Indian Oceans.

4.4. Comparing Lower Cretaceous carbonate Sr/Ca
with ecologic productivity indicators

For the Berriasian—Valanginian time interval,

the abundance of oligotrophic nannoplankton (nanno-
conids) decreases and the abundance of high surface
water fertility assemblages (W. barnesiae) increases,
beginning 1-2m.y. prior to the initiation of the
positive 8C excursion (Tremolada and Erba,
2000). The timing of this hypothesized increase in
productivity of surface waters corresponds well with
the increase in Sr/Ca (Fig. 14). The 5'3C increase
itself has been interpreted as reflecting increased
surface water fertility (Weissert et al., 1998). Weis-
sert et al. (1998) argue that intensified volcanic
activity (Parana Flood Basalts) enhanced greenhouse
conditions and accelerated hydrological cycling,
leading to greater weathering and nutrient influx.
Higher nutrient flux is also supported by increased
P accumulation rates in sediments, and the timing of
the P increase also corresponds well to the Sr/Ca
increase (Fig. 14; Follmi, 1995). Consequently, the

" increased Sr/Ca ratio is likely to reflect increased Sr

partitioning, possibly due to faster growth rates of 1-
selecting calcareous nannofossils which would
thrive in higher productivity environments and
which tend to be growth-rate maximizing (Young,
1994).
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4.5. Summary of likely variations in Sr partitioning

Taken as a whole, these observations suggest that
- productivity-related influences on Sr partitioning in
carbonates is significant. Changes in surface nutrient
concentrations and nannoplankton ecology provide
the best temporal match to changes in carbonate Sr/
Ca ratios in the Valanginian. The nannoplankton
productivity record inferred from the Santa Ines
section provides the best explanation for the differ-
ences in Sr/Ca variations between the Albian—Santo-
nian records from Italy and Spain." The different
patterns of Sr/Ca variation in the Albian—Santonian
records cannot be due to changes in seawater Sr/Ca
ratios that are globally uniform. Overall patterns of St/
Ca variation correspond well to ecological productiv-
ity indices and models for black shale development in
the Albian—Santonian record at Gubbio. Furthermore,
some large and very rapid Sr/Ca variations in the
Early Maastrichtian records correspond with rapid
changes in the foraminiferal productivity index.
Such large rapid changes cannot be explained by
flux changes. Similarity between foraminiferal
productivity records in Italy and St/Ca records from
the Indian Ocean and South Atlantic ocean may

indicate that some of the Maastrichtian productivity
variations were global, perhaps tied to changes in
nutrient flux and thermohaline circulation (Barrera
et al., 1997).

5. Conclusions

High resolution Sr/Ca measurements on coccolith-
dominated pelagic carbonates of Berriasian—Valan-
ginian, Albian—Santonian, and Campanian—Maas-
trichtian age from DSDP sites and Tethyan land
sections indicate large variations (up to 80%) in Sr/
Ca both over long and short timescales. Models of
seawater Sr/Ca and compilation of ecological
productivity indices suggest that changes in Sr parti-
tioning, likely due to changes in calcareous nanno-
plankton productivity, are the dominant control over
varying carbonate St/Ca in these records. However,
model results indicate that sea level changes and reef
crisis events could produce significant variations in
seawater Sr/Ca through time. Fortunately, the infiu-
ence of sea level changes on seawater St/Ca (both
through reef weathering and reef crises) can often be
constrained from independent geological data, and



334 H.M. Stoll, D.P, Schrag / Palaeogeography, Palaeoclimatology, Palaeoecology 168 (2001) 311-336

isotopic ratio of the continental weathering flux has
probably not changed significantly from 140 to
40 Ma, since the long term trends in seawater Sr
isotopes can be well explained by the changing contri-
bution of hydrothermal and continental weathering
fluxes due changes in ocean crust production alone.
We begin each model simulation with the ¥’Sr/*Sr
ratio of the ocean equal to that measured in carbonates

(Jones et al., 1994), and set the proportion of Sr flux

from river and hydrothermal sources to be in steady
state with the ¥St/*Sr of the ocean. The proportion of
Ca flux from hydrothermal vs. continental weathering
is adjusted to maintain a constant factor of = 2 differ-
ence between Sr/Ca ratios of continental weathering
and hydrothermal sources.

Appendix B. Forcing models of seawater Sr/Ca
with Cretaceous sea level changes

Records of eustatic sea level changes from
sequence stratigraphy (Haq et al., 1987) are used to
drive the model for all time periods. One limitation is
the difficulty in precise correlation of the sequence
stratigraphy with our geochemical data, particularly
for the older time intervals. For the Berriasian—Valan-

ginian and Upper Albian—Santonian, the geochemical -

records must be correlated with the sea level curve via
biostratigraphy, which may have uncertainties of 1—
2 m.y. The correlation may be more accurate for the
Berriasian—Valanginian where magnetostratigraphy
improves the stratigraphic framework of the sea level
curve. For the Campanian—Maastrichtian intervals,
magnetostratigraphy provides a more precise correla-
tion with the sequence stratigraphic sea level curve.
For the Upper Albian—Santonian, the &30 record
from these sites may provide an alternative sea level
record without problems of correlation. In these sites,
the pattern of large positive excursions in 80, as
well as the periods of relatively stable &30, closely
resembles the pattern of sea level change in the
sequence stratigraphic record. Within the uncertainty
of biostratigraphic correlation, the largest positive
80 excursions correspond to major sea level regres-

sions in the stratigraphic sea level curve. We have -

previously demonstrated that these variations are not
likely to result from diagenesis and may indicate

glacioeustatic control of sea level (Stoll and Schrag,’

in press). Although the &30 record is likely to vary in
response to both temperature and sea level changes,
we assume that the relative contribution of each effect
remains constant throughout the record and that the
830 record thus approximately reproduces the timing
and relative magnitude of sea level changes, We drive
the model both with a smoothed & '®0 record from the
Contessa Quarry section and a smoothed composite
80 record from both sections. We also apply this
approach in the Berriasian—Valanginian, using a
smoothed 8'®0 record from site 534A which shows
two 830 excursions whose timing roughly coincides
with regressions in the sequence stratigraphic curve
(Hagq et al., 1987). For the Campanian~Maastrichtian,
oxygen isotopic data from our sites show trends which
do not appear to be related to sea level changes.
Although Barrera et al. (1997)identified a significant
positive excursion in oxygen isotopes between 71 and
70 Ma which corresponds to a sea level regression in
the sequence stratigraphic curve (Hagq et al., 1987), we
cannot discern this event in our record.

Although the timing of sea level change is set by
available records, the magnitude of the resulting

- response in seawater Sr/Ca is dependent on several

model parameter choices. Large magnitudes of the
sea level change, low rates of shelf subsidence, exten-
sive shelf aragonite recrystallization, and limited
dissolution of shelf carbonates maximize the ampli-
tude of Sr/Ca variations. We scale all sea level curves
to produce maximum sea level variations of 50 m, and
use a moderate subsidence rate of 10 m/my, assuming
that 70% of all aragonite recrystallizes within a
hundred thousand years of exposure and that the
dissolution flux of shelf carbonates is at most 30%
of the average carbonate accumulation rate during
maximum exposure (see Stoll and Schrag, 1998 for
a detailed discussion of these parameter choices).
Sensitivity experiments indicate that these parameter
choices produce conservative estimates of the effect
of sea level changes on seawater Sr/Ca, and that the
magnitude of the response may vary by a factor of two
for any given sea level forcing.
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