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Abstract

A total of 280 brachiopods of Ordovician to Cretaceous age, complemented by published data from belemnites and plank-
tonic foraminifera, are used to reconstruct the evolution of calcium isotope composition of seawater (844/ “OCagw) over the
Phanerozoic. The compiled 8**/*°Cagw record shows a general increase from ~1.3%c (NIST SRM 915a) at the beginning
of the Ordovician to ~2%o at present. Superimposed on this trend is a major long-term positive excursion from the Early
Carboniferous to Early Permian as well as several short-term, mostly negative, oscillations.

A numerical model of the global cycles of calcium, carbon, magnesium and strontium was used to estimate whether the
recorded 8***°Cagy variations can be explained by varying magnitudes of input and output fluxes of calcium to the oceans.
The model uses the record of marine ¥Sr/*°Sr ratios as proxy for seafloor spreading rates, a record of oceanic Mg/Ca ratios to
estimate rates of dolomite formation, and reconstructed atmospheric CO,, discharge and erosion rates to estimate continental
weathering fluxes.

The model results indicate that varying magnitudes of the calcium input and output fluxes cannot explain the observed
3*40Cagqw trends, suggesting that the isotope signatures of these fluxes must also have changed. As a possible mechanism
we suggest variable isotope fractionation in the sedimentary output flux controlled by the dominant mineralogy in marine
carbonate deposits, i.e. the oscillating ‘calcite-aragonite seas’. The ultimate control of the calcium isotope budget of the Phan-
erozoic oceans appears to have been tectonic processes, specifically variable rates of oceanic crust production that modulated
the hydrothermal calcium flux and the oceanic Mg/Ca ratio, which in turn controlled the dominant mineralogy of marine
carbonates, hence the 844/40Casw. As to the causes of the short-term oscillations recorded in the secular 844/40Casw trend,
we tentatively propose that these are related to variable rates of dolomite formation and/or to changing chemical composition
of the riverine flux, in particular Ca/HCO,~ and Ca/SO,>" ratios, induced by variable proportions of silicate vs. carbonate
weathering rates on the continents.
© 2007 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

One of the primary research interests of earth system sci-
ences is to constrain the chemical and isotope evolution of
the oceans over geological time, as processes that control
seawater chemistry also affect the composition of the atmo-
sphere that, in turn, modulates the Earth’s climate. The ma-
jor ion and isotope composition of seawater varied
significantly over the Phanerozoic, as suggested by the fluid
inclusion data of primary marine halite (Lowenstein et al.,
2001, 2003; Horita et al., 2002), by the elemental and iso-
tope compositions of marine skeletal carbonates (Veizer
et al., 1999; Dickson, 2002; Steuber and Veizer, 2002; Kam-
pschulte and Strauss, 2004), and by changing mineralogy of
marine carbonates and potash evaporites (Sandberg, 1983;
Hardie, 1996). The synchronous nature of these temporal
trends indicates that they may have been controlled by a
common causative mechanism (Horita et al., 2002), but as
yet there is no consensus as to the identity of this underlying
mechanism (Veizer and Mackenzie, 2003; Holland, 2005).

Two main contenders have been advocated as principal
drivers of chemical and isotope evolution of seawater dur-
ing the Phanerozoic. One group of explanations (Spencer
and Hardie, 1990; Hardie, 1996; Steuber and Veizer,
2002) regards plate tectonics as the ultimate driving force.
In this alternative, ocean chemistry varied mostly due to
variable seawater cycling rates via submarine hydrothermal
systems, which in turn are controlled by seafloor spreading
rates and by the total volume of mid-ocean ridges. An alter-
native, or complementary, hypothesis (Holland and Zim-
mermann, 2000; Zimmermann, 2000; Berner, 2004;
Holland, 2005) argues that seawater chemistry was largely
controlled by sedimentological factors, such as variable
rates of dolomite and/or gypsum (anhydrite) deposition,
with a possible although relatively minor contribution from
the submarine hydrothermal systems.

The relative importance of these causative factors can
potentially be resolved by novel analytical techniques, such
as the isotope systems of calcium and magnesium. The cal-
cium isotope record, based on marine skeletal carbonates,
has already proved to be a useful indicator of changing
intensity of oceanic calcium fluxes (Heuser et al., 2005),
particularly of their hydrothermal component (Farkas
et al., 2007).

In this study, we reconstruct the calcium isotope evolu-
tion of seawater (644/ “OCagw) during the Phanerozoic,
based on brachiopods as carrier phases and supplemented
by literature data from marine carbonates (Heuser et al.,
2005; Steuber and Buhl, 2006; Farkas et al., 2007) and
phosphates (Schmitt et al., 2003a; Soudry et al., 2004,
2006). This empirical Phanerozoic §*/40Cagqy record is sub-
sequently simulated by an expanded version of the numer-
ical model for coupled calcium/carbon/magnesium global
cycles (Hansen and Wallmann, 2003; Wallmann, 2004;
Heuser et al., 2005).

Our calcium isotope data represent the first continuous
54/ 4OCagw record for the Paleozoic and complemented by
literature data (De La Rocha and DePaolo, 2000; Schmitt
et al., 2003a; Soudry et al., 2004, 2006; Fantle and DePaolo,
2005, 2007; Heuser et al., 2005; Kasemann et al., 2005; Ste-

uber and Buhl, 2006; Farkas et al., 2007), this study pre-
sents the first &% “OCagw record across the entire
Phanerozoic.

2. MATERIALS AND METHODS
2.1. Materials

We analyzed calcium isotope composition of 280 bra-
chiopod shells of Ordovician to modern ages, thus covering
most of the Phanerozoic time span. The 54/ 40Cagw record
is based for the most part (~87%) on our brachiopod sam-
ples, but the Cenozoic, Cretaceous, and Middle/Late Juras-
sic portions are mostly constrained by literature data
(n=139).

Specifically, we measured §*/40Ca values of low-Mg cal-
cite that was sampled from the interior ‘secondary’ layer of
brachiopod shells. This layer is fairly resistant to post-depo-
sitional alteration (Veizer et al., 1999; Samtleben et al.,
2001). Most of these shells were previously analyzed for
their trace element (Sr, Mn, Fe) and isotope (*’Sr/*°Sr,
5'%0, 8'3C and 6348) compositions and were also screened
by cathodoluminescence (CL) and scanning electron
microscopy (SEM) in order to evaluate their state of pres-
ervation (Veizer et al., 1999; Samtleben et al., 2000, 2001;
Kampschulte and Strauss, 2004; Voigt et al., 2004; van
Geldern et al., 2006).

The samples for the present study were selected utilizing
the following textural and geochemical criteria: (i) the cal-
cite was non-luminescent and retained its original ultra-
structure; (ii) had high Sr/Mn ratio (Veizer, 1983); and
(iii) the lowest ¥’Sr/*®Sr among the coeval or stratigraphi-
cally close samples (Veizer et al., 1999). We adopted this ap-
proach because diagenetic alteration of marine carbonates
tends to increase their ®’Sr/*°Sr ratios while decreasing
Sr/Mn and induces typical yellow/orange luminescence
(Veizer, 1983; Veizer et al., 1999).

Brachiopods were collected in the USA (including San
Juan Island), Canada (including Anticosti Island), Great
Britain, Ireland, Germany, Sweden (including Gotland),
Belgium, Austria, Italy, Spain, Morocco, Lithuania, Lat-
via, Hungary, Ukraine, Russia, China and Australia.
Further details on location, stratigraphy and the addi-
tional geochemical data are available in Veizer et al.
(1999), Samtleben et al. (2000, 2001), Calner et al.
(2004), Voigt et al. (2004), Jeppsson et al. (2006) and
van Geldern et al. (2006). Based on the paleogeographic
reconstructions of Scotese et al. (1994) and Scotese
(1997) most of the samples originated from tropical to
subtropical regions, representing a paleolatitudinal range
from 30°N to 30°S.

The time scale used in our figures is from Harland
et al. (1990) to enable correlation with the previously pub-
lished datasets (Veizer et al., 1999) that were used as con-
trolling variables for our geochemical modeling. For ease
of comparison, we converted the numerical ages of Har-
land et al. (1990) also into the time scale of Gradstein
et al. (2004), using simple linear interpolation between
the stage boundaries (see Appendix, Tables EA-4 and
EA-5).
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2.2. Methods

2.2.1. Sample preparation and analytical methods

Powders composed of low-Mg calcite were sampled
using a micro-drill then weighed into a Teflon PFA (per-
fluoroaloxy) vial and ultrasonically cleaned in ultrapure
water (>18 MQ cm) for about 30 min. The cleaning proce-
dure was repeated at least twice. To remove the organic
matter causing isobaric interferences during the calcium
isotope analysis (Hippler et al., 2004; Bohm et al., 2006)
the powders were also ultrasonically cleaned with 30%
H,0, at Ottawa/Carleton. A mixture of HNO5;-H,0, was
added to the sample solution during spike addition at
IFM-GEOMAR as described in B6hm et al. (2006). These
solutions were evaporated to dryness at 80 °C and dissolved
in an adjusted volume of 2 N HCI. All chemicals used in
this study were of high purity with sub-ppb levels of metal
concentrations.

The calcium isotope measurements were performed on
Thermo Electron Triton TIMS thermal ionization mass
spectrometers in Ottawa, Canada (Carleton University)
and in Kiel, Germany (IFM-GEOMAR). The isotope com-
position was determined by a conventional double spiking
technique (Russell et al., 1978) using a **Ca/**Ca double
spike (Heuser et al., 2002). For the data reduction we used
an iterative algorithm of Heuser et al. (2002) with an expo-
nential term for the fractionation correction. This approach
allowed us to calculate the original “*Ca/*’Ca ratio of a
sample from the measured “°Ca/*Ca, **Ca/*®Ca and
4Ca/*Ca ratios (at Ottawa—Carleton) or *°Ca/*Ca and
*Ca/*Ca ratios (at IFM-GEOMAR) in a sample/spike
mixture and from the isotope composition of our **Ca/**Ca
double spike.

Analytical results are expressed as §*/40Ca values in per-
mil (%o) relative to the NIST SRM 915a CaCOj; standard,
using the following relation (Eisenhauer et al., 2004):
3*/%Ca = [(*Ca/*’Ca)sampic/(*Ca/**Ca)tandara — 11 1000.
The external precision for *#4°Ca is expressed as two stan-
dard deviations (4+20) determined by repeat measurements
from the same sample solution. The potential influence of
radiogenic *°Ca on measured §*40Ca was tested on se-
lected Devonian brachiopod samples and was found to be
negligible at the level of our analytical uncertainty,
40.15%o (for details see Section 2.2.3).

2.2.2. Ottawal Carleton: calcium isotope experimental
procedures

A total of 210 brachiopods (Ordovician, Silurian, Devo-
nian, Carboniferous, Permian, Triassic and modern) were
analyzed for their §*49Ca at Carleton University in the

Table 1

Isotope Geochemistry and Geochronology Research Cen-
tre (IGGRC). The analytical technique is based on the
method described in Farkas et al. (2007) with a few modifi-
cations adopted for the chemical preparation and data
acquisition. Specifically, we skipped the chromatographic
clean-up (see below), except for seawater, and introduced
a fully automated routine for the calcium isotope analysis
(see Appendix EA-1), which significantly increased the sam-
ple throughput allowing us to analyze up to 10 samples over
the course of 24 h.

Experimental testing on brachiopods with variable trace
element contents (Table 1) showed that chromatographic
clean-up on cation-exchange columns is not necessary for
relatively pure biogenic carbonates. The influence of car-
bonate matrix on measured 8**/*°Ca was investigated on
two aliquots of the same sample, one prepared by direct dis-
solution and the other passed through a cation-exchange
column filled with BioRad AG50W resin (Farkas et al.,
2007). The measured §*49Ca values of these two aliquots
were identical, within 4-0.15%., for all the cases (Table 1),
suggesting only a negligible or no influence of carbonate
matrix on measured 5*/4°Ca.

A brief description of this modified method is pre-
sented below. Weighed samples (~1000 pg of powdered
CaCOs;) were dissolved in 1000 uL of 2M HCI in a
PFA Teflon vial. From this solution 25 uL. (~10 pg Ca)
were pipetted into a new vial and mixed with 65 pL of a
Ca isotope double spike solution with “*Ca/*®Ca of
0.7221 4+ 0.0004 (20, n = 8) Farkas et al. (2007). As a re-
sult, the *°Ca/*®Ca ratio of a mixture was approximately
60, usually somewhere between 55 and 65. After the dou-
ble spiking, the mixture was evaporated to dryness and
redissolved in 10 pL of 5% HNOj;. From this solution
3 uL (3 ug Ca) were loaded as a nitrate on a zone-refined
Re ribbon of a double filament assembly. The sample
solution was dried at a filament current of 0.5 ampere
(A), heated at 1.5 A for 60 s and finally brought to dull
red at about 2.2 A for 30s.

In the mass spectrometer, the samples were heated to an
ionization temperature of about 1400 °C using an auto-
matic sequence with a built-in program for sample heating
(see Appendix EA-1, Table EA-1). The target ion beam
intensity for “°Ca signal was 130 pA (13,000 mV) and this
was usually reached within ~30 min. The sample heating
sequence was followed by an automated data acquisition
routine. The calcium isotope peaks (masses 40-48) were
measured in two steps, including 'K that was monitored
for possible isobaric interferences of “°K on *°Ca. An indi-
vidual measurement consisted of 108 cycles, 9 blocks of 12
cycles each, with an integration time of 16-s per cycle

The effect of chromatographic clean-up on measured 3**4°Ca of modern (Y342L) and fossil (Devonian: D176; Silurian: G68) brachiopods

Sample = Material Mg Sr Fe

Direct dissolution (Ca fraction + matrix)

Chromatography® (Ca fraction only)

(wt%)  (ppm)  (ppm)

3*4Ca (%0) (20)°

§*49Ca (%o) (20)°

Y342L Brachiopod  0.15 1085 6 1.054+0.01
D176 Brachiopod  0.58 592 1954 0.73 +0.07
G68 Brachiopod  0.20 2042 — 0.48 +0.03

1.07 £ 0.01
0.75 4+ 0.04
0.54 +0.08

* Samples were passed through cation-exchange micro-columns filled with BioRad AG50W resin.
® External precision was determined as 2o from two measurements of the same sample solution.
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followed by a 3-s waiting time. Defocused baselines mea-
surements were collected for 30 s at the beginning of each
block. A total analytical time of this fully automated rou-
tine was about 150 min per sample (30 min for the heating
plus 120 min for the data acquisition).

The external precision of §*/40Ca, as determined by the
repeat analysis of NIST SRM 915a over a period of 6
months, was £0.13%0 (20, n = 30) with a mean **Ca/*°Ca
ratio of 0.021538 £ 0.000003 (20), the latter value was also
used as a normalizing ratio for §**/49Ca. The measured 5*/
40Ca (NIST SRM 915a) value of IAPSO seawater yielded
1.86 £ 0.20%0 (20, n =5), in agreement with the published
value of 1.88 + 0.04%. (Hippler et al., 2003). The total pro-
cedural Ca blank was consistently below 15ng of the
loaded 3 pg, i.e. less than 1%.

2.2.3. IFM-GEOMAR: calcium isotope experimental
procedures

The calcium isotope analyses of 70 brachiopods (Silu-
rian, Devonian and Cretaceous) were performed at the
mass spectrometer facilities of the IFM-GEOMAR (Leib-
niz Institute of Marine Sciences) in Kiel, Germany, follow-
ing the method described in Heuser et al. (2002) and B6hm
et al. (2006).

Briefly, sample powders were dissolved in 2N HCI,
evaporated and redissolved so the concentration of calcium
in a solution would be ~0.15 pg per pL. From this solution,
~0.3 pg of Ca was spiked with 10 pL of a *Ca/*®Ca double
spike, evaporated to dryness, and loaded with 2 N HCI and
a TaCls activator on a single zone-refined Re filament.
Sample filaments were heated to a temperature of
~1500 °C, corresponding to a filament current of about
3A and a “°Ca signal intensity of about 40pA
(4000 mV). The heating procedure typically lasted 40 min.
Data were collected in dynamic mode with *°Ca, **Ca,
$Ca and **Ca peaks measured in the first cycle, and
*3Ca, *Ca and *®Ca in the second cycle. The intensity of
“Ca during the measurement was 40-50 pA (4000—
5000 mV). Data were acquired for about 50 min (7 blocks
of 22 cycles each).

J. Farkas et al. / Geochimica et Cosmochimica Acta 71 (2007) 5117-5134

Typical external precision for *4Ca was £0.1%0 (20)
and the long-term (4 years) mean for **Ca/*°Ca of SRM
915a is 0.021182 + 0.000006 (20, n = 289). The 5***°Ca va-
lue of IAPSO seawater, normalized to SRM 915a, showed
heavy isotope enrichment of 1.89 +0.1%0 (2a, n=20).
The long-term (2 years) mean **Ca/*’Ca ratio of IAPSO
was measured as 0.021222 + 0.000008 (20, n = 20). Total
Ca blanks were less than 2 ng of the loaded 300 ng, i.e. less
than 1%.

We observed a minor but consistent inter-laboratory
bias where the §**4°Ca values measured at IFM-GEO-
MAR are about 0.15%0 lighter compared to data acquired
at Ottawa/Carleton (Fig. 1), thus all data measured at
IFM-GEOMAR were adjusted by adding 0.15%o. This off-
set is most likely a consequence of different loading tech-
niques used in the above laboratories (double filament
and HNO; vs. single filament and TaCls).

For the determination of radiogenic *’Ca about 1 pgof Ca
was prepared and loaded on a single zone-refined Re filament
as described above, however without addition of a double
spike. Sample filaments were heated to about 1550 °C corre-
sponding to a *°Ca signal intensity of about 100 pA (10 V).
Data for masses “°Ca, **Ca and **Ca were collected in static
mode. The measured *°Ca/**Ca ratios were corrected for
mass fractionation to a **Ca/**Ca value of 0.31221 (DePaolo,
2004) using an exponential fractionation law. Data were ac-
quired for up to 75 min (20 blocks of 20 cycles each). In some
runs acquisition was stopped when the standard error of the
40Ca/*Ca ratios became smaller than 0.002.

We found an average *°Ca/**Ca for modern marine skel-
etal carbonates (corals and sclerosponges) of 47.163 + 0.01
(26, n="). This value is not significantly different (ANO-
VA, p=0.15) from the average Devonian/Silurian ratio
of 47.159 +0.01 (20, n=9), measured on brachiopods
from the Wenlock, Ludlow, Lochkovian, Emsian, Eifelian,
Givetian, Frasnian (2 specimens), and Famennian. Both
40Ca/*Ca values agree with the modern marine carbonate
(Tridacna) value of 47.168 £ 0.01 determined by Nelson
and McCulloch (1989), and the MORB ratios of
47.155 £ 0.001 and 47.168 4 0.009 of Kreissig and Elliott

Silurian Devonian Modern
Sheinwoodian | Homerian I Ludfordian Frasn./Famenn.
® GEOMAR [
O Ottawa
0.5 - 8 o 12
o ©
3 g o 0 o
> i L o
e 8 6 8 =
0 ®
=z z
Z 03 8 M 8 L1.0 %5
& 8 ° £
; 26 [ ©
S - ° R S
% $ o
0.1 1 0.8
T T T T T
429+2 425+2 410£2 366+2 0 Ma
Age (Ma)

Fig. 1. Measured §*40Cq values of coeval, Silurian, Devonian and modern brachiopods as determined at IFM-GEOMAR (black circles) and
Ottawa/Carleton (open circles) laboratories. Error bar represents the average 26 of £0.15%c. The samples of modern brachiopods
(Terebratalia transversa) were collected from San Juan Island, NW Pacific (cf. Tomasovych, 2004; Gussone et al., 2005; Farkas et al., 2007).
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(2005) and Nelson and McCulloch (1989), respectively.
This confirms the conclusion of the latter study, that mod-
ern seawater has a radiogenic Ca excess that is indistin-
guishable from the mantle (MORB) signature. Our Early
Paleozoic **Ca/**Ca ratio indicates that this was also the
case in the early Phanerozoic.

3. RESULTS

The measured §*/*°Ca values of brachiopods (see
Appendix, Table EA-4), complemented by literature data
(Table EA-5), are plotted as a function of time in Fig. 2.
The Phanerozoic 8**°Ca record of marine carbonates
(n =419) and phosphates (n = 22) exhibits a temporal var-
iation with a magnitude of about 2%o, from —0.5%¢ to
1.5%o. Overall, the compiled §*/40Ca dataset defines a ris-
ing trend, from ~0.4%. at the beginning of the Ordovician
to ~1%o at present, with a major positive excursion at the
Carboniferous/Permian transition and a substantial scatter,
up to ~2%o, during the Cretaceous. In addition, there are
indications of several, mostly negative, short-term oscilla-
tion superimposed on the general rising trend.

@ This study (brachiopods)

& Literature (carbonates)

+ Literature (phosphates)

4. DISCUSSION

While the §*4°Ca of marine carbonates and phosphates
are assumed to reflect primarily the isotope composition of
seawater (De La Rocha and DePaolo, 2000; Schmitt et al.,
2003a; Heuser et al., 2005), ambient temperature (Négler
et al., 2000; Hippler et al., 2002; Gussone et al., 2004), min-
eralogy of precipitates (Gussone et al., 2005) and kinetics
(Lemarchand et al., 2004; Gussone et al., 2005) also play
a role. In order to reconstruct the calcium isotope compo-
sition of Phanerozoic seawater it is essential to know the
isotope fractionation factor (occ/sw) between seawater
and the recording phase (e.g. brachiopod calcite) as well
as its dependence on temperature.

4.1. Fractionation factors (¢cc;sw) and their sensitivity to
temperature

The compiled §*4Ca dataset comprises samples with
either calcitic or phosphatic mineralogies, the former in-
cludes brachiopods, belemnites, foraminifera and rudists,
and the latter marine authigenic phosphates.
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Fig. 2. Measured 3*/40Ca values of Phanerozoic brachiopods (grey circles, n = 280; this study), complemented by literature data from marine
carbonates (open diamonds, n = 139) and authigenic phosphates (black crosses, n = 22). The literature data are from the following sources:
Heuser et al. (2005), Steuber and Buhl (2006), Farkas et al. (2007), Schmitt et al. (2003a) and Soudry et al. (2004). Time scale from Harland

et al. (1990).
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Fig. 3. Left panel: §*49Cq of modern brachiopod calcite as a function of seawater temperature (data from Gussone et al., 2005). Solid/
dashed horizontal lines represent the calcium isotope composition of modern seawater of 1.88%c. and the gray bands indicate the 2¢
uncertainty of +0.04%0 (Hippler et al., 2003). Right panel: calcium isotope fractionation factors (occ sw) between seawater (SW) and the
following solid phases (CC): skeletal calcite of brachiopods, foraminifera (Heuser et al., 2005), belemnites (Farkas et al., 2007), bivalves
(Steuber and Buhl, 2006) and marine phosphates (Schmitt et al., 2003a).

The fractionation factor, acc/sw, can be calculated from
the calcium isotope composition of seawater and the corre-
sponding recording phase using the following relation:

tccisw = (8%Cace +1000) /(8% Casy + 1000) (1)

where 5 “OCacc and 54/ OCagw represent the calcium iso-
tope compositions of the recording phase and seawater,
respectively (Heuser et al., 2005).

For brachiopods, the fractionation factor was deter-
mined on modern specimens (Terebratalia, Thecidellina,
Waltonia sp.) and these yielded the mean occ/sw of
~0.99915 and a weak temperature dependency of
~0.014%0 °C~! (Fig. 3) (Gussone et al., 2005; see also Far-
kas et al., 2007). For belemnites, we used occ/sw of
~0.99860 (Fig. 3) inferred from samples of coeval Late
Jurassic belemnites (Hibolites sp.) and brachiopods
(Lacunosella sp.) that were collected from the same strati-
graphic horizons (cf. Farkas et al., 2007). The temperature
sensitivity of belemnite §*4Ca is assumed to be weak,
likely <0.02%0 °C~", judging from the statistically insignifi-
cant correlation between 5*/*°Ca and 5'%0 of belemnite
calcite (Farkas et al., 2007). For foraminifera, the occ/sw
was calculated from modern, or the most recent, planktonic
foraminifers (Globigerinoides tribolus, Globigerina bulloides)
that yielded the mean acc/sw of ~0.99905 and a weak
644/40Ca-temperature gradient of <0.02%,°C~"' (Gussone
et al., 2003; Heuser et al., 2005). For rudist bivalves, the
fractionation factor has not yet been constrained experi-
mentally and we therefore adopted occ/sw of modern oys-
ters (Ostrea sp.) of ~0.99850 (Steuber and Buhl, 2006). The
sensitivity of rudist §*4Ca to temperature is expected to
be high, possibly up to 0.25%0°C~! (Immenhauser et al.,
2005; see, however, discussion in Steuber and Buhl, 2006),
which may result in significantly larger scatter and uncer-
tainty for the reconstructed calcium isotope composition
of Cretaceous seawater.

For marine phosphates, the occ/sw is assumed to be
close to 0.9991 based on the analysis of a Pleistocene

(0.5 Ma) sample (Schmitt et al., 2003a). This value, how-
ever, should be taken with caution because marine authi-
genic phosphates are products of early diagenesis, and
thus calcium used for their formation originates not only
from seawater but also from the dissolution of carbonates
in the sediment (Soudry et al., 2004). The latter have signif-
icantly lighter & 4740y compared to seawater. The
54/ 40Ca-temperature gradient of phosphates is considered
to be weak, likely less than 0.02%°C~", as indicated by
poor correlation between §*4°Ca and 5'*0 of Miocene
phosphates (Schmitt et al., 2003a).

A summary showing the calcium isotope fractionation
factors, acc/sw, for the above mentioned recording phases,
with the corresponding §**/*°Ca-temperature gradients, is
presented in Table 2.

Table 2

The calcium isotope fractionation factors between seawater and
skeletal calcite (occ/sw) of brachiopods, belemnites, foraminifera
and bivalves as well as marine authigenic phosphates

Material/ accisw  10001n §*/40Ca-

recording phase (tccy/sw)  temperature
(%o) gradient (%0 °C ")

Brachiopods 0.99915* —0.85 <0.015

Belemnites 0.99860° —1.40 <0.020

Foraminifera 0.99906° —0.94 <0.020

(G. tribolus)

Bivalves: oysters 0.99850¢ —1.50 ~0.250"

(rudists)

Authigenic 0.99910° —0.90 <0.020

phosphates

% Gussone et al. (2005) and Farkas et al. (2007).

® Farkas et al. (2007).

¢ Heuser et al. (2005).

4 Steuber and Buhl (2006).

¢ Schmitt et al. (2003a).

f Based on data of rudist bivalve (Vaccinites sp.) of Inmenhauser
et al. (2005).
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4.2. Reconstruction of calcium isotope composition of
Phanerozoic seawater

The calcium isotope composition of paleo-seawater was
calculated from the compiled §*/4Ca dataset of marine
carbonates and phosphates (Fig. 2) and the corresponding
fractionation factors acc/sw (Table 2), using Eq. (1). The
reconstructed Phanerozoic 5/ “OCagw curve (Fig. 4) exhib-
its an increasing trend from about 1.3%o at the beginning of
the Ordovician to about 2%o at present. Superimposed on
this overall trend is a major long-term (~70 Ma) positive
excursion, from the Early Carboniferous to Early Permian,
and several, mostly negative, short-term excursions with a
typical duration on the order of 5-10 Ma.

In general, the secular %/ 4OCagw trend exhibits a rather
uniform scatter of about +0.25%o., except for the Late Cre-
taceous where 644/4°Ca5w data spread is from ~0.7%o to
2.2%c. The predominant scatter of +0.25%o likely results
from a combination of several variables such as: (i) the
external reproducibility of our measurements of +0.15%;
(ii) the effect of temperature on the calcium isotope compo-

sition of skeletal calcite of about 0.02%0 °C~'; (iii) minor
enrichments in radiogenic *’Ca of less than 0.2%. (DePaolo,
2004); and in some cases we cannot exclude the possibility
that the calcium isotope composition of the samples has
been compromised by post-depositional processes.

To smooth natural fluctuations observed in the experi-
mental 644/40Casw record we applied a moving average
filter with a 10 point window to illustrate the secular
644/40Casw trend for most of the Paleozoic and parts of
the Mesozoic and Cenozoic (Fig. 5). Note, however, that
the phosphate data were excluded from this exercise, as
inclusion of the phosphate data generates a significantly dif-
ferent 5 “OCagyw record during the Cretaceous, which will
be discussed below. We have also examined other scenarios
where the smoothing was calculated using a 3-, 5-, 15- and
25-point averaging window, yet it was found that the
overall 3*¥4°Cagyy trends do not change much with varying
resolution (for details see the auxiliary material, Fig. EA-1).

The statistical filtering confirmed a presence of several
higher-order oscillations with a typical magnitude of about
0.4%0 and duration of 5-10 Ma that are superimposed on
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Fig. 4. The compilation of our and literature data (n = 419) showing the reconstructed calcium isotope evolution of Phanerozoic seawater
(844/ “OCagw) based on data of brachiopods (open circles), belemnites (open diamonds), rudists (open squares), foraminifera (open triangles)
and marine phosphates (crosses). The §*40Cagw trend was calculated using the following fractionation factors (xcc/sw): brachio-
pods = 0.99915; belemnites = 0.99860; rudists = 0.99850; foraminifera = 0.99905; and phosphates = 0.99910. Time scale from Harland et al.

(1990).
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Fig. 5. Smoothed Phanerozoic §*4Cagwy trend based only on data of marine skeletal carbonates (7 = 397). The moving average trend (solid
line) is calculated using a 10-point smoothing window. The dark and light bands around the moving average trend represent 68% (£10) and
95% (+20) confidence intervals, respectively. Time scale from Harland et al. (1990).

the overall 5*¥#°Cagy, trend (Fig. 5). There are indications
of several short-term positive peaks, the most apparent in
the Middle Ordovician, Middle/Late Devonian and Late
Permian (Fig. 5). The negative excursions are however
much more common and the most pronounced are docu-
mented in the Middle Silurian, Late Devonian, Early Car-
boniferous, Late Jurassic, Early/Late Cretaceous and
Neogene (Fig. 5). The magnitudes of these short-term
excursions vary from less than ~0.2, (e.g. Middle Silurian)
up to more than ~0.5%0 (e.g. Early Carboniferous). Note
that these values represent minimal estimates as they are de-
rived from the smoothed dataset (Fig. 5).

Taking the Carboniferous 34/ “OCagyw trend as an exam-
ple, the approximate duration and magnitude of the short-
term excursions can be constrained (Fig. 6). The calcium
isotope composition of Early Carboniferous (Mississip-
pian) seawater, based on 60 brachiopod samples, exhibits
a gradually increasing trend from the Early Tournaisian
3*40Cagyw of ~1.3%0 to Late Serpukhovian values of
~1.75%o. Superimposed on this trend are two pronounced
short-term negative excursions with §*/*Cagw minima
dated at ~352Ma (Tournaisian/Visean) and ~334 Ma

(Visean/Serpukhovian). The approximate duration of these
excursions is about 10 + 2 Ma and the magnitudes are up
to 0.7%o, the latter estimate based on the original (non-
smoothed) 3*49Cagyy dataset. The calcium isotope compo-
sition of the Late Carboniferous (Pennsylvanian) seawater
is based on a much smaller dataset (n = 23) and it shows
a rather constant 5*/ “OCagw trend with a mean of ~1.7%o.

4.3. Causes and implications of secular variations in
Phanerozoic §**#*’Cagyy record

4.3.1. Global calcium cycle from isotope perspective

The & “OCagw value of the modern ocean of
1.88 + 0.1%o is globally homogeneous and independent of
depth (Schmitt et al., 2001; Hippler et al., 2003), as expected
from the long residence time of calcium in seawater, ~1
Ma, compared to the average mixing time of the ocean of
~1500 years (Broecker and Peng, 1982).

The average §*4°Ca of the primary source of calcium to
the ocean, the continental river flux, is not accurately
known but it is assumed to be close to 0.8 £ 0.2%0 (Zhu
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and Macdougall, 1998; Schmitt et al., 2003b; Heuser et al.,
2005; Tipper et al., 2006). For smaller catchments, however,
this value may vary significantly, from 0.5%¢ to 1%o (Sch-
mitt et al., 2003b; Wiegand et al., 2005), depending on the
net effect of biogeochemical processes, such as downstream
precipitation of carbonates (Tipper et al., 2006) and/or
recycling of soil calcium by vegetation (Schmitt et al.,
2003b; Wiegand et al., 2005). The isotope signature of cal-
cium supplied to the ocean by hydrothermal solutions at
mid-ocean ridges is estimated to be close to ~0.9 £ 0.2%0
(Schmitt et al., 2003b; Amini et al., 2006) and is not ex-
pected to change with time. The low-temperature diffuse
calcium flux at mid-ocean ridges is likely more depleted in
44Ca than the discrete high-temperature flux, due to redisso-
lution of isotopically light hydrothermal anhydrite. Mass
balance considerations point to a general hydrothermal
5*/%0Ca of about 0.7%o (Berner and Berner, 1996; Amini
et al., 2006). Calcium released to the ocean during the
dolomitization of marine carbonates is expected to be
significantly lighter, with the mean §*4Ca of about

0.3 =+ 0.2%0 (Artemov et al., 1967; Bohm et al., 2005; Heus-
er et al., 2005).

The major sink for the oceanic calcium, neritic and pela-
gic carbonate sedimentation, has 3*4Ca uniform at
~0.95 4+ 0.3%0 for calcite (DePaolo, 2004; Gussone et al.,
2005; Heuser et al., 2005), at ~0.4 + 0.2%0 for aragonite
(B6hm et al., 2002; Gussone et al., 2003, 2005), and around
0.7 + 0.2%0 for mineralization characterized by biological
fractionation, e.g. in coccoliths and corals (Béhm et al.,
2006; Gussone et al., 2006). The 5*/40Ca of marine carbon-
ates is also dependent on temperature (Négler et al., 2000;
Hippler et al., 2002) and carbonate ion concentration in
the surface ocean (Lemarchand et al., 2004; Gussone
et al., 2005), nevertheless, modern biogenic carbonates exhi-
bit only a weak sensitivity to these variables (Gussone et al.,
2003, 2005; DePaolo, 2004; Heuser et al., 2005).

The isotope composition of marine evaporites, specifi-
cally gypsum and anhydrite, is very variable with values
ranging from 0.2%o to 1.7%o, which is likely due to Rayleigh
fractionation associated with rapid precipitation (Hensley,
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2006). However, gypsum formed in marginal marine basins
or salt-pans shows only little isotope fractionation with re-
spect to the dissolved calcium in seawater (1.88%0) (Yang
et al., 2006) and therefore we assume the upper limit of
the measured values (1.7%o) to be the most representative
for marine evaporites. Anhydrites formed during the hydro-
thermal alteration of oceanic crust have generally lighter
signatures of —0.5%o to 0.7%o, because they are precipitated
from hydrothermal fluids with low 3*/4°Ca values (Hens-
ley, 2000).

Based on the above isotope compositions of the major
sources and sinks of calcium to the modern ocean, and their
corresponding fluxes (cf. Wallmann, 2001; DePaolo, 2004),
the present-day seawater is close to steady state with respect
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to calcium isotopes and concentrations (Hardie, 1996; Sku-
lan et al., 1997; De La Rocha and DePaolo, 2000; Schmitt
et al., 2003b; Berner, 2004), which however was not always
the case in geological history.

4.3.2. Simulating Phanerozoic evolution of seawater calcium
isotope composition (5***’Cagy) and concentrations

To simulate the Phanerozoic evolution of calcium sea-
water concentrations and isotope composition we used a
model of coupled calcium/carbon/magnesium global cycles
(Wallmann, 2001, 2004; Hansen and Wallmann, 2003;
Heuser et al., 2005). The model uses the Phanerozoic
87Sr/3%Sr record of Veizer et al. (1999) to calculate seafloor
spreading and subduction rates (Wallmann, 2004).
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Fig. 7. Calcium fluxes applied in the model (in Tmol Ca yr ). Fy©: hydrothermal Ca input into the ocean; Fy,-*: Ca released during
carbonate weathering; Fy,s©: Ca released via silicate weathering; Fy,;*: Ca released during evaporite weathering; Fpo; o*: Ca released
during dolomitization of marine carbonates; F,; 1“*: seawater Ca removed from the ocean during the alteration of oceanic crust; Fpo:
seawater Ca fixed in carbonates deposited on the continental shelf; Fp,“*: seawater Ca fixed in pelagic carbonates; Fy;“*: seawater Ca fixed
in marine evaporites. The corresponding equations for individual fluxes of calcium are available in Appendix EA-2 (Table EA-2).
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Dolomite formation rates are calculated from the record of
oceanic Mg/Ca ratios (Lowenstein et al., 2001; Horita et al.,
2002; Ries, 2004; Steuber and Rauch, 2005). The model is
described in detail in the auxiliary material (see Appendix
EA-2).

For the mass balance of the oceanic calcium cycle the
model considers release of calcium into the oceans through
hydrothermal circulation at mid-ocean ridges (Fjy©),
dolomitization of carbonates deposited on the continental
shelf (Fpo o) and via continental weathering of carbon-
ate (Fy©), silicate (Fy“*) and evaporite (Fy,*) rocks.
Calcium is removed from seawater through carbonate bur-
ial on the continental shelf (Fp. ), pelagic carbonate
deposition at the deep-sea floor (Fy,*), evaporite accu-
mulation (Fy“") and the low-temperature alteration of
oceanic crust (F,; ;). All of these fluxes are considered
in the model

dCa
dr = FHYCa + FDOLoCa + FWCCa + 1:Wsca + FWECa
- FBCPCa - FBCSCa - FBEca - FALTCa (2)

The magnitudes (in Tmol of Ca yr—!) of input and out-
put fluxes of calcium to the ocean applied in the model are
presented in Fig. 7. The corresponding equations for the
calculation of individual calcium fluxes are available in
Appendix EA-2 (Table EA-2) (see also Wallmann, 2001).

For the isotope model of the oceanic calcium cycle a
characteristic 5***°Ca signature is assigned to each flux
(see Appendix EA-2, Table EA-3) to simulate the experi-
mental §*/*°Cagyw record. Briefly, the isotope signatures
of the calcium input fluxes from weathering of silicates
(Fws®*) and evaporites (Fy“) as well as the hydrother-
mal flux (F;y“) were all kept constant at their modern
§*/40Ca levels. However, since the calcium isotope compo-
sition of marine carbonates changes with time, we applied a
time dependent §4/40Ca signature for the continental river
flux derived from weathering of carbonate rocks (Fy“*)
(Fig. 8), as well as for the dolomitization flux (Fpq o)
as the calcium isotope composition of the latter is depen-
dent on the source rock, i.e. marine carbonates.

The calcium isotope composition of the oceanic carbon-
ate burial flux (Fpq©, Fyep™ and F, 1) is related to the
composition of seawater, temperature, mineralogy (arago-
nite vs. calcite) and the carbonate ion concentration in
the surface ocean as well as the metabolic mechanisms of
a calcifying organism (Bohm et al., 2002, 2006; Gussone
et al.,, 2003; Lemarchand et al., 2004; Gussone et al.,
2005, 2006). Since the fractionation mechanisms involved
in the formation of marine carbonates are poorly known,
we used an inverse approach to determine the fractionation
factor (acarp) Of the oceanic carbonate burial flux needed
to simulate the 5* 40Cagyw database presented in this paper,
when the relevant calcium fluxes varied as shown in Figs. 7
and 8
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Fig. 8. Time dependent 34/40Cq signature of carbonates subjected
to weathering. Following Garrels and Mackenzie (1971), we
assumed that the carbonate rocks have an average renewal time
of 200 Ma, which was used to calculate the isotopic composition of
weathering carbonates by a corresponding running mean through
the carbonate fossils dataset presented in this paper.

The fractionation factor is proportional to the difference
between the modeled and observed §*/ OCagw values. With
this parameterization, acarp 1S automatically adjusted to
minimize the difference between the two values for each
time step. The kinetic constant kcagrp is set to a large value
(50) so that the 34/ “OCagw values calculated in the model
(MOD) closely track the values documented in the geolog-
ical record (DAT).

We explored two scenarios for the calculated ccarp
parameter to reconcile a large variability documented in
Cretaceous 5/ OCagw values (Fig. 4). In the first scenario,
acarp Was varied to simulate the 54/ 40Cagw record based
on skeletal carbonates, whereas in the second scenario it
was adjusted to additionally match 3*/*Cagqw recon-
structed from the phosphate data. The results of the mod-
eling: concentrations of dissolved calcium and magnesium
in seawater, partial pressures of CO, in the atmosphere,
pH and total dissolved inorganic carbon in surface waters
and the deep ocean, are presented in Fig. 9.

Fig. 10 shows a comparison between modeled and mea-
sured 8**°Cagy (two scenarios) as well as comparison be-
tween model results and independent data from the
geological record, such as seawater calcium and magnesium
concentrations (Lowenstein et al., 2001; Horita et al., 2002),
the oceanic Mg/Ca ratios (Lowenstein et al., 2001; Horita
et al., 2002; Ries, 2004; Steuber and Rauch, 2005) and the
dominant mineralogy of marine skeletal carbonates in reefs
(Kiessling, 2002).

4.3.3. Implications for chemical evolution of Phanerozoic
seawater and the concept of ‘calcite—aragonite seas’
Experimental data from fluid inclusions of primary mar-
ine halite (Lowenstein et al., 2001, 2003; Horita et al., 2002)
indicate that the major ion composition of seawater has
changed significantly over the Phanerozoic. Specifically,
the concentrations of dissolved calcium and magnesium in
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Fig. 9. Model results: concentrations of dissolved calcium and magnesium in seawater, partial pressures of CO; in the atmosphere normalized
to the Quaternary value (RCO»), pH in surface and deep waters, total dissolved inorganic carbon (TC) in surface and deep waters, spreading/

subduction rate normalized to the modern value (fsp).

seawater fluctuated in two long-term cycles and as mirror
images of each other (Fig. 10). Consequently, the Mg/Ca
ratio of Phanerozoic seawater also changed being mimicked
by variations in mineral composition of marine skeletal and
inorganic carbonates, so called ‘calcite-aragonite seas’
(Sandberg, 1983) (Fig. 10). These phenomena appear to
be in phase with the stand of global sea level (Vail et al.,
1977; Haq et al., 1987; Haq and Al-Qahtani, 2005) suggest-
ing that the secular variations in chemical composition of
seawater and the oscillating mineralogy of marine carbon-
ates were primarily controlled by tectonic processes, specif-
ically by changes in the rate of oceanic crust production and
its hydrothermal alteration (Spencer and Hardie, 1990;
Hardie, 1996; Stanley and Hardie, 1998; Steuber and Veiz-
er, 2002).

The newly formed oceanic crust reacts with seawater
exchanging dissolved magnesium for the igneous derived
calcium that modifies the oceanic Mg/Ca ratio (Edmond
et al., 1979), which in turn affects the mineralogy of marine
carbonates (Sandberg, 1975; Hardie, 1996; Morse et al.,
1997; Stanley and Hardie, 1998). At low-Mg/Ca ratio
(<2) the dominant mineralogy of marine carbonates is
low-Mg calcite, whereas during period of high oceanic
Mg/Ca ratio the preference is given to aragonite and
high-Mg calcite, as higher levels of magnesium in seawater
inhibit the formation of low-Mg calcite (Berner, 1975;
Morse et al., 1997).

The Paleozoic, Early Mesozoic and Neogene R OCagw
trends, and also the calculated ocarp, are in phase with the

variation in the oceanic Mg/Ca ratio and the alternating
‘calcite-aragonite seas’ (Fig. 10). In general, ‘calcite seas’
correspond to periods of light s OCagw and high acarp
values, whereas the trends are opposite for ‘aragonite seas’.
This correlation, however, does not hold true for the Late
Mesozoic and Cenozoic &* OCagw and ocarp trends
reconstructed from data of skeletal carbonates (Fig. 10, sce-
nario 1), but it holds relatively well for the coeval phos-
phate-based data (scenario 2). This inconsistency in the
correlation pattern may be partly due to the poorly con-
strained calcium isotope composition of Mesozoic seawater
compared to the much better defined Paleozoic and Neo-
gene 844/40Casw trends, the latter two based exclusively
on brachiopod and foraminifera data, respectively.

With these qualifications, the major features of Phanero-
zoic 8*/*°Cagw trend can be explained by taking into ac-
count the difference between the calcium isotope
composition of calcite vs. aragonite burial fluxes of the oce-
anic calcium, the former uniform at ~0.95 £ 0.3%o (xccy
sw=~09991) and the latter at ~0.44+0.2%0 (xccy
sw =~ 0.9985) (Fig. 10). Therefore, an increase in aragonite
formation, i.e. ‘aragonite seas’, would preferentially remove
light *°Ca from seawater leaving the residual calcium in the
ocean reservoir isotopically heavier, whereas an enhanced
calcite formation, i.e. ‘calcite seas’, would shift %/ OCagw
towards isotopically lighter values. Thus, the long-term
excursions in Phanerozoic §*/ “OCagyw record most likely re-
flect variable rates of aragonite vs. calcite production and
deposition in the oceans over time.
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Fig. 10. Model results compared to independent data. Upper left panel: Phanerozoic 34 “OCagyw trend as documented in the geological record
(circles: carbonate data; triangles: phosphate data) and calculated in the model (solid line: scenario 1; dashed line: scenario 2). Middle left
panel: Fractionation factor, acarp, for the formation of marine carbonates (shelf + pelagic + ocean crust) from seawater as calculated in the
model (solid line: scenario 1; dashed line: scenario 2); dotted lines represent occ/sw of calcite and aragonite (Gussone et al., 2005). Lower left
panel: dominant mineralogy of marine skeletal carbonates in reefs; shaded gray: calcite; dotted: aragonite + high-Mg calcite (Kiessling, 2002).
Upper right panel: concentration of dissolved calcium in seawater documented in geological record (circles: Lowenstein et al., 2001;
rectangles/squares: Horita et al., 2002) and calculated in the model. Middle right panel: concentration of dissolved magnesium in seawater
documented in geological record (rectangles/squares: Horita et al., 2002; triangles: Zimmermann, 2000) and calculated in the model. Lower
right panel: Mg/Ca ratio in seawater as documented in the geological record and calculated in the model. Solid circles: (Horita et al., 2002);
solid squares: (Ries, 2004); open triangles: (Lowenstein et al., 2001); open squares: (Steuber and Rauch, 2005); solid line: model result.

In this point of view the above mentioned correlation
breakdown in the Mesozoic and Cenozoic may be due to
the expansion of coccolithophorids and modern scleractin-
ian corals as major calcium carbonate producers (Kiessling,
2002; Falkowski et al., 2004). Calcification in both groups
has been shown to produce a distinct Ca isotope signal
(~0.7 £ 0.2%o0, occpioysw ~ 0.9988) that is independent of
the skeletal mineralogy (Bohm et al., 2006; Gussone
et al., 2006). Dominant marine CaCOj; production by these
organisms would therefore decouple biogenic Ca isotope
fractionation from the ‘aragonite—calcite sea’ oscillations.

Other processes, such as post-depositional transforma-
tion of marine carbonates should not affect significantly
the long-term calcium isotope budget of the oceans, as in
submarine settings the transformation of aragonite to more
stable calcite occurs more or less in situ (Melim et al., 2002;
Munnecke and Westphal, 2005), resulting in no significant
loss of calcium to seawater.

The results of the modeling exercise further support our
interpretation as they show that the observed variation in
Phanerozoic 8**4°Cagw record cannot be explained solely
by changing the magnitudes of input and output fluxes of
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calcium to the oceans. Other factors, such as the changing
calcium isotope composition of the oceanic carbonate bur-
ial flux, i.e. the oscillating ‘calcite-aragonite seas’, must be
taken into account.

In agreement with this explanation is the study of Steu-
ber and Veizer (2002) that investigated the strontium con-
tents of Phanerozoic skeletal carbonates (the same
samples as in this study) and concluded that changes in
mineralogy of marine carbonates and its effect on burial
rates of strontium in the oceans provides the most consis-
tent explanation for their experimental data.

A complementary explanation for the long-term excur-
sions in the Phanerozoic §** 40Cagw trend is based on the ef-
fect of carbonate ion concentration, i.e. [COfﬂ , on calcium
isotope fractionation of inorganic carbonates (Lemarchand
etal., 2004). These authors showed that §*40Ca of inorganic
calcite precipitated from a solution with a high Ca/CO,;*" ra-
tio, such as seawater, is a linear function of dissolved
[CO;>~], which in turn controls the saturation state of the
solution with respect to calcite and aragonite (Q).

In theory, large shifts in [CO32*] of Phanerozoic surface
oceans by up to a factor of 5, as proposed by the geochem-
ical models of Locklair and Lerman (2005) and Tyrrell and
Zeebe (2004), could have shifted the calcium isotope com-
position of marine carbonates by up to 0.7%. (Gussone
et al., 2005). Therefore the heavy §*/40Ca signatures of
Late Carboniferous/Early Permian and Late Cenozoic bra-
chiopods and foraminifera could be due to the higher
[CO4>"] of the contemporary surface oceans.

On the other hand, a generally weaker fractionation of
the marine calcium carbonate production during these peri-
ods would have enriched seawater in light calcium, thus
compensating for the carbonate ion effect on our
54/ 40Cagw recorders. In this case the seawater isotope shift
would only be visible in 8*/*°Ca recorders that are not
influenced by [CO;*"], e.g. planktonic foraminifera
(Gussone et al., 2003).

At this stage, we are not able to quantify the effect of car-
bonate ions on the reconstructed Phanerozoic
§*/4Cagy trend as data constraining the §*/40Ca/CO,>
relationship for the individual recording phases and
calcium carbonate producers are lacking. The only excep-
tions are the studies of Gussone et al. (2003) that showed
no dependency of foraminiferal §*4°Ca (Orbulina universa)
onambient [CO,?"], and of Gussone et al. (2006) who found
a very weak negative dependency in the coccolithophorid
Emiliania huxleyi. In addition, Langer (2005) found no
dependency in another coccolithophorid, Calcidiscus leptop-
orus. These studies suggest that the effect of seawater carbon-
ate ion concentration on the §*4°Ca of skeletal carbonates
may be negligible, at least for calcifiers that use photosynthe-
sis and control the carbonate chemistry in their calcifying
fluids.

Finally, one of the most striking features of Phanerozoic
644/40Ca5w trend are the short-term oscillations superim-
posed on the overall trend (Figs. 5 and 6). We speculate
that these are related to periods of enhanced dolomite for-
mation and/or to changes in the chemical composition of
continental weathering flux, specifically short-term changes
in Ca/HCO,~ and Ca/SO,>" ratios of the global riverine

flux, induced by variable rates of silicate vs. carbonate
weathering on continents (Heuser et al., 2005).

A short-term negative excursion in Rad 40Cagw record could
be produced by enhanced rates of silicate weathering by sul-
phuric acid, e.g. during a period of enhanced volcanism. This
would supply isotopically light calcium to the ocean without a
proportional change in the carbonate ion flux, which would
eventually shift §*40Cagw to more negative values. Periods
of increased sulfuric acid weathering should produce excur-
sions in the marine sulfur isotope record, providing a possible
test for the volcanic event hypothesis.

As to the explanation that is based on variable rates of
dolomite formation, the resolution of the Mg/Ca record
used to drive dolomitization in our model is unfortunately
not sufficient to quantify events on a million year time scale.
Future work on magnesium isotopes may provide high-res-
olution records of marine 8**Mg to test whether dolomiti-
zation episodes influenced the calcium concentration and
isotope composition of the oceans.

5. SUMMARY AND CONCLUSION

The reconstructed Phanerozoic 5 4OCagy trend, based
on the analysis of 397 marine skeletal carbonates and 22
phosphates, shows a generally increasing trend from
~1.3%0 (NIST SRM 915a) at the beginning of the Ordovi-
cian to ~2%o at present. Superimposed on this trend is a
major long-term positive excursion from the Early Carbon-
iferous to Early Permian as well as several short-term,
mostly negative, oscillations during the Middle Silurian,
Late Devonian, Early Carboniferous, Late Jurassic,
Early/Late Cretaceous and Neogene. The radiogenic
enrichment of “°Ca on measured 5***°Ca values was exam-
ined on the samples of Silurian and Devonian brachiopods
and was found indistinguishable from modern marine car-
bonates, indicating that a radiogenic Ca excess in the early
Paleozoic oceans was similar to modern oceans.

The reconstructed Phanerozoic 5 4OCagw trend defines
a rather consistent band of about +0.25%. that is most
likely caused by several factors including (i) analytical
uncertainty of +0.15%o; (ii) the effect of temperature on
§*4Ca of skeletal calcite of ~0.02%0°C~"; (iii) minor
enrichments in radiogenic *°Ca of less than 0.2%; and (iv)
specific post-depositional history of the samples. The con-
sistency in the scatter, however, indicates that the major
isotope trends observed in this study are not caused by local
factors like temperature variations or diagenesis but rather
reflects secular changes in global §*49Cagw signal. An
exception is found in the Late Cretaceous where the scatter
is much larger, possibly due to a higher sensitivity of rudist
§*40Ca to temperature and/or because the phosphate data
may not faithfully reflect §*40Cagqy. It is desirable that the
calcium isotope composition of paleo-seawater should be
based on comparable carrier phases, such as brachiopod
and foraminiferal calcite that have only a weak §*/40Ca-
temperature gradient, <0.02%o °C .

Model simulations show that the observed variation in
Phanerozoic §*/ 4OCagw record cannot be explained solely
by varying the magnitudes of input and output fluxes of cal-
cium to the ocean. The most likely complementary mecha-
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nism is the alternating mineralogy of marine skeletal car-
bonates, i.e. oscillating ‘calcite-aragonite seas’.

Our results indicate that the calcium isotope budget of
Phanerozoic oceans was ultimately controlled by tectonic
processes, most likely via variable rates of oceanic crust pro-
duction and its hydrothermal alteration. This modulated the
oceanic Mg/Ca ratio that, in turn, controlled the dominant
mineralogy of marine skeletal carbonates and hence the
§*/*Cagy. This interpretation is in accord with the proposi-
tion of Steuber and Veizer (2002) who concluded, from stron-
tium concentrations in biological calcites, that the chemical
composition of Phanerozoic seawater has been ultimately
tectonically controlled. Other geochemical models available
in literature that simulate the elemental cycling in the
ocean—atmosphere system over the Phanerozoic, such as
MAGic model of Arvidson et al. (2006a,b) also emphasize
the sensitivity of seawater chemistry to variable rates of oce-
anic crust production and the intensity of seawater—basalt ex-
change reactions. In addition, the seawater trends calculated
in our model (Fig. 9) are reasonably consistent with model
outputs of Arvidson et al. (2006b), further supporting our
interpretation of the measured calcium isotope data.

As to the possible causes of the short-term, mostly nega-
tive, oscillations that are superimposed on the long-term
34/ 40Cagy trend, we tentatively suggest that these are related
to periods of enhanced dolomite formation and/or to tempo-
ral changes in the chemical composition of the continental
riverine flux, specifically Ca/HCO,~ and Ca/SO,*" ratios,
induced by variable proportions of silicate vs. carbonate
and CO, vs. SO, weathering rates.
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