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Isotopic Evidence for Variations
in the Marine Calcium Cycle
Over the Cenozoic

Christina L. De La Rocha™ and Donald ). DePaolo?

Significant variations in the isotopic composition of marine calcium have oc-
curred over the last 80 million years. These variations reflect deviations in the
balance between inputs of calcium to the ocean from weathering and outputs
due to carbonate sedimentation, processes that are important in controlling the
concentration of carbon dioxide in the atmosphere and, hence, global climate.
The calcium isotopic ratio of paleo-seawater is an indicator of past changes in
atmospheric carbon dioxide when coupled with determinations of paleo-pH.

Although there are extensive data on past
variations in the isotopic ratios of such ele-
ments as Sr, C, and O in the oceans, there are
few data that relate to major cation concen-
trations in ocean water of the past. Calcium
(Ca?™) is particularly interesting because of
its relation to the rates of weathering of con-
tinental and seafloor silicate and carbonate
rocks and the deposition of carbonate mate-
rials on the seafloor—processes that control
atmospheric CO, concentrations (/-4) and
thus strongly influence global temperature.

Although Ca™* has a long residence time in
the ocean (1, = 10° years) (5), fluctuations in
the seawater concentration of Ca?* ([Ca?*])
over geologic time are expected and have been
inferred from geologic evidence (2, 3, 6—10).
Even a small imbalance between Ca®* inputs
from weathering and outputs associated with
carbonate deposition affects the seawater
[Ca?*] (2, 3, 6-10). Similarly, such temporary
inequalities between inputs and outputs should
cause excursions in the isotopic composition of
seawater Ca>* (3*‘Ca) (11).

The 8**Ca of Ca?™* in present day seawa-
ter is uniform (Table 1) (12), as expected
given the long residence time of Ca?*relative
to the ocean’s mixing time of about 10* years
(5). The 3**Ca of modern seawater Ca®*
(Table 1) is 0.86 = 0.04%o (13). The 8**Ca
values of carbonate sediments of different
age (Fig. 1) show systematic variation of the
magnitude we expect, roughly coincident
with major climatic events inferred from other
records (14—-19). We argue that these 34*Ca
data reflect variations in the 8**Ca of paleo-
seawater and indicate substantial variability
in the global Ca®* cycle.

The expected variability of 8**Ca can be
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estimated from a box model of the Ca?™*
cycle. The source of Ca?* to the oceans is the
weathering of continental rocks and ocean-
floor basalt (2, 3, 6-10, 20, 21), and the
primary sink for marine Ca?* is its biological
fixation into carbonate sediments. The rate of
change of 8*‘Ca of the oceans (= dg,) is
given by

ddsw
Ca dt
+ Fu®u — dsw) — FreaBsea (1

= Fr(®r — dsw)

where N, is the number of moles of Ca?* in
the oceans; F, and F}, are the fluxes of Ca®*
from continental weathering and seafloor ba-
salts, respectively; Fy,, is the rate of biolog-
ical removal of Ca?* into sediments (22); and
Ag., is the average 8**Ca offset between
biogenic carbonate and the seawater Ca®*.

To evaluate the magnitude and variability
of the fractionation associated with biological
fixation of Ca?* into carbonate (Ag.,), we
measured 3**Ca on foraminifera and cocco-
lithophorids, the main carbonate-producing
organisms in the ocean. The average 5*‘Ca
value of carbonate tests of the temperate in-
tertidal foraminifera, Glabratella ornatissima,
collected over a 2-year interval from Bodega
Bay, California (23), is offset from seawater
Ca®>* by —1.2%o, ranging from —1.1 to
—1.5%o. The fractionation of —1.1to —1.5%o
for foraminifera tests appears to be applicable
to biomineralization in a wide range of
organisms. The coccolithophorid, Emiliania
huxleyi (CCMP 1742), grown in the labora-
tory at 16°C, produced calcium carbonate
with a 8**Ca of —0.32 = 0.16 and —0.39 =
0.12%o, 1.3%o0 lower than the 8*‘Ca of
+0.98 = 0.20%0 of the Ca®* present in the
seawater growth medium (24). A fraction-
ation of —1.2 to —1.5%o has also been doc-
umented between dietary Ca®* and bone
Ca2* in animals (25). From these data, our
estimate for the global mean value of Ay, is
—1.3%0 (26).

Variations in Ag., with temperature

would complicate reconstruction of dg,,, from
carbonate sediments. Over the small temper-
ature range investigated (Fig. 2), there is a
weak correlation between growth tempera-
ture and 8*Ca (r2 = 0.45), the slope of
which is not significantly different than 0
(P = 0.05). Previous observations also sug-
gest that fractionation varies by less than
0.4%o in foraminifera over a wide range of
growth temperature (/2). Hence, we conclude
that the temperature dependence of the frac-
tionation factor is small enough that the glob-
al average value is well defined.

The 8**Ca of the modern weathering flux-
es can be estimated from measurements of
rocks, river waters, and marine carbonates.
Silicate rocks have a 8*'Ca of +03 to
—0.3%0 with an average close to 0%o (27).
The 8*4Ca values for six large rivers (/2)
(normalized to the standard we are using)
(28) are slightly lower than this, yielding an
average 5**Ca of —0.3 * 0.2%o. By material
balance, the long-term weathering flux must
have 8%*Ca equal to that of the long-term
average of d_,,, which we calculate from the
data of Fig. 1A to be —0.44%o. Consequently,
the present data suggest that the carbonate
weathering flux may have a lower 4“Ca than
the silicate flux and that the weathering flux
is dominated by Ca2?* derived from the
weathering of old carbonate rocks (29).

For a steady-state ocean, where 3, and
N, are both unchanging with time, Eq. |
reduces to

Bsw = dw — Asu (2)

where 3y, is the isotopic composition of the
combined continental and seafloor basalt
weathering fluxes to the ocean. On the basis
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Fig. 1. (A) The 8**Ca of marine carbonates over
the last 80 Ma. (B) The ratio of the weathering
flux of Ca?* into the ocean to the flux of Ca®*
out of the ocean due to sedimentation of car-
bonates. R, /F.4 is calculated from Eq. 5 with
Bgw = Ogeq — Ageq by using a 30-term Fourier
fit to the data in (A) for 8.4 Ag.y = —0.5%o,
and 3,,, = —0.5%o.
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of our estimates for 8*‘Ca of the weathering
fluxes (—0.44%o0) and Ag,, (—1.3%o), the pre-
dicted steady-state value for seawater Ca®™* is
+0.86%o, which matches the measured value
(Table 1). From our analysis it therefore ap-
pears that the present-day system is close to
steady state (30). Zhu and Macdougall (12)
argue that the system is not in steady state on
the basis of their analyses of deep-sea car-
bonates that imply a Ag., of —2.1%o, and
therefore a steady-state seawater 84*Ca value
of +1.8%0. However, the —2.1%o value for
Ag.4 does not appear to be consistent with the
bulk of existing data.

The expected magnitude of variations in
the 84*Ca of seawater Ca?* can be estimated
by rewriting Eq. 1 with the weathering fluxes
grouped together:

- 8sw) - FSedASed (3)

If the weathering and sedimentary fluxes are
unequal for any period longer than 7., the
3*4Ca of seawater will reach a quasi-steady
state value that reflects this imbalance,
whereas seawater concentrations of Ca?*
will continue to change. Roughly, the left
side of Eq. 3 can be set to zero to obtain

FSed
dswlt) = dwl(t) — ?w(t)ASed “®

and
FSed
Bsea(t) = dwl®) — Asm[F_w(t) - 1] (%)

Equation 4 gives the seawater 8**Ca value,
whereas Eq. 5 gives the 8**Ca value of ma-
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Fig. 2. 344Ca versus growth temperature in the
temperate intertidal foraminifera, Glabratella
ornatissima. The line shown is *4Ca = 0.153T —
1.838, r2 = 0.45.
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rine biogenic carbonate and applies to the
data in Fig. 1A.

Variations in the 8**Ca of seawater reflect
variations in Ag,, and/or 8, or inequality of
Fy.q and F,. 8, may shift if the ratio of
silicate to carbonate weathering changes. The
d%4Ca difference between silicates and car-
bonates of about 0.4%o limit 8, variations to
about 0.2%o. For a flux imbalance, if sedi-
mentation is greater than input (Fg., > F),
the 8*Ca of seawater should increase and the
seawater Ca2™ concentrations should de-
crease, and vice versa. Assuming that the
ratio Fg,,/F,, varies from roughly 0.7 to 1.3
(2, 3), then the seawater variations in 34*Ca
could span a range of about 0.6A¢_, or 0.8%o.
Changes of Ag.4 do not affect the carbonate
record unless there are also changes in the
ratio Fy  /Fy,.

The 8*Ca range measured on carbonate
sediments of Cretaceous and younger age is
0.9%o (Fig. 1A). This range is too large to be
caused solely by changes in 3., but is approx-
imately the correct magnitude for variations
caused by imbalances between weathering and
sedimentation fluxes. The features that we con-
sider significant are the relatively high 8*Ca
values in the late Eocene [46 to 36 million years
ago (Ma)] and early Miocene (22 to 20 Ma),
and the relatively low 8*Ca values in the Oli-
gocene (34 to 26 Ma) and middle Miocene (18
to 14 Ma). A low 8**Ca corresponds to periods
where weathering input of Ca?* exceeds sedi-
mentary output (Fig. 1B).

A relatively large Ca®* weathering flux
might be expected for the Oligocene and
middle Miocene periods, for which there is
evidence for rapid erosion of the Himalaya
(14, 31-34) and a rapid rise in seawater
87Sr/%6Sr ratios (I4-18). The Sr signal is
heavily influenced by the radiogenic nature
of the silicate weathering products in the
Himalaya, but the Ca?* signal is not so af-
fected because the Ca?* budget is more
heavily weighted toward carbonate weather-
ing. The high 3**Ca of the early Miocene
samples is interesting because it corresponds
with a period of less rapid increase in the
seawater St isotope ratio. Similarly, the high
3*4Ca values for the Eocene correspond to a
steady or slowly decreasing Sr isotope ratio.

The two periods where 8*‘Ca declines
rapidly, at about 36 and 18 Ma, correlate with
times of rapid increase in the oxygen isotopic

Table 1. Calcium isotopic composition of seawater Ca2™.

Location Latitude and longitude Depth (m) d*4Ca* (%o)
Sargasso Seat 31°40’'N, 64°10'W 300 0.80 £ 0.19
Subantarctic Atlantic 46°57'S, 6°15'E 4066 0.86 = 0.21
Santa Barbara Basin 34°15'N, 119°55'W 0 0.87 = 0.26
San Diego} 32°52'N, 117°,16'W 0 0.92 +£0.18
Central North Pacific 31°28'N, 136°6'W 500 0.85 = 0.09

*344Ca and *20 values are based on two to three separate measurements.

(BATS).  iData from Skulan et al. (27).
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signature (3'80) of benthic foraminifera (19),
which is indicative of an increase in the size
of polar and continental ice sheets and hence
of a drop in ocean temperature. Thus, low
3**Ca correlates with global cooling. Expan-
sion of ice sheets and the concomitant drop in
sea level also expose wide continental plat-
forms to erosion, which should result in an
increased weathering flux of Ca?* to the
ocean, largely from older carbonate rocks.

The observation that periods of low 3**Ca
correspond to periods of lower global tem-
perature suggests that, during times of low
global temperature, there is an increasing
[Ca®*] in the oceans. Assuming that the
oceans are maintained approximately at cal-
cite saturation (2, 3), an increase in [Ca2™]
could be accommodated with a proportionate
decrease in [HCO, ] and atmospheric CO, if
pH is independently buffered (35). For an
end-member model of constant pH, atmo-
spheric Pco, is inversely proportional to
[Ca?*].

With sufficient Ca?* isotopic data it is
possible to calculate the marine [Ca?*] back
through geologic time, starting at the present,
and therefore estimate atmospheric CO, con-
centrations through time for different paleo-
pH scenarios. To do this effectively requires
Ca?* isotopic data at time intervals spaced at
significantly less than the 1-million-year res-
idence time of Ca* in the ocean, and hence
cannot yet be done. However, our modeling
of the sparse data of Fig. 1A suggests that, for
a reasonable range of assumed values for 3y,
and Ag, 4, Ca®* has been generally increasing
over the past 35 to 40 Ma. For the case of
constant pH or for increasing pH over this
time interval, the change in Ca?* corresponds
to decreasing atmospheric Pcp,, matching
trends in other reconstructions (36).
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Earthquake Potential Along the
Northern Hayward Fault,
California
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The Hayward fault slips in large earthquakes and by aseismic creep observed
along its surface trace. Dislocation models of the surface deformation adjacent
to the Hayward fault measured with the global positioning system and inter-
ferometric synthetic aperture radar favor creep at ~7 millimeters per year to
the bottom of the seismogenic zone along a ~20-kilometer-long northern fault
segment. Microearthquakes with the same waveform repeatedly occur at 4- to
10-kilometer depths and indicate deep creep at 5 to 7 millimeters per year. The
difference between current creep rates and the long-term slip rate of ~10
millimeters per year can be reconciled in a mechanical model of a freely slipping
northern Hayward fault adjacent to the locked 1868 earthquake rupture, which
broke the southern 40 to 50 kilometers of the fault. The potential for a major
independent earthquake of the northern Hayward fault might be less than

previously thought.

On 21 October 1868, the only known historic
major earthquake [magnitude (M) =~ 7] on
the Hayward fault ruptured the southern fault
segment over a distance of 40 to 50 km from
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Fremont to Berkeley (Fig. 1 A) (/). Investiga-
tions of paleoseismic (2) and historic (3) data
suggest that the most recent earthquake north
of the 1868 rupture occurred between 1640
and 1776. Long-term slip rate estimates of
~10 mm/year suggest that 2.2 to 3.6 m of
seismic slip potential have accumulated since
the most recent event on the northern Hayward
fault (4, 5). Thus, the Hayward—Rodgers Creek
fault zone is commonly assigned the highest
earthquake probability of any fault in the San
Francisco Bay area (6). However, estimates
of elastic strain to be released in future events
are complicated by the occurrence of aseis-
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