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Seawater Strontium Isotopic Variations from 2.5
Million Years Ago to the Present

R. C. Caro* AND D. J. DEPaOLO

Measurements of marine carbonate samples indicate that during the past 2.5 million
years the ¥Sr/*6Sr ratio of seawater has increased by 14 x 1075, The high average rate
of increase of ¥Sr/*Sr indicates that continental weathering rates were exceptionally
high. Nonuniformity in the rate of increase suggests that weathering rates fluctuated
by as much as £30 percent of present-day values. Some of the observed shifts in
weathering rates are contemporaneous with climatic changes inferred from records of
oxygen isotopes and carbonate preservation in deep sea sediments.

HE *’SR/*SR RATIO OF DISSOLVED
oceanic Sr changes slowly on geolog-
ic time scales in response to changes
in the relative rates of weathering of conti-
nental surface and ocean floor rocks. This
dependence on weathering rates makes the
87Sr/%Sr ratio of ancient seawater a monitor
of paleoclimate because weathering is both a
function of climate and, as a remover of
atmospheric carbon dioxide, a major long-
term feedback mechanism in the climate
system. We have determined the 87Sr/*¢Sr
ratio of oceanic dissolved Sr for the past 2.5
million years from measurements on calcium
carbonate sediment obtained primarily from
DSDP Site 590 (1). This period is one in
which changes in the seawater Sr isotope
ratio can be compared with other proxy
records of paleoclimate and paleoceano-
graphy, and thereby a more complete recon-
struction of Plio-Pleistocene conditions can
be obtained.
Site 590 was drilled in 1300 m of water
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on Lord Howe Rise in the Tasman Sea
(31°S). Use of hydraulic piston-coring
methods minimized disturbance of the core
(1). The recovered sediment is pelagic car-
bonate ooze; it provides a nearly continuous
record of carbonate deposition since 15
million years ago (Ma) and contains well-
preserved calcareous microfossil assem-
blages and little terrigenous material (1).
Core 590B was sampled at approximately 3-
m intervals to a depth of 30 m; this interval

0.70930

Fig. 1. Measured %Sr/%Sr ratio
against age for bulk carbonate ooze
from DSDP Site 590 (open cir-
cles). Samples were assigned ages
based on their positions within cal-
careous nannofossil stratigraphy (3)
(lower scale, center) and based on
paleomagnetic ~ stratigraphy  (2)
(lower scale, top). The open
squares are from core V28-238; the
open triangles are from Hawaiian
coral terraces. The modern value
(solid square) is that for EN-1, the
U.S. Geological Survey Tridacna Sr
isotope standard (0.709249 =* 5);
A¥7Sr s the difference between the
measured #Sr/%Sr value and the
value for EN-1, multiplied by 10°.
The error limits are + 2 SEM (Ta-
ble 1).
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corresponds to about 2 X 10° years. We
also measured three deeper samples, which
extend the record back to 3.6 Ma, as well as
several samples from cores 590 and 590A.
We assigned ages to the samples on the basis
of paleomagnetic reversal stratigraphy (2)
and their positions within calcareous nanno-
fossil biozones (3), using the time scale of
Berggren et al. (4). In addition, two samples
from equatorial Pacific piston core V28-238
(5) and two from Hawaiian coral terraces
(6) were measured. Samples of 15 to 100
mg were dissolved (7) and analyzed for
878r/%8r ratios and concentrations of K, Rb,
and Sr (8).

The total variation in the Sr/3Sr ratio of
the oceans is less than 2 X 1074 between 2.5
and 0 Ma (9). In order to study the fine
structure of this change, standard measure-
ment errors of less than £0.00001 are need-
ed. To achieve this we used an automated
data collection procedure during mass spec-
trometer runs that minimizes intermeasure-
ment drift, a more intense Sr* ion beam to
improve counting statistics (10), and an
appropriate thermal ionization mass dis-
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crimination formulation (11). In addition,
we closely monitored common sources of
artifacts, and performed multiple measure-
ments on each sample (12).

The measured ¥’Sr/%Sr ratios (Table 1
and Fig. 1) show that the 8Sr/*6Sr ratio of
the oceans has increased by 14 x 1077 since
2.4 Ma. This rate of growth (6 x 107> per
million years) is high in comparison to the
average of about 1.5 X 107> per million
years for the rest of the Pliocene. During the
Cenozoic, however, growth rates as high as
those observed for the Plio-Pleistocene oc-
curred in five other short periods (~38,
23.5t022,18t015.5,11.5 t0 11.0, and 6.2
to 5.5 Ma) (Fig. 2) (9, 13).

In detail, the ¥Sr/*°Sr seawater curve for
Site 590 (Fig. 1) exhibits an apparent cycli-
city with a period of about 0.8 million years.
The periods of rapid growth are 2.4 to 2.1,
1.6 t0 0.9, and 0.8 to 0.3 Ma. The remain-
ing periods in the last 3 million years have
been times of nearly zero growth or of a
decreasing 8Sr/*Sr ratio; this includes the
last 0.3 million years before the present. The
most noticeable discontinuity in the data
from DSDP 590 samples (0.9 to 0.8 Ma)
was confirmed by sample V28-238-1.2,
which can be correlated precisely with Site
590 because of the identification of the
Brunhes-Matuyama magnetic reversal at
0.73 Ma (2, 5).

The rate of change of the 8"Sr/%6Sr ratio of
oceanic Sr (R') can be expressed as

R' =Ny '2Ji (R — R) 1)

where Nj is the number of moles of Sr in the
oceans, J; is the flux of Sr to the ocean from
the ith source, R; is the ¥Sr/*Sr ratio of Sr
from the ith source, and R is the ¥Sr/®Sr
ratio of seawater. Defining the mean value
of the ¥Sr/%8r ratio being added to the
ocean as (14)

Rin = EU,R,)/EJ, (2)

gives
R = Rin — (NJ/ZJ)R' (3)

To model observed changes in the
878r/%Sr ratio with time (¢) (Fig. 1), we
assume that Nj is constant and use the mean
values of R and R’ for each segment of the
curve in Eq. 1. One of the three J; or three R;
values is then solved for while the other five
parameters are kept constant and equal to
the values in Table 2. The derived values of
Ji(t) or R(t) are then inserted in Eq. 2 to
give Riy(t).

The rapidity and magnitude of the ob-
served shifts in R’ imply that they result
from changes in the riverine Sr input rather
than changes in the seafloor basalt or sedi-
ment alteration fluxes (15). Shifts in the
hydrothermal alteration flux ( J,) are unlike-

52

ly to be the cause of the observations be-
cause fluctuations in Jj, of up to 100% in 10°
years would be required to produce the
observed seawater 8’Sr/*Sr variations. Dat-
ing of marine magnetic anomalies offers no
evidence of changes in seafloor spreading

rates for this period, which would be the
likely cause of variations in the hydrother-
mal alteration flux (16). Similarly, the ma-
rine carbonate dissolution and recrystalliza-
tion flux is unlikely to be the main process
responsible. Even the complete cessation of

Table 1. Sample locations, trace element concentrations and Sr isotope data.

K

Sr &7

Depth Age Rb/ Measured Average

Sample* (m) Zonet (Ma) opm) 865y  87Gy86G,  +f 8IGB6S &

590 1-1 0.2 NN21 0.01 0.709242 9 0.709241 5
0.709241 7
0.709241 9
0.709241 10

HC-170-5 0.014 6463 0.709246 14 0.709250 9
0.709255 19

HC-287-6 0.120 128 1864 0.0043 0.709260 20 0.709258 5
0.709256 23

590B-1-1 1.0 NN20 0.30 439 1476 0.0010 0.709261 24 0.709255 5
0.709250 18
466 1724 0.0005 0.709254 33
0.709255 18

V28-238-0.6 0.6 NNI9 0.35 0.709234 6 0.709238 7
0.709241 10

590B-2-1 3.0 NNI19 0.38 495 1652 0.0010 0.709238 41 0.709235 7
0.709228 34
543 1646 0.0007 0.709240 11

590B-2-3 6.0 NNI9 051 613 1690 0.0016 0.709218 25 0.709224 12
617 1716 0.0010 0.709230 17

590B-2-5 9.0 NNI9 0.63 530 1238 0.0009 0.709218 14 0.709216 5
0.709215 12

V28-238-1.2 1.2 NNI9 0.73 304 1510 0.0018 0.709198 15 0.709201 6
0.709204 18

590B-3-1 12.6 NNI19 0.78 716 1675 0.0017 0.709210 32 0.709195 12
0.709187 25
467 1495 0.0014 0.709185 31
0.709199 10

590B-3-3 156 NNI9 091 723 1643 0.0011 0709210 13 0.709210 5
(forams) 56 1331 0.0007 0.709210 12
(forams) 4 357 0.0012 0.709209 17

590B-3-5 186 NNI9  1.03 518 1728 0.0009 0.709204 16 0.709206 5
1638 0.0022 0.709204 30
0.709210 9

590B-4-1 22.2 NNI19 123 451 2205 0.0006 0.709181 14 0.709180 5
0.709178 13

590B-4-3 252 NNI9 138 453 1886 0.0007 0.709158 11 0.709171 9
1865 0.0009 0.709179 10
0.709171 9
0.709175 10

590B-4-6 297 NNI9 161 576 2148 0.0010 0709162 17 0.709161 7
0.709166 19
0.709154 10

590B-5-2 330 NN19 177 0.709164 10 0.709162 5
0.709160 21

590A-2-1 0.6 NNI8 188 0.709156 10 0.709155 5
(forams) 0.709154 9
(forams) 0.709155 9

590B-5-6 39.0 NNI18  2.08 372 1637 0.0013 0.709156 14 0.709159 6
0.709162 10

590B-6-3 44.0 NN17 2.37 439 1912 0.0008 0.709125 17 0.709122 6
0.709119 30

590A-3-2 14 NNI6 247 0.709132 11 0.709131 5
0.709130 13

590B-8-6 680 NNI6  3.10 393 1892 0.0006 0.709129 21 0.709126 5
0.709124 15

590B-12-6 107.0 NNI14/15 3.60 1781 0.709121 16 0.709121 16

*Numbers following 590 (or 590A, 590B) indicate core and section number at Site 590.

zone (3).  1The reported uncertainty is =2 SEM.

tCalcareous nannofossil
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Fig. 2. The #Sr/*Sr evolution of seawater over
the past 40 million years based on bulk carbonate
isotopic ratios from Sites 590 (solid circles), 522
(open diamonds) and 575B (solid diamonds)
corrected for diagenesis [see (7) and Table 1], and
measured values for Late Eocene and Oligocene
Scaglia Cinerea chalks and marls from the Umbria
region, Italy (solid squares) (13). The modern
value (open circle) is that for EN-1.

dissolution of marine carbonates from 2.5
Ma to the present could not generate the
observed increase in the seawater 8Sr/%6Sr
ratio, and the flux of Sr from carbonate
diagenesis (J;) would need to increase by
more than an order of magnitude to pro-
duce the observed decrease in the ¥ Sr/%6Sr
ratio at 0.8 Ma.

The most plausible explanation for the
observed fluctuations over the last 2.5 Ma is
change in the terrigenous input of rivers to
the oceans, either by a change in the isotopic
composition of rivers (R;), by a change of
the dissolved Sr flux ( J;), or by a combina-
tion of these. Because it is difficult to assess
the relative importance of changes in R; as
opposed to J;, we illustrate the variations
required by considering two models. Figure
3 shows the scawater ®’St/*Sr curve pro-
duced by varying only the riverine 8Sr/*Sr
ratio (Fig. 3A) or only the riverine Sr flux
(Fig. 3B). The observed time dependence of
the scawater ¥’Sr/*8Sr ratio (R,) requires
variations of about =0.0005 in the ¥Sr/*Sr
ratio of riverine Sr (Fig. 3A, top), or fluctu-
ations of about =30% in J, relative to its
modern value (Fig. 3B, top).

The deduced changes in the product J.R,
represent changes in the global chemical
weathering rate, because it is chemical
weathering, mainly of the minerals feldspar
and calcite, that releases Sr from continental
surface rocks into solution in ground waters
and eventually to the oceans. The climatic
implications of the results therefore depend
on the parameters that affect the global rate
of chemical weathering. Qualitatively,
weathering rates are believed to increase
with erosion rate and precipitation (17). The
total amount of continental weathering is
also presumably dependent on the area of

6 JULY 1990

Table 2. Modern parameters for the Sr cycle. The mass of Sr in the ocean (30), Ny, is assumed to be
1.21 x 10" mol; the time constant 7 (= Np/%J;) is 2.70 million years.

Input source Flux (10'° mol Sr/yr) 87Sr/%68r
Rivers (26, 27) 3.0 0.711
Submarine alteration (28) 1.2 0.705
Diagenesis (29) 0.3 0.7085

EJi =45 Rin = 0.709

the continents above sea level. All three of
these are likely to affect the flux of Sr from
the continents, J;, but it is unknown wheth-
er they affect the #Sr/*Sr ratio of riverine Sr
(Ry). Changes in R, would require that the
average ¥Sr/*8Sr ratio of the rocks exposed
to weathering at and near the earth’s surface
change, and to account for the variations we
observe in the oceanic ¥Sr/%Sr ratio, this
change would have to happen during a short
time period. Because of the heterogeneity of
crustal rocks (and thus the likelihood that
rocks with contrasting 'Sr/%6Sr ratios are
distributed approximately randomly over
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the continents), this possibility seems re-
mote. Therefore, we attribute shifts in J.R,
mainly to variations in J.

It is unlikely that the J; variations can be
explained simply by the changes in the area
of continents above sea level with a constant
global mean weathering rate per unit conti-
nental area. On the basis of the hypsometric
curve of the earth, changes in continental
area above sea level of £35% of the present
continental area would require variations in
sea level of 200 to 300 m (18). This varia-
tion substantially exceeds the amount of sea
level change (~100 m) believed to have
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Fig. 3. (A) (Top) Variation of the #7Sr/3Sr ratio of riverine input (R;) needed to produce the observed
878r/%6Sr versus age curve of Fig. 1, if all other parameters are kept constant. (Bottom) Model seawater
87Sr/%6Sr (heavy line) and the average 8Sr/*¢Sr of Sr input to the oceans (R;p; light line) corresponding
to the R, curve above. Data from Fig. 1 (open squares) shown for comparison. (B) (Top) Values of
riverine Sr flux (J;) necessary to produce the model R curve of (A) (all other parameters are kept
constant), and the associated change in R;, (light line, bottom).
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occurred during the Pleistocene (19). There-
fore, the data require changes in the mean
global rates of erosion or precipitation or
both, independent of, or perhaps in con-
junction with, changes in mean sea level.

The shift in the J; curve (Fig. 3B, top) just
after 2.4 Ma and the minimum at 0.8 to 0.9
Ma correspond to discontinuities in the
oxygen isotope record of foraminifera
(8'®0) and to times of exceptionally low
carbonate preservation in the deep sea. The
discontinuity in 3'80 near 2.4 Ma has been
interpreted as the time of onset of major
glaciation in the Northern Hemisphere (20)
and the discontinuity at ~0.8 Ma to a
change from high-frequency, low-amplitude
climatic oscillations to lower frequency (100
Kyr), higher amplitude oscillations (21).
The minimum in J, from 300,000 years ago
to the present also corresponds to a period
of low CaCO; preservation (22). Poor
CaCOs; preservation in the deep sea would
be expected for periods of reduced continen-
tal erosion and weathering and for periods
of high sea level (23). The difference in
weathering rates inferred from Sr isotopes
between 0.8 to 0.3 Ma and 0.3 to 0 Ma is
not recognized in other proxy records of
paleoclimate.

The apparent period of about 0.8 million
years for the variations in the rate of change
of oceanic ¥Sr/*Sr ratio is substantially
longer than the main periodicities in the
oxygen isotope record and the CaCO; pres-
ervation record. However, this longer peri-
od is implicit in discontinuities in these
records at 2.4 and 0.8 Ma and in the occur-
rence of the Pliocene-Pleistocene boundary
at 1.6 Ma. Cyclic variations in climatic con-
ditions have been attributed to changes in
the pattern of insolation on the earth caused
by changes in the earth’s orbital parameters
(24). The longest period of orbital variation
predicted from current models is in eccen-
tricity and has a period of about 400,000
years (25). If the Sr isotopic variations are
related to insolation forcing, either the re-
sponse is nonlinear or there are additional
longer-period insolation cycles.

The difference in mean slope of the
87Sr/86Sr curve before and after ~2.4 Mais a
longer time scale feature (Fig. 2). The obser-
vation that this change in slope corresponds
to the inferred onset of major Northern
Hemisphere glaciation suggests that this
event caused increased continental weather-
ing. This effect could be understood in
terms of rapid cycling between warm and
cold global climatic conditions inferred from
stable isotope records. The concomitant ero-
sion by continental glaciers interspersed
with warm humid periods in the same lati-
tudes might produce exceptionally high
mean weathering rates.
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Synchronous, Alternating, and Phase-Locked
Stridulation by a Tropical Katydid

ENRrICO S1SMONDO

In the field the chirps of neighboring Mecopoda sp. (Orthoptera, Tettigoniidae, and
Mecopodinae) males are normally synchronized, but between more distant individuals
the chirps are either synchronous or regularly alternating. The phase response to
single-stimulus chirps depends on both the phase and the intensity of the stimulus.
Iteration of the Poincaré map of the phase response predicts a variety of phase-locked
synchronization regimes, including period-doubling bifurcations, in close agreement
with experimental observations. The versatile acoustic behavior of Mecopoda encom-
passes most of the phenomena found in other synchronizing insects and thus provides
a general model of insect synchronization behavior.

NSECTS OF SEVERAL ORDERS PRODUCE

rhythmic signals that are synchronous

or regularly alternating with those of
conspecific individuals. Notable examples
are the songs of the cricket Oecanthus (1), the
katydids Pterophylla (2), Pholidoptera (3), and
Ephippiger (4), and the cicada Magicicada (5),
as well as the flashing of the tropical fireflies
DPteroptyx (6, 7). These phenomena have
been explained in terms of inhibition-excita-
tion (3), two proepisodic mechanisms (in
which the stimulus precedes the chirp) (1),
anticipatory versus paced synchronization
(6), and the resetting of an internal pace-

22 Leedon Road, Singapore 1026, Republic of Singa-
pore.
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maker (7). I report an analysis of the song of
Mecopoda species S (8): its acoustic behavior
is analyzed in terms of the phase-response
curve (PRC) and explored by iteration of
the Poincaré map (9) and by numerical
simulation of the interaction of two individ-
uals.

The song of Mecopoda S consists of chirps
(10) emitted every 1.5 to 3 s (Fig. 1, A and
B): the chirp rate (CR) is temperature-
dependent (Fig. 1C) in a manner consistent
with that of other tettigoniids (11). In free
run (without external stimulus), the period
between the onset of successive chirps varies
about the mean with a standard deviation in
the range 35 to 45 ms (Fig. 1E) (12). The
average CR in free run drifts with time (Fig.

1F). After entrainment to short-period stim-
uli, recovery to the free-run CR is slower
than recovery time from long-period en-
trainment; to compensate for these effects, I
used an empirical model to predict the
“adapted” unconstrained period in simula-
tion work (Fig. 1D). In the field, groups of
males synchronize their chirps. Pairs sepa-
rated by more than 3 to 4 m sometimes
alternate chirps instead, each with a longer
period than when synchronizing.

I generated artificial signals used for en-
trainment by computer-controlled playback
of a digitized genuine chirp at controllable
rate and intensity. Both stimulus and re-
sponse chirps were recorded on separate
tape channels; I then scanned the tape at
960 samples per second per channel to
detect and record the onset of each chirp
(13). Playback of a single isolated pulse from
the stimulus chirp elicited normal response,
with a minimum latency of 75 = 9 ms; this
length of time is much shorter than the
duration of a complete chirp, justifying the
use of stimulus onset as the analytical vari-
able.

I obtained PRCs for 15 individuals,

[3,}

Predicted _,

: 0.5
20 28 05 15

Temperature (°C) Observed

I 100 ms

"'\»'-'0*6’\_-.\n.._~‘-.\,-!‘.__.~..~_,~/\ Vet e s o e S WV EJ
T

500 ms -
1.5 1.6
~ ~
G
0'Ro 1 0'60 1
[0 [

Fig. 1. (A) Mecopoda species S: A 12.6-s oscillo-
gram of a series of chirps. (B) A 227-ms oscillo-
gram of a typical single chirp. (C) Temperature
dependence of CR (pooled data for three individ-
uals and linear least-squares fit). (D) Empirical
model of period adaptation function, predicted
versus observed free period (normalized to To)
after various entrainment episodes. (E) A 200-s
free run showing cycle-to-cycle variation in chirp
period. (F) A 240-s free run showing long-term
drift in chirp period. (G) Atypical type I PRC
(different individual from that shown in Fig. 2).
(H) Mecopoda species N: PRC at 0 dB and 2.9 m.
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