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Abstract

Seawater 187Os=188Os ratios for the Middle Miocene were reconstructed by measuring the 187Os=188Os ratios of
metalliferous carbonates from the Pacific (DSDP 598) and Atlantic (DSDP 521) oceans. Atlantic and Pacific 187Os=188Os
measurements are nearly indistinguishable and are consistent with previously published Os isotope records from Pacific
cores. The Atlantic data reported here provide the first direct evidence that the long-term sedimentary 187Os=188Os record
reflects whole-ocean changes in the Os isotopic composition of seawater. The Pacific and the Atlantic Os measurements
confirm a long-term 0.01=Myr increase in marine 187Os=188Os ratios that began no later than 16 Ma. The beginning of
the Os isotopic increase coincided with a decrease in the rate of increase of marine 87Sr=86Sr ratios at 16 Ma. A large
increase of 1‰ in benthic foraminiferal Ž18O values, interpreted to reflect global cooling and ice sheet growth, began
approximately 1 million years later at 14.8 Ma, and the long-term shift toward lower bulk carbonate Ž13C values began
more than 2 Myr later around 13.6 Ma. The post-16 Ma increase in marine 187Os=188Os ratios was most likely forced
by weathering of radiogenic materials, either old sediments or sialic crust with a sedimentary protolith. We consider two
possible Miocene-specific geologic events that can account for both this increase in marine 187Os=188Os ratios and also
nearly constant 87Sr=86Sr ratios: (1) the first glacial erosion of sediment-covered cratons in the Northern Hemisphere;
(2) the exhumation of the Australian passive margin–New Guinea arc system. The latter event offers a mechanism, via
enhanced availability of soluble Ca and Mg silicates in the arc terrane, for the maintenance of assumed low CO2 levels
after 15 Ma. The temporal resolution (three samples=Myr) of the 187Os=188Os record from Site 598, for which a stable
isotope stratigraphy was also constructed, is significantly higher than that of previously published records. These high
resolution data suggest oscillations with amplitudes of 0.01 to 0.02 and periods of around 1 Myr. Although variations in
the 187Os=188Os record of this magnitude can be easily resolved analytically, this higher frequency signal must be verified
at other sites before it can be safely interpreted as global in extent. However, the short-term 187Os=188Os variations may
correlate inversely with short-term benthic foraminiferal Ž18O and bulk carbonate Ž13C variations that reflect glacioeustatic
events.  1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The effects of tectonic variables on climate have
been a matter of interest since Chamberlin [1], not-
ing a correlation between ice ages and orogenies,
hypothesized a link between increased availability of
silicates for weathering and decreased partial pres-
sure of carbon dioxide (pCO2). The gross features
of the global carbon cycle are not a matter of con-
tention. Carbon dioxide enters the atmosphere as a
product of thermal degassing reactions and weather-
ing of organic matter; it leaves the atmosphere via
burial of carbonate, with Ca and Mg supplied by
silicate weathering, and burial of organic matter [2].
Current work focuses upon establishing the feed-
backs between climate, atmospheric (pCO2), and C
sources and burial fluxes, with an ultimate goal of
understanding the natural processes which regulate
Earth’s climate system. The many proposed sce-
narios linking the C cycle and climate [3–7] demon-
strate that these feedbacks remain poorly understood.

The marine 87Sr=86Sr and 187Os=188Os records are
relevant to C cycle models because seawater ratios
respond to changes in either the fluxes or the isotopic
compositions of solutes delivered to the ocean. The
marine 87Sr=86Sr record is commonly used to con-
strain the fluxes of these solutes [8,9]. Variations in
the 87Sr=86Sr composition of seawater over geologic
time are influenced by silicate and carbonate weath-
ering, dissolution of marine carbonates, and ridge
hydrothermal circulation [10], linking the Sr record
to the inorganic C cycle. The marine 187Os=188Os
record provides new and independent constraints on
inputs to the ocean and the C cycle. Changes in
the 187Os=188Os composition of seawater are related
to the organic C cycle [11,12] and possibly sili-
cate weathering [12,13], but are not influenced by
the weathering of carbonates. Thus comparing and
contrasting the 87Sr=86Sr and 187Os=188Os records
should provide new insights into the climate–C cycle
problem because these two tracers are linked to the
C cycle in very different ways.

Benthic foraminiferal Ž18O values (Fig. 1a) in-
creased by more than 1‰ during the Middle
Miocene, reflecting cooling of bottom waters and
expansion of ice sheets [14,15]. During this inter-
val, the marine 87Sr=86Sr record exhibits a plateau
in 87Sr=86Sr [6,16,17], while 187Os=188Os ratios

(Fig. 1b) show an increasing trend that contin-
ues through the remainder of the Neogene [11,18].
Precise knowledge of the relative timing of these
changes should help in determining their causes and
mutual relationships. This study was designed to:
(1) determine whether Atlantic (Deep Sea Drilling
Project Site 521) and Pacific (Site 598) metallifer-
ous sediments preserve similar records of Miocene
Os isotopic variations on million year time scales;
(2) provide an improved stratigraphic framework for
Site 598, allowing a more reliable comparison with
Middle Miocene records from other sites; and (3)
determine if short-period oscillations (104–106 yr)
are present in the 187Os=188Os record which are
not captured in the 87Sr=86Sr record because of its
long oceanic residence time (2 ð 106 yr, [10]) com-
pared to that of Os (104–105 yr, [13,19,20]). In
addition, Reusch and Maasch [21] hypothesized that
the Middle Miocene plateau in 87Sr=86Sr reflects the
emergence of a nonradiogenic young volcanic source
following the collision between the New Guinea arc
and Australian passive margin. This scenario also
predicts increases in the supplies of both nonra-
diogenic Os from Os-rich ultramafic material and
radiogenic Os from the Australian margin exhumed
during this collision.

2. Samples

Metalliferous carbonates rich in hydrothermal Fe
and Mn oxides, derived from ‘plume fall-out’ as
defined in German et al. [22], were chosen for this
study. The dominant species of Os in seawater is
thought to be the oxyanion H3OsO�6 [23], which
is scavenged by Fe and Mn oxides in hydrother-
mal plumes [24]. Previous work has demonstrated
that these deposits record past changes in the Os
isotopic composition of seawater on million year
time scales [11]. Osmium isotopic analyses of bulk
sediments and sediment leachates yield nearly indis-
tinguishable results indicating that the vast majority
of Os in these sediments is derived from seawater
[18]. Although metalliferous sediments are genet-
ically linked to sea-floor hydrothermal processes,
plume fall-out deposits accumulating within 100 m
of an active sea-floor hydrothermal system show no
evidence of nonradiogenic mantle Os derived from
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Fig. 1. (a) Benthic foraminiferal Ž18O record, 30–5 Ma [18]. Vertical shaded bar shows major Ž18O increase in the Middle Miocene.
Dark line shows Mi Ž18O maxima [42,43] discussed in text, e.g. Mi2 (16 Ma), Mi2a (15 Ma), Mi3 (13.6 Ma), and Mi4 (12.8 Ma).
(b) Temporal variations in the 187Os=188Os ratio of seawater inferred from analyses of metalliferous carbonates. The agreement of
new measurements (circles) with previous measurements is good. Also, for Middle Miocene samples, the Atlantic measurements (solid
circles) are indistinguishable from Pacific measurements. Note that the 187Os=188Os ratio is nearly constant before 16 Ma and increases
at a rate of 0.1=106 yr after 16 Ma.

sea-floor alteration, and appear to accurately record
the 187Os=188Os composition of present-day seawater
[25].

Metalliferous carbonates accumulate at rates on
the order of 10 mm=103 yr, and contain plank-
tonic foraminifera and nannofossils essential for cor-
relating the marine 187Os=188Os record with other
paleoceanographic records. These attributes of met-
alliferous carbonates afford the possibility of captur-
ing the high frequency fluctuations in the seawater
187Os=188Os record that are expected based on resi-
dence time estimates. Pelagic clays [12,18] and Mn

crusts [26] have been analyzed to reconstruct the
marine 187Os=188Os record. However, records con-
structed from these materials are of low temporal
resolution due to slow accumulation rates; further-
more, age control is poor due to the absence of
microfossils. Thus, we consider metalliferous sedi-
ments to be superior to Mn crusts and pelagic clays
as recorders of past changes in the 187Os=188Os com-
position of seawater, and have chosen to limit the
current study to these deposits. Metalliferous sedi-
ments from the South Pacific Ocean (Sites 597 and
598, [27]) and South Atlantic Ocean (Site 521, [28])
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Fig. 2. Map showing locations of DSDP Sites 319, 521, 597, 598, and 747.

were investigated (Fig. 2). Site 598 is among those
previously investigated [11] at very low temporal
resolution (fewer than one analysis=106 yr) and was
resampled to construct a higher resolution record
through the Middle Miocene. Osmium isotopic anal-
yses were made at fourteen levels, approximately
every 2 m (three analyses=106 yr).

3. Methods

The majority of samples analyzed in this study
were subjected to a two-step leaching procedure
similar to that described by Peucker-Ehrenbrink et
al. [18]. Calcium carbonate was first dissolved with
acetic acid, then Fe- and Mn-oxides were dissolved
in a sulfuric acid–hydrogen peroxide solution. The
acetic acid leach was archived and Os was separated
from the sulfuric acid–hydrogen peroxide solution.
The peroxide leaching method was originally devel-
oped to selectively release seawater-derived Os from
the large background of terrigenous and cosmic Os
in pelagic clays [12]. To establish the reproducibility
of this procedure, we made duplicate analyses of
leaches from splits of five different sample powders.
In addition to the leaching procedure, four samples
from Site 598 were subjected to bulk analysis by NiS

fire assay [29]. Splits of the sample powders chosen
for bulk analyses were also subjected to the leaching
procedure, affording a direct comparison of bulk and
leach data. In both procedures, samples were spiked
with isotopically enriched 190Os so that Os concen-
trations could be determined by isotope dilution. In
this study, the main advantage of the leaching pro-
cedure relative to bulk analysis was the very low
procedural blank. Several grams of sample powder
can be leached with a total procedural blank of ap-
proximately 0.2 pg Os. (For bulk analyses, the blank
corrections involve concentrations of approximately
3.2 pg Os=g sample and 187Os=188Os ratio of 0.37.)

Following either the sediment leaching procedure
or the fire assay procedure, Os was separated by
distillation of OsO4 into HBr. The distilled Os was
further purified using a single-bead ion exchange
method [30]. Osmium isotopes were measured as
OsO�3 by negative-ion thermal ionization mass spec-
trometry [31]. Ratios of measured intensities were
corrected for instrumental mass fractionation and
oxides in order to obtain atom ratios. Measured ox-
ide ratios typically have standard errors, based on
in-run counting statistics, between 0.2 and 0.3%
.2¦/. Because most of the previous work on Os iso-
topic variations in seawater has reported variations
in the abundance of 187Os in terms of 187Os=186Os
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ratios, figures and tables present both 186-normal-
ized and 188-normalized data (Table 1). In the text,
Os isotopic variations are discussed in terms of 188-
normalized data. Rhenium was monitored at the 249
and, intermittently, 233 mass peaks. The analysis
of sample 5-1L from DSDP 598 appears to be the
only one in which a Re interference correction is
potentially significant. The corrected ratio (Table 1)
is 0.5% less than the uncorrected ratio.

For Site 598, O and C isotopes were mea-
sured from 34 samples spaced approximately 1=m
(8=Myr). Planktonic (Dendoglobigerina altispira,

Table 1
Depth, age, OS concentrations, and 187Os=186Os, 187Os=188Os ratios (2¦ in-run uncertainties are given for both ratios) for DSDP
metalliferous sediments from the Pacific and Atlantic oceans

DSDP identifier Type a Depth (mbsf) Age (Ma) 187Os=186Os 187Os=188Os Os (ng=g)
leg–site, core-section, cm

92–598, 3-2, 15–20 Br 17.45 10.96 6.592 š 0.008 0.7910 š 0.0009 0.086
L 6.594 š 0.011 0.7913 š 0.0013 0.012
Ld 6.502 š 0.010 0.7802 š 0.0012 0.020

92–598, 3-5, 104–108 L 22.84 12.03 6.679 š 0.010 0.8015 š 0.0012 0.022
92–598, 3-6, 24–28 B 23.54 12.17 6.623 š 0.011 0.7948 š 0.0013 0.061

L 6.466 š 0.034 0.7759 š 0.0040 0.020
92–598, 4-1, 14–21 L 25.54 12.56 6.505 š 0.008 0.7806 š 0.0010 0.043
92–598, 4-2, 11–15 Bd 27.01 12.85 6.368 š 0.017 0.7642 š 0.0021 0.082

L 6.363 š 0.011 0.7636 š 0.0013 0.020
92–598, 4-3, 86–90 L 29.26 13.30 6.442 š 0.021 0.7730 š 0.0026 0.045
92–598, 4-4, 14–19 Br 30.04 13.46 6.400 š 0.011 0.7680 š 0.0013 0.084
92–598, 4-4, 113–116 L 31.03 13.65 6.313 š 0.013 0.7576 š 0.0015 0.041
92–598, 4-6, 11–14 B 33.01 14.05 6.379 š 0.024 0.7655 š 0.0028 0.130

L 6.439 š 0.023 0.7727 š 0.0028 0.037
Ld 6.421 š 0.017 0.7705 š 0.0020 0.022

92–598, 5-1, 40–44 L 35.40 14.52 6.460 š 0.009 0.7752 š 0.0011 0.046
92–598, 5-2, 102–105 L 37.52 14.94 6.240 š 0.010 0.7488 š 0.0012 0.034

Ld 6.212 š 0.017 0.7454 š 0.0021 0.052
92–598, 5-4, 10–14 L 39.60 15.27 6.254 š 0.016 0.7505 š 0.0019 0.058
92–598, 5-4, 20–25 Br 39.70 15.28 6.188 š 0.006 0.7426 š 0.0007 0.164

L 6.320 š 0.006 0.7584 š 0.0008 0.069
92–598, 5-5, 58–62 L 41.58 15.55 6.379 š 0.010 0.7655 š 0.0011 0.047

Ld 6.409 š 0.014 0.7691 š 0.0017 0.060
92–598, 5-6, 14–17 B 42.64 15.70 6.391 š 0.006 0.7669 š 0.0008 0.144

L 6.357 š 0.011 0.7628 š 0.0014 0.034
Ld 6.395 š 0.013 0.7674 š 0.0016 0.065

92–597, 3-1, 85–90 Br 15.10 18.90 6.122 š 0.013 0.7346 š 0.0015 0.038
L 6.179 š 0.015 0.7415 š 0.0018 0.009

73–521, 13-3, 60–65 L 54.60 7.60 7.020 š 0.011 0.8424 š 0.0013 0.009
73–521, 16-1, 75–80 L 62.25 10.60 6.800 š 0.014 0.8160 š 0.0016 0.029
73–521, 17-3, 67–72 L 69.67 14.10 6.360 š 0.030 0.7632 š 0.0036 0.007
73–521, 18-3, 35–40 L 73.85 14.50 6.290 š 0.018 0.7548 š 0.0022 0.009
73–521, 19-2, 89–94 L 77.29 15.00 6.222 š 0.011 0.7466 š 0.0013 0.009
73–521, 20-2, 102–107 L 81.82 15.50 5.930 š 0.031 0.7116 š 0.0037 0.010

a B D bulk sample; L D peroxide leach; d D duplicate; r D from Ref. [11].

Sphaeroidinellopsis seminulina) and benthic species
(Globocassidulina subglobossa, Oridorsalis spp.,
Planulina wuellerstorfi) were picked from the coarse
(>250 µm) fraction. The benthic foraminiferal stable
isotope record (Table 2) is based primarily on spec-
imens of Oridorsalis spp., which were common in
most samples. In samples without Oridorsalis spp.,
other species were analyzed and the species correc-
tion values reported in [32] were applied. For each
sample, two to three foraminifera were dissolved in
phosphoric acid at 90ºC and analyzed at the Univer-
sity of Maine on a VG=Fisons Prism Series II mass
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Table 2
Oxygen and carbon isotope data for benthic foraminifera, DSDP Site 598

Core-section, cm Depth (mbsf) Age (Ma) Species a Ž13C Ž18O

3-5, 104–108 22.80 12.02 CW 1.14 2.55
OR �0.36 2.58

3-6, 31–36 23.61 12.18 OR �0.02 2.64
3-6, 82–86 24.12 12.28 OR 0.11 3.01
4-1, 14–21 25.54 12.56 CW 1.27 2.63
4-1, 71–76 26.11 12.68 OR 0.47 2.65
4-1, 130–134 26.70 12.79 CW 1.41 2.09

OR 0.49 2.78
4-2, 41–46 27.31 12.91 SUB 1.01 2.60
4-3, 19–23 28.59 13.17 OR 0.60 2.19
4-3, 86–90 29.26 13.30 SUB 1.55 3.09
4-3, 146–149 29.86 13.42 OR 0.36 2.33
4-4, 61–66 30.51 13.55 OR 0.65 2.55
4-4, 113–116 31.03 13.65 OR 0.88 2.57
4-5, 13–17 31.53 13.75 OR 0.73 2.61
4-5, 71–74 32.11 13.87 OR 0.47 2.27
4-6, 32–37 33.22 14.09 Csp 1.08 1.18

OR 0.31 2.30
5-1, 40–44 35.40 14.52 OR 0.91 1.85
5-1, 91–95 35.91 14.62 OR 0.07 1.87
5-1, 141–146 36.41 14.72 SUB 1.14 1.57
5-2, 51–56 37.01 14.84 OR �0.08 1.78
5-2, 102–105 37.52 14.94 OR 0.84 1.95

SUB 1.11 1.61
5-3, 0–4 38.00 15.04 OR 0.52 1.72
5-3, 52–55 38.52 15.12 SUB 0.87 1.90
5-3, 107–110 39.07 15.19 OR 0.65 1.74
5-4, 10–14 39.60 15.27 OR �0.03 1.48
5-4, 62–65 40.12 15.34 OR 0.36 1.88
5-4, 110–113 40.60 15.41 OR 0.49 1.58
5-5, 6–9 41.06 15.48 OR 0.57 1.76
5-5, 58–62 41.58 15.55 SUB 1.18 1.90

SUB 1.18 1.88
5-5, 93–96 41.93 15.60 OR 0.44 1.78
5-5, 143–146 42.43 15.67 OR 0.45 1.67
5-cc, 0–4 43.26 15.79 OR 0.62 2.02

SUB 1.15 1.86

a Cb D Cibicidoides spp.; CW D Planulina wuellerstorfi; OR D Oridorsalis spp.; SUB D Globocassidulina subglobossa.

spectrometer. Samples of bulk carbonate were also
analyzed (Table 3).

4. Stratigraphy

The age model for Site 521 is tightly con-
strained by magnetostratigraphy [33] and calcare-
ous nannofossil and planktonic foraminiferal bios-
tratigraphy [34,35]. In order to compare the high
resolution Os isotopic record from Site 598 with

records from other sites, we supplemented pub-
lished calcareous nannofossil [36] and planktonic
foraminiferal biostratigraphy [37] with higher reso-
lution planktonic foraminiferal biostratigraphy and
benthic foraminiferal stable isotope stratigraphy. All
ages are reported according to the time scale in [38].

The shipboard planktonic foraminiferal biostratig-
raphy for Site 598 was limited to core catcher sam-
ples [37], yielding large uncertainties (š4.8 m) in
the placement of four zonal boundaries. We refined
this stratigraphy with samples taken every 0.75 m or
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Table 3
Oxygen and carbon isotope data from bulk carbonate, DSDP Site
598

Core-section, cm Depth (mbsf) Age (Ma) Ž13C Ž18O

3-5, 104–108 22.84 12.03 1.82 1.40
3-6, 31–36 23.61 12.18 2.28 1.58
3-6, 82–86 24.12 12.28 2.23 1.50
4-1, 14–21 25.54 12.56 2.29 1.53
4-1, 71–76 26.11 12.68 2.02 1.32
4-1, 130–134 26.70 12.79 2.17 1.47
4-2, 106–110 27.96 13.04 2.29 1.22
4-3, 86–90 29.26 13.30 2.29 1.12
4-3, 146–149 29.86 13.42 2.55 0.97
4-4, 61–66 30.51 13.55 2.34 1.17
4-4, 113–116 31.03 13.65 2.51 1.40
4-5, 13–17 31.53 13.75 2.59 1.78
4-5, 71–74 32.11 13.87 2.40 1.40
4-5, 115–119 32.55 13.95 2.37 1.49
4-6, 32–37 33.22 14.09 2.43 1.48
5-1, 40–44 35.40 14.52 2.42 0.99
5-1, 91–95 35.91 14.62 2.24 1.08

2.19 0.93
5-1, 141–146 36.41 14.72 2.36 1.11
5-2, 51–56 37.01 14.84 2.42 1.43
5-2, 102–105 37.52 14.94 2.47 1.09

2.46 1.11
5-3, 0–4 38.00 15.04 2.63 1.06
5-4, 10–14 39.60 15.27 2.22 0.52
5-4, 62–65 40.12 15.34 2.39 1.11
5-4, 110–113 40.60 15.41 2.06 0.93
5-5, 6–9 41.06 15.48 2.27 1.25
5-5, 58–62 41.58 15.55 2.17 0.49
5-5, 93–96 41.93 15.60 2.29 1.09
5-5, 143–146 42.43 15.67 2.33 0.90
5-6, 30–33 42.80 15.73 2.32 0.90
5-cc, 0–4 44.00 15.90 2.51 0.62

closer, recognizing six zones (N8–N14) based on the
criteria of Blow [39] (Table 4). The uppermost sam-
ple (Sample 92-598-3-5, 104–108 cm) contains the
only occurrence of Globigerina nepenthes, placing it
just above the Zone N14=N13 boundary (11.8 Ma).
The first appearance of Orbulina suturalis (Zone
N8=N9 boundary, 15.1 Ma) occurs between Samples
92-598-5-3, 0–4 cm and 92-598-5-3, 52–55 cm at
a level of 38.26 mbsf. Specimens of this species
and Orbulina universa are common above this level.
Our lowermost sample (Sample 92-598-5 cc) con-
tains Globigerina sicanus, indicating that this level
is still within Zone N8 and is younger than 16.4 Ma.
Also, Romine [37] found G. sicanus just below this
level in Sample 92-598-6 cc. Planktonic foraminifera

show evidence of dissolution in most of the interval
studied, making the placement of the zonal bound-
aries N10=N9 to N13=N12 less certain. We suspect
that the first appearance of Globorotalia peripheroa-
cuta (N10=N9, 14.8 Ma) at Site 598 is not a true
datum as this species was only sporadically found.
Furthermore, only one sample from Site 598 con-
tains specimens of the Globorotalia fohsella group,
whose first and last appearances are important mark-
ers for the tops of Zones N10 to N12. As a result, we
used only the three planktonic foraminiferal datums
considered to be reliable in the age model (Table 4).

The benthic foraminiferal Ž18O and Ž13C records
further constrain the age model for Site 598, accord-
ing to the oxygen-isotopic scheme of [40,41] and
carbon-isotopic scheme of Woodruff and Savin [42].
The Mi3 (13.6 Ma) and Mi4 (12.8 Ma) Ž18O max-
ima were identified at levels 31.50 and 25.54 mbsf,
respectively (Table 4). The Middle Miocene Ž18O
increase preceding the Mi3 maximum at Site 598
begins at 36.41 mbsf. In records with reliable mag-
netostratigraphy, this increase begins near the top of
magneto-chron C5Bn which has an age estimate of
14.8 Ma [41]. The Ž18O record does not show a max-
imum correlative with the Mi2 maximum suggesting
that the lowestmost sample is younger than 16.0 Ma.
The Ž13C record from Site 598 shows a prominent
maximum at 31.50 mbsf interpreted as CM6, having
an age estimate of 13.8 Ma [42].

A simple linear age model (age D 0.1986 ð depth
C 7.4902) was applied to the calcareous nannofossil,
planktonic foraminiferal, and stable isotopic datums
in the top part of the Site 598 core (above 38.26
m) to provide age estimates for each sample level.
Higher sedimentation rates, which are expected due
to proximity to hydrothermal sources and shallower
paleodepths, are indicated by the absence of Mi2 in
the sampled interval. A second regression (0.1425 ð
depth C 9.6267) was applied to the datums below
38.26 m.

5. Results and discussion

5.1. Comparison of bulk and leaching techniques

Duplicate leaches of five sediment samples
yielded an average difference of 0.6% (0.005
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Table 4
List of biostratigraphic and stable isotopic datum levels used to construct age model for Site 598

Datum Type Age (Ma) Depth (mbsf) Reference

1 CN6=CN7 nannofossil 10.7 16.10 [38]
2 CN5=CN6 nannofossil 10.9 16.85 [38]
3 FAD a Globigerina nepenthes foraminifera 11.8 23.23 this study
4 Mi4 Ž18O 12.8 25.54 this study
5 CN4=CN5 nannofossil 13.6 29.75 [38]
6 Mi3 Ž18O 13.6 31.50 this study
7 CM 6 Ž13C 13.6 31.50 this study
8 Base Ž18O increase Ž18O 14.8 36.41 this study
9 FAD Orbulina suturalis foraminifera 15.1 37.80 this study

10 Mi2 b Ž18O <16.0 43.26 this study
11 FAD Globigerina sicanus foraminifera 16.4 44.75 [39]

a FAD, first appearance datum.
b Mi2 is below this level.

187Os=188Os units). The difference between dupli-
cate leaches ranges from 0.3 to 1.4% (Table 1).
These duplicate analyses establish an empirical limit
at which true differences in isotopic composition
can be resolved. Seven samples were analyzed using
both the selective leaching procedure and a proce-
dure involving total sediment digestion by fire assay.
Corresponding ‘bulk–leach’ pairs differ by an av-
erage of 1% (0.008 187Os=188Os units), an amount
slightly larger than the average difference between
duplicate leach analyses. The difference between
bulk–leach pairs ranges from 0.1 to 2.4% (0.001 to
0.019 187Os=188Os units).

In essence, the 187Os=188Os ratios measured from
bulk and leach analyses of the Site 598 samples
do not differ systematically. A similar result was
obtained from other metalliferous sediment samples
[18]. The good agreement between bulk and leach
analyses of the Os isotopic composition of met-
alliferous sediments implies that the Os in these
sediments is almost entirely derived from a seawater
source.

5.2. Geographic variations

The Atlantic (Site 521) and Pacific (Site 598)
metalliferous carbonate records reveal no system-
atic differences in 187Os=188Os ratios through the
Middle Miocene (Fig. 1). They are indistinguishable
at the level of our external reproducibility (š0.005
187Os=188Os units), providing empirical evidence that
the oceanic residence time of Os is long enough

for Os to have become well-mixed in the Miocene
oceans. Thus, our measurements reflect global varia-
tions in the 187Os=188Os ratio of seawater.

Excellent agreement between Pacific and Atlantic
data also supports our contention that metalliferous
sediments are superior to pelagic clays as recorders
of past variations in the Os isotopic composition of
seawater. All in all, there is much less scatter in
the 187Os=188Os ratios from metalliferous carbonates
than from combined pelagic clays and metalliferous
carbonates [18]. In Pacific sediments, the pelagic
clay data show significantly more scatter between
cores [18] than do the two metalliferous sediment
records from different ocean basins.

The Atlantic Ocean may have developed slightly
higher 187Os=188Os ratios than the Pacific Ocean
from the Middle Miocene to the present. Although
sensitive to errors in temporal correlation, our two
uppermost Atlantic samples, of Late Miocene age,
are higher by 0.015 187Os=188Os units than the mean
Pacific values. Studies of modern Mn crusts indicate
that 187Os=188Os ratios are systematically higher, by
0.022 units, in the North Atlantic than in the Pacific
and Indian oceans [26]. If our records are represen-
tative of the Miocene ocean and if the Mn crust data
are truly representative of the Os isotopic variations
in the modern ocean, then these data collectively
suggest that Os in the Middle Miocene ocean was
more nearly homogeneous than in the modern ocean.
Changes in the pattern of deep water formation
provide a potential explanation allowing us to rec-
oncile this apparent discrepancy. During the Middle
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Miocene, there may not have been an equivalent to
North Atlantic Deep Water (NADW); rather, deep
waters of both the Pacific and Atlantic oceans show
Ž13C gradients suggesting a single southern (Antarc-
tic) source [41,43].

5.3. Long-term temporal variations

The trend of increasing 187Os=188Os ratios from
the Middle Miocene to the present noted by Rav-
izza [11] has been confirmed. The inflection be-
tween this increasing trend and almost constant ra-
tios through the Early Miocene and Late Oligocene
occurs no later than 16 Ma (Fig. 3b). The estimated
187Os=188Os composition of average continental crust
is 1.2–1.3 [44]; riverine 187Os=188Os ratios are gen-
erally higher [13,45]. Increasing marine 187Os=188Os
ratios after 16 Ma were almost certainly caused by
an increasing contribution of radiogenic Os from
continental sources, either sialic materials or old
organic matter. Specifically, shales host abundant or-
ganic matter, which scavenges Os and, to a greater
extent, Re; consequently, their Re=Os ratios are high
[46,47], and calculations indicate that these sources
attain elevated 187Os=188Os ratios within several mil-
lion years.

5.3.1. Os–C comparisons
Bulk carbonate Ž13C values generally decrease

through the Neogene from relatively high values
in the Middle Miocene [48,49]. In DSDP 598, the
shift toward lower bulk carbonate Ž13C values began
around 13.6 Ma (Fig. 3c). This decrease in Ž13C
values apparently lags the increase in 187Os=188Os
ratios by more than 2 Myr.

Decreases in marine bulk carbonate Ž13C values
can result from decreased organic C burial [50] or
decreased fractionation [51]. Alternatively, they can
result from increased weathering of organic matter
with low Ž13C values [7,11]. Ravizza specifically
suggested that the Neogene increase in 187Os=188Os
ratios and decrease in bulk carbonate Ž13C values are
both a consequence of increased weathering of or-
ganic matter [11]. The mean age of the weathered or-
ganic matter is critically important to models linking
the marine Ž13C and 187Os=188Os records in this man-
ner [52] (i.e. the organic matter must be sufficiently
old to have attained elevated 187Os=188Os ratios).

Fig. 3. (a) Marine 87Sr=86Sr record from DSDP 747A for the
period 20–10 Ma [20]. Note the prominent decrease in rate
of increase at 16 Ma. (b) 187Os=188Os record for the period
20–10 Ma, showing increase beginning no later than 16 Ma.
Symbols are the same as in Fig. 1. (c) Ž13C of marine bulk
carbonate. Note that the Neogene decrease began during the
Middle Miocene around 13.6 Ma. Also shown are averaged Ž13C
values of bulk carbonate from Site 525 [53] and Leg 138 [48].
The vertical shaded bar shows the interval, from 14.8 to 12.8 Ma,
of the Middle Miocene positive shift in Ž18O values (Fig. 1a).

Increased weathering of organic matter implies an
almost exact temporal correspondence between in-
creases in the resulting C and Os fluxes, but not nec-
essarily an exact temporal correspondence between
decreasing Ž13C values and increasing 187Os=188Os
ratios.

Accelerated organic C weathering does not neces-
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sarily imply diminished organic C burial. Rather, the
inferred exhumation that permits organic C weath-
ering also implies conditions favorable for enhanced
burial and preservation of organic C, specifically
high sedimentation rates of fine-grained materials
[53] and nutrient-loading of both terrestrial and ma-
rine ecosystems [54]. If C and Os fluxes were cou-
pled during Miocene organic C weathering, then the
more than 2 Myr lag of the bulk carbonate Ž13C
decrease relative to the 187Os=188Os increase ob-
served in DSDP 598 implies excess organic C burial
between 16 and 13.6 Ma. In this regard, the occur-
rence of organic C-rich deposits in the Monterey
Formation deposited during this interval [4] provides
support for the geochemical linkage proposed by
Ravizza [11]. Accelerated organic C weathering also
does not necessarily imply increasing atmospheric
pCO2 if the organic C burial and silicate weathering
sinks keep pace.

5.3.2. Os–Sr comparisons
The rate of increase of marine 87Sr=86Sr ratios

decreased at 16 Ma (Fig. 3a), according to the in-
flection in the Site 747A record near the base of
magneto-chron C5B [17]. This plateau in an oth-
erwise increasing trend lasted 3–4 Myr. Site 747A
is tightly constrained by magnetostratigraphy; less
well-constrained 87Sr=86Sr records show the plateau
in 87Sr=86Sr ratios beginning sometime between 16
and 15.4 Ma.

The 87Sr=86Sr ratios of sources affecting seawa-
ter range from 0.7035 for hydrothermal discharges
from basalts through around 0.708 for dissolution of
pelagic carbonates to over 0.71 for rivers [10,55].
Rivers draining sialic crust typically contain highly
radiogenic Sr at very low concentrations. Significant
contributions of 87Sr are expected only from Hi-
malayan-type crust in which 87Sr is thought to have
been metamorphically partitioned from relatively in-
soluble Rb-rich minerals (e.g. K-feldspars) into more
soluble Ca-bearing phases such as plagioclase, bi-
otite, and calcite [56–59]. The steep Early Miocene
increase in 87Sr=86Sr ratios has been correlated with
development of the Himalayan Main Central Thrust–
South Tibetan detachment system [6,54,60]; recent
findings [59] trace high riverine 87Sr=86Sr ratios to
radiogenic calcites (the weathering of which does
not affect long-term atmospheric pCO2, [3]). Possi-

ble mechanisms for the Middle Miocene 87Sr=86Sr
plateau include an increase in nonradiogenic Sr from
basalt weathering [21], an increase in intermediate
Sr from carbonate weathering or submarine dissolu-
tion [8], and a decrease in radiogenic Sr from the
Himalayas [6].

The Late Oligocene through Middle Miocene
187Os=188Os and 87Sr=86Sr records are conspicu-
ously decoupled. Whereas 87Sr=86Sr ratios became
nearly constant at 16 Ma, 187Os=188Os ratios began
to increase at this time [11]. If both 87Sr=86Sr and
187Os=188Os ratios were responding primarily to the
same radiogenic source, as was first suggested [12],
then they should have varied almost in tandem (with
only minor lag in the Sr signal, on the order of 1
Myr, due to the longer response time of Sr). The
decoupling around 16 Ma therefore suggests that
weathering of sediments, rather than of ancient crust,
dominates the Early and Middle Miocene Os signal.

5.3.3. Specific geologic mechanisms for isotopic
variations

A limited number of Miocene events involve sig-
nificant exhumation of rock assemblages capable of
simultaneously supplying the ocean with radiogenic
Os and nonradiogenic (or soluble intermediate) Sr
and thus causing the inflections in both marine
records at 16 Ma. These include the emergence
of continental margins in the Australia–Indonesian
region and the first glaciation of sediment-veneered
continental interiors in the Northern Hemisphere.
The Os isotopic data cannot be readily explained by
scenarios involving either the Columbia River flood
basalt eruptions around 16 Ma [6] or the initiation of
the Main Central Thrust–South Tibetan detachment
system between 21 and 17 Ma [54].

The most plausible tectonic mechanism for Mid-
dle Miocene decoupling of the 187Os=188Os and
87Sr=86Sr records is the collision between New
Guinea and Australia [21] and general emergence
of Indonesia. A prominent Middle Miocene uncon-
formity, sculpted into the northern New Guinea arc
terrane, and orogenic sediments in the Australian
foreland lend support to this scenario [61]. Specif-
ically, the foreland basin, derived primarily from
the Australian margin, developed between the Early
Miocene and late Middle Miocene [61]. The uplifted
arc material is likely to be a major source of non-
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radiogenic Sr and potential cause of the 87Sr=86Sr
plateau. The Australian continental margin, in ad-
dition to being a major source of intermediate Sr
in carbonates, is likely to be a major source of ra-
diogenic Os, both in sialic crust and in the rifted
margin sediments (mean age approximately 50 Ma).
The magnitude of exhumation should have been on
the order of exhumation experienced in the early
Himalayan collision [7].

The emergence of New Guinea and other parts of
Indonesia offers a mechanism for both the Middle
Miocene cooling event and the preceding thermal op-
timum. A reduced greenhouse effect brought on by
the increased availability in the northern volcanic arc
terrane of highly soluble Ca and Mg silicates would
have been preceded by an increased greenhouse ef-
fect associated with weathering of the sedimentary
arc [7]. The lag between the warming and cooling
events corresponds closely with the estimated time
it would take for the Australian plate to underthrust
the trench–arc system, which is 2.5 Myr based on an
average separation of 200 km between sedimentary
and volcanic arcs and a convergence rate of 8 cm=yr.

An alternative explanation for both the
187Os=188Os and 87Sr=86Sr records is Northern Hemi-
sphere glaciation, which began earlier (Middle
Miocene) than previously thought [62]. The first con-
tinental glaciers in the Northern Hemisphere should
have delivered radiogenic Os, from old sediments
and crust, and intermediate Sr, from carbonates, to
the ocean. Pulses of ice-rafted debris have recently
been recognized in the North Atlantic Ocean at
times corresponding with the Mi3 and Mi4 Ž18O
maxima [62]. Especially the earliest glaciations of
the northern continents would have eroded primarily
the cratonic sedimentary cover, which we speculate
meets the criteria for a 187Os-enriched=87Sr-depleted
source.

An appealing feature of the Northern Hemisphere
glaciation scenario is its ability to account for the
possible Os isotopic heterogeneity suggested by the
slightly contrasting post-Middle Miocene records
from the Atlantic and Pacific basins. If NADW is
the main carrier of radiogenic Os into the Atlantic,
then the more radiogenic Atlantic Os isotopic ratios
point to glacial erosion of sediment-covered cratons
as a source of radiogenic Os that contributed to the
Neogene increase in marine 187Os=188Os ratios.

An issue with Northern Hemisphere glaciation as
a cause of the Neogene Os isotopic increase is the
small size of the first ice sheets in the Northern
Hemisphere, as indicated by the limited extent of
ice-rafted debris during the Middle Miocene [62].
Also, the Atlantic Ocean did not attain (possible)
elevated 187Os=188Os ratios until after the Middle
Miocene, well after the beginning of the long-term
increase in 187Os=188Os ratios (16 Ma).

5.4. High resolution 598 record

For the first time, both 187Os=188Os analyses
and stable isotopic analyses have been made from
the same metalliferous carbonate samples. This ap-
proach, by avoiding the uncertainties associated with
correlating between cores, permits ready comparison
between the 187Os=188Os and stable isotopic data. We
restrict the interpretation of fine structure to leach
analyses from DSDP 598 because of the relatively
large uncertainties stemming from blank corrections
in the fire assay step of bulk sample analyses and be-
cause of age uncertainties associated with correlating
between cores. Post-burial decay of Re produces ra-
diogenic Os; however, metalliferous carbonates are
unlikely to have significant Re [25,63]. Although we
have not made corrections for in situ production of
187Os, an upper limit is likely to be around 0.3%
based on a sample from DSDP 597 [18].

The high resolution data from Site 598 suggest a
weak oscillatory structure in the 187Os=188Os record
with amplitudes on the order of 0.01 to 0.02 and
frequencies of 1=Myr or higher (Fig. 4b). The am-
plitudes of these oscillations are two to four times
as large as the mean difference (0.005 187Os=188Os)
between duplicate leach analyses (the envelope on
Fig. 4b is defined by this mean difference). Rela-
tively high 187Os=188Os ratios (0.76 to 0.77) in the
oldest samples imply an increasing trend leading to
a maximum around 15.5 Ma. A well-defined de-
crease from 0.77 to 0.75 occurs in the most densely
sampled interval between 15.5 and 14.9 Ma. At the
current density of sampling, the record appears to
have maxima around 15.5 Ma, 14.5 Ma, and possi-
bly 13.3 Ma. Minima occur prior to 15.5 Ma, around
15 Ma, and possibly near 13.7 Ma and 12.8 Ma. In
addition to the need for higher resolution sampling
at Site 598 to better define the suggested oscilla-
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Fig. 4. (a) Benthic foraminiferal Ž18O values from DSDP Site 598, measured on Oridorsalis spp. (solid squares) and G. subglobossa
and P. wuellerstorfi (open squares). The Mi2a (15 Ma), Mi3 (13.6 Ma), and Mi4 (12.8 Ma) maxima are indicated. (b) High resolution
187Os=188Os analyses from Site 598. Large circles are leached samples and small circles are bulk analyses. The envelope is defined
by the mean difference between duplicate leaches (0.005 187Os=188Os units). Crosses are from [14]. Dashed arrows indicate increases
following Mi maxima. Solid arrows show inverse correlation with bulk carbonate Ž13C values. (c) Bulk carbonate Ž13C values from Site
598. The possible inverse correlation of Os with O and C isotopes suggests a common glacioeustatic control.

tions, it must be emphasized that additional analyses
from other cores are required to determine whether
the DSDP 598 Os signal is representative of whole-
ocean variations in the Os isotopic composition of
seawater.

With the caveat that fine structure in the
187Os=188Os record has not been proven to repre-
sent a global signal, our data appear to vary in an
inverse manner with respect to benthic foraminiferal
Ž18O values (Fig. 4a) in the sense suggested by [64]
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for Pleistocene glacial–interglacial cycles (but on
a time scale two orders of magnitude larger). The
inferred pre-15.5 Ma 187Os=188Os increase follows
the Mi2 (glacial) maximum (16 Ma). The second
187Os=188Os increase follows the Mi2a maximum
at 15 Ma. The third possible 187Os=188Os increase
follows the Mi3 maximum. If these correlations
persist in higher resolution records, the mechanism
for the 187Os=188Os increases probably involves the
weathering of exposed glacial drift and continental
shields during relatively humid deglaciations [13].
The physically ground, highly radiogenic continen-
tal materials would be ripe for chemical weathering.
Pleistocene glacial terminations are characterized by
warm and wet climates, optimal for chemical weath-
ering, but the nature of climate following the Mi
glacial maxima is not known in any detail.

The 187Os=188Os data may also vary in an in-
verse manner with respect to the bulk carbonate Ž13C
record (Fig. 4c). Our bulk carbonate data show the
same general features displayed by higher resolution
bulk carbonate records from the Pacific [48] and At-
lantic oceans [49]. All three of these records show
strong maxima at 15 Ma and between 14 and 13.6
Ma followed by generally decreasing values. Minima
in the 187Os=188Os record at 15 Ma and near 13.7 Ma
match the two strong Ž13C maxima; the subsequent
general increase in 187Os=188Os ratios corresponds
with the general decrease in the bulk carbonate Ž13C
values. The same mechanism [64] proposed for the
inverse correlation between 187Os=188Os and benthic
foraminiferal Ž18O may apply for 187Os=188Os and
bulk carbonate Ž13C. During deglaciations, old or-
ganic C is weathered, releasing C with low Ž13C
values and radiogenic Os.

6. Conclusions

Combined Atlantic and Pacific samples demon-
strate that seawater 187Os=188Os ratios were homo-
geneous in the Atlantic and Pacific oceans during
the Middle Miocene, when production of Northern
Component Water and Tethyan outflow water were
curtailed [41]. The small Os isotopic contrast ob-
served between the North Atlantic and the Pacific
and Indian oceans in recent Mn crusts [26] suggests
that the residence time of Os is poised very close

to the mixing time of the oceans, and that North
Atlantic Deep Water may be the vector presently
delivering radiogenic Os to the global ocean.

No systematic differences were observed between
bulk and leached sediment pairs, and high resolution
data match the previously defined long-term trend
—therefore contamination by cosmic dust is not a
factor in rapidly deposited metalliferous carbonates
that evidently contain mostly hydrogenous Os.

The large-scale decoupling of the 187Os=188Os and
87Sr=86Sr records in the Miocene can be explained
by the emergence between 16 and 15 Ma of a source
enriched in 187Os and depleted in 87Sr, in contrast
to the previous mean source characterized by high
87Sr=86Sr and intermediate 187Os=188Os ratios. In
the Early Miocene, the exhumation of Himalayan
continental crust, with soluble 87Sr-enriched phases,
probably drove the rise in seawater 87Sr=86Sr ra-
tios. In the Middle Miocene, we can suggest two
scenarios. First, Northern Hemisphere ice sheets
would have exhumed 187Os-rich=87Sr-rich sediments
as they developed. Alternatively, during the Middle
Miocene, both the Australian continental margin, a
large source of 187Os-enriched sediments and in-
termediate Sr, and the northern New Guinea arc
terrane, a large source of 87Sr-depleted volcanic
rocks, were uplifted and eroded. In the second
scenario, increased availability of soluble Ca and
Mg silicates may have contributed to greenhouse
cooling, although it remains to be shown that CO2

levels decreased through the Middle Miocene Ž18O
shift.

Fine-scale oscillations of 187Os=188Os in Pacific
sediments have periods on the order of a million
years and amplitudes of 0.01 to 0.02. These oscil-
lations in sedimentary 187Os=188Os ratios are well
resolved analytically but it remains to be established
that they represent a global signal. With this caveat,
some of these variations appear to correlate in an
inverse fashion with the benthic foraminiferal Ž18O
record, which is in the same sense as described
by [64] for Pleistocene glacial cycles. Variations in
bulk carbonate Ž13C through this period may also be
linked to glacioeustatic processes. The global nature
of the DSDP 598 record would best be tested by
similar high resolution work on Atlantic core DSDP
521 to reproduce the same signal.
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