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Abstract

Osmium (Os) isotope analyses of bulk sediments from the South Atlantic, Equatorial Pacific, and the Italian
Apennines yield a well-dated and coherent pattern of 187Os/188Os variation from the late Eocene to the early
Oligocene. The resulting composite record demonstrates the global character of two prominent features of the low-
resolution LL44-GPC3 Os isotope record [Pegram and Turekian, Geochim. Cosmochim. Acta 63 (1999) 4053^4058].
These are: (1) a pronounced minimum in 187Os/188Os (0.22^0.27) in the late Eocene, between 34 and 34.5 Ma, and (2)
a subsequent rapid increase in 187Os/188Os, to approximately 0.6 by 32 Ma. An ultramafic weathering event and an
increased influx of extraterrestrial particles to the Earth are discussed as alternative explanations for the late Eocene
187Os/188Os minimum. Comparison of the 187Os/188Os to benthic foraminiferal oxygen isotope records demonstrates
that the nearly three-fold increase in 187Os/188Os from the late Eocene minimum coincides with the growth and decay
of the first large ice sheet of the Oligocene (Oi1 [Miller et al., J. Geophys. Res. 96 (1991) 6829^6848]). The fine
structure of the Os isotope record indicates that enhanced release of radiogenic Os, unrelated to the recovery from late
Eocene minimum, lagged the initiation of the Oi1 event by roughly 0.5 Myr. This record, in conjunction with
weathering studies in modern glacial soils [Blum, in: W.F. Ruddiman (Ed.), Tectonic Uplift and Climate Change,
Plenum Press, New York, 1997, pp. 259^288; Peucker-Ehrenbrink and Blum, Geochim. Cosmochim. Acta 62 (1998)
3193^3203], suggests that exposure of freshly eroded material during deglaciation following Oi1 enhanced chemical
weathering rates, and may have contributed to ice sheet stabilization by drawing down atmospheric carbon dioxide.
The improved temporal resolution and age control of the refined Eocene^Oligocene Os isotope record also makes it
possible to illustrate the late Eocene Os isotope excursion as a tool for global correlation of marine sediments.
C 2003 Published by Elsevier Science B.V.
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1. Introduction

The Eocene^Oligocene (E^O) transition marks
the end of Eocene warmth and the onset of major
glaciation in Antarctica [5]. In the late Eocene
there were at least two large extraterrestrial im-
pacts [6,7] and a more protracted episode of in-
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creased cosmic dust £ux [8]. Both Antarctic glaci-
ation and an increased in£ux of extraterrestrial
material could have caused signi¢cant changes in
the 187Os/188Os of seawater. The North Paci¢c pe-
lagic clay core, LL44-GPC3, provides the best
available overview of Cenozoic variability in the
marine osmium isotope record [1,9]. A large ex-
cursion to low 187Os/188Os close to the E^O
boundary is one of the most prominent features
of this record (Fig. 1). The asymmetric shoulders
of the excursion are equally important in that
they de¢ne a signi¢cant and permanent increase
in the 187Os/188Os of seawater, from values be-
tween 0.45 and 0.5 before the excursion to values
greater than 0.6 after the excursion. These large
variations in the LL44-GPC3 Os isotope record
provide the impetus for a more detailed study of
this important climate transition.

This study has two main objectives. The ¢rst is
to better establish the timing and geographic ex-
tent of the E^O Os isotope excursion that is re-
corded in LL44-GPC3. Speci¢cally, we test the
hypothesis that the increased in£ux of extraterres-
trial material in the late Eocene [8] was synchro-
nous with the excursion to low 187Os/188Os ratios
close to the E^O boundary. The combined LL44-

GPC3 He^Os isotope record suggests that they
are not [9], but this single core need not be rep-
resentative of either global 3He £ux or seawater
187Os/188Os. The second objective is to compare
seawater 187Os/188Os variations across the E^O
transition to the history of ice volume changes
recorded by N

18O in benthic foraminifers in order
to establish leads and lags between these two pa-
leoceanographic records. If shifts to heavier oxy-
gen isotope composition, indicating increased ice
volume, precede rising 187Os/188Os, then this is
supportive of the hypothesis that glaciation, either
directly or indirectly, enhanced continental weath-
ering [10^12]. Alternatively, if oxygen isotope
shifts lag the increase in seawater 187Os/188Os,
then this is consistent with the hypothesis that
increased chemical weathering £uxes preceded
major Cenozoic glaciation, and may have played
a causative role in climate change by drawing
down atmospheric CO2 [13,14]. In addition to
these two main objectives, re¢nements of the
E^O marine Os record we report here also pro-
vide the age control necessary to illustrate the
potential of Os isotopic chemostratigraphy in
pelagic clays.

Sediments from the South Atlantic, the Equa-
torial Paci¢c, and the Massignano section in the
Italian Apennines were investigated to construct a
more detailed record of 187Os/188Os variations
across the E^O transition. The Massignano sec-
tion was selected for this study because previous
studies of impact debris [15,16] and 3He [8] allow
direct comparison of Os isotope variations to re-
cords of extraterrestrial in£ux. South Atlantic
sediments from Deep Sea Drilling Project
(DSDP) Site 522 were investigated so that Os iso-
tope data could be compared to existing stable
isotope data from the same core [5]. Metalliferous
sediments from the Equatorial Paci¢c, DSDP
Hole 574C, were included in this study because
Os isotope analyses of lithologically similar sedi-
ments have consistently yielded reliable data for
reconstructing past variations in the Os isotopic
composition of seawater [17^20]. In all three lo-
calities biostratigraphic data constrain the sedi-
ment sequences to span the E^O boundary. Using
biostratigraphic data and magnetostratigraphy to
correlate between these sediment sequences, a

 

 

Fig. 1. Cenozoic marine 187Os/188Os record preserved in
LL44-GPC3 [1], a North Paci¢c pelagic clay sequence and
eolian grain size [55] plotted versus depth in core. The trend
of increasing eolian grain size (small P-50 values) that begins
in the late Eocene (arrow) is interpreted as evidence of in-
creasingly vigorous atmospheric circulation [55]. Note the
pronounced excursion to low 187Os/188Os just above the pu-
tative E^O boundary at 12 m depth. New data reported here
(Fig. 2 and 3) show that this minimum occurs in the late Eo-
cene at 34.2 Ma, requiring that the transition to increasing
eolian grain size precede major Antarctic glaciation (33.6
Ma) by several hundred thousand years. The E^O boundary
shown is de¢ned by ichthyolith biostratigraphy [56].
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composite record of Os isotope variation from the
late Eocene to the early Oligocene is constructed.

2. Sample material

2.1. Massignano samples

The Massignano section is located in the Um-
bria^Marche basin in the northeastern portion of
the Italian Apennines. Lithologically the Mas-
signano section is comprised of marly limestones
with a lesser proportion of calcareous marl.
CaCO3 content varies from 50 to 80 wt% [21].
There are three key reasons we chose to investi-
gate Os isotope variations in this section. First,
there is a large body of integrated stratigraphic
data available to constrain the age model for the
Massignano section because it is the Global Stra-
totype Section and Point for the E^O boundary
[22]. Second, several detailed studies have been
conducted documenting the distribution of im-
pact-related material at Massignano [15,16,21].
These studies provide marker horizons attribut-
able to the late Eocene impact events at Popigai
[6] and Chesapeake Bay [7]. Third, a detailed in-
vestigation of He concentrations and isotope var-
iations in these sediments revealed evidence of an
episode of increased cosmic dust £ux lasting
roughly 2 Myr [8]. We analyzed splits of sample
powders remaining from the He isotope study
cited above. These samples included both outcrop
samples and drill core material. The detailed mag-
netostratigraphy of the Massignano section [23]
provides the basis of a robust age model.

2.2. DSDP Site 522

This core was recovered from the Angola Basin
in the South Atlantic (26‡6.843PS, 5‡7.784PW;
4400 m). The sediments recovered from Site 522
from 120 to 147 m below sea£oor (mbsf) are of
late Eocene to early Oligocene age. Over this
depth interval the sediments are 85^95 wt%
CaCO3, faintly yellow-brown colored, and are
classi¢ed as nannofossil to foram^nannofossil
oozes [24]. The two principal reasons for investi-
gating sediments from Site 522 are the excellent

age control provided by magnetostratigraphy [25]
and the detailed benthic foraminiferal stable iso-
tope record for this site [5]. Recent Mg/Ca anal-
yses of benthic foraminifers from this core [26]
support the interpretation that variation in the
N
18O benthic foraminiferal record largely re£ects

changes in ice volume rather than temperature.
Thus the Site 522 record provides an opportunity
to compare seawater 187Os/188Os variations to
changes in ice volume during the ¢rst major Oli-
gocene glaciation [2].

2.3. DSDP Hole 574C

The site is located in the Equatorial Paci¢c
(4‡12.52PN, 133‡19.81PW; 4561 m) on oceanic
crust of late Eocene age. The lowermost sediment
unit recovered from this site is comprised of met-
alliferous chalk and spans the E^O boundary [27].
This lithology has been shown to accurately rec-
ord the 187Os/188Os of modern seawater and dem-
onstrated to record past variations in the Os iso-
topic composition of seawater [17^20]. The
lithologic suitability of the Hole 574C E^O sedi-
ments was the main reason these sediments were
studied here. Age control for these sediments is
inferior to Massignano and Site 522 sites because
this site lacks a reliable magnetostratigraphy. The
best constrained biostratigraphic indicator of the
E^O boundary in terms of depth range is the last
occurrence of the benthic foraminifer Nuttallides
truempyi at 506 mbsf [28]. Other biostratigraphic
horizons, nannofossil [29] diatoms [30], and radio-
larians [31] are consistent with this assignment
within 1^2 m depth in the core. The planktonic
foraminiferal record suggests a deeper placement
for the E^O boundary, but this is likely compro-
mised by carbonate dissolution artifacts [28].

3. Methods

Os isotope analyses of bulk sediments were per-
formed by introducing OsO4 vapor directly into a
magnetic-sector inductively coupled plasma mass
spectrometer (ICP-MS) as described by Hassler et
al. [32]. These isotope ratio measurements fol-
lowed preconcentration of Os and the other plat-
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inum group elements by NiS ¢re assay [33]. Ap-
proximately 5 g of sediment was fused for each
analysis. Though the ICP-MS method for Os iso-
tope analysis is less sensitive and less precise than
Os isotope analysis by negative thermal ionization
mass spectrometry (NTIMS), it is much less time-
consuming. The relative speed of ICP-MS Os iso-
tope analyses makes this method well-suited for
investigating the marine Os isotope record be-
cause the dynamic range in 187Os/188Os is large
and numerous analyses are required. Approxi-
mately one-third of the 55 samples investigated
were analyzed in duplicate. Platinum, Pd, and Ir
concentrations were determined on the same pow-
der splits used for Os isotope analyses. These data
will be reported separately. Rhenium concentra-
tions were determined in a small subset of samples
by isotope dilution ICP-MS following acid diges-
tion of a separate powder split and puri¢cation
using anion exchange resin.

Repeated analyses of an in-house Os standard
solution yielded an average 187Os/188Os of
0.1736O 0.0009 (1 S.D.; n=35). This value agrees
well with the value previously established for this
solution by NTIMS (0.1741O 0.0002 [32]). Based
on eight analyses of sample-free fusions, proce-
dural blanks for the Os analyses were 1.8 O 0.8
pg Os/g sample with a 187Os/188Os of 0.46O 0.11
(both 1 S.D.) The resulting blank corrections to
the measured Os concentrations averaged 3.8%
and were not larger than 9%. Procedural blanks
(n=4) for the Re analyses were all less than 2 pg
total analyte.

4. Results and discussion

Measured Os concentrations in the samples in-
vestigated range from 20 to 164 pg/g (Table 1),
similar to concentrations reported previously for
pelagic carbonates [20,34]. Measured Re concen-
trations range from 13 to 439 pg/g (Table 1), and
resulting 187Re/188Os ratios range from 0.5 to 40.
Corrections for the in situ production of 187Os by
187Re decay were not applied because they are so
small as to be negligible, averaging 0.1% with a
maximum correction of 0.5%.

In all three of the records investigated 187Os/

188Os displays a pronounced minimum in the
late Eocene (Fig. 2). The lowest 187Os/188Os in
each core falls in the range 0.22^0.27, lower
than the lowest 187Os/188Os measured in the E^O
excursion in LL44-GPC3 (0.35 [1]). Note that in
Fig. 2a three analyses distributed over the top 50
cm of core 37 from Site 522 (Table 1) were not
plotted. Samples from these three depth intervals
de¢ne an excursion to high 187Os/188Os that
reaches a maximum value of 2.9, a ratio nearly
three times larger than that of average continental
crust. At this time we believe that these unusually
large ratios result from local contamination with
radiogenic Os during the coring operation. The
fact that no comparable excursion was found in
samples from Site 574, sampled at 50 cm intervals,
supports this interpretation. Additional work is
underway to examine this possibility more care-
fully.

A composite record showing 187Os/188Os varia-
tions as a function of age (Fig. 3) was constructed
using measured 187Os/188Os ratios (Fig. 2 and Ta-
ble 1) and models describing the age^depth rela-
tionship in each of the three sediment sequences.
For Massignano and Site 522 we have used the
same age models as used in the 3He study of Far-
ley et al. [8] and Zachos et al. [5], respectively. The
age^depth model for Hole 574C is less well-con-
strained than those of the two other sites because
there is not a reliable magnetostratigraphy, and
there are signi¢cant gaps in core recovery. To re-
late depth in core to absolute age we have used an
age model which sets the E^O boundary at 506
mbsf [28] and assumes a constant sedimentation
rate of 1.33 cm/kyr.

Between 34 and 34.5 Ma, all three records dis-
play a pronounced excursion to very low 187Os/
188Os (0.22^0.27) from higher late Eocene 187Os/
188Os (0.4^0.45). Following the local minimum,
187Os/188Os rises rapidly to approximately 0.6 by
32.5 Ma. The high 187Os/188Os in the early Oligo-
cene relative to late Eocene imparts a gross asym-
metry to this composite record. Both the late
Eocene187Os/188Os excursion and the asymmetry
about this minimum are also apparent in the
low-resolution LL44-GPC3 record (Fig. 1) of Pe-
gram and Turekian [1]. Based on the overall co-
herence of the three new records to one another
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and the GPC3 record, we argue that these data
re£ect large changes in the 187Os/188Os of seawater
across the E^O transition. Among the three data
sets, the Massignano data are consistently lower
in 187Os/188Os than the other two sites. The cause
of this o¡set is uncertain. While it is possible that
E^O seawater was isotopically heterogeneous with
respect to Os, it is equally likely that the Os iso-
topic composition of the Massignano samples is
in£uenced by a non-hydrogenous Os component
that biases these samples to 187Os/188Os ratios
lower than that of contemporaneous seawater.
Given this uncertainty we emphasize only the
two most prominent features of this record noted
above: (1) an excursion to low 187Os/188Os values
between 34.2 and 34.3 Ma, and (2) the Os isotopic
contrast between the early Oligocene (187Os/
188OsW0.6) and the late Eocene samples (187Os/
188Os: 0.4^0.45).

4.1. The late Eocene 187Os/188Os minimum

In principle the excursion to very low seawater
187Os/188Os in the late Eocene could result from
either a diminished supply of radiogenic Os to the
ocean, or an increased supply of unradiogenic Os.
Two lines of evidence indicate that the latter is
more likely than the former. First, model calcula-
tions indicate that to achieve a seawater 187Os/
188Os ratio as low as 0.25 solely by decreasing
the in£ux of radiogenic Os from continental ero-
sion would require an unreasonably large decrease
in riverine Os £ux to the ocean. Second, calcu-
lated Os burial £uxes from the three sediment
sequences studied here indicate that the late Eo-
cene Os isotope minimum was characterized by
more rapid Os burial, consistent with increased
Os in£ux to the ocean. Both of these points are
discussed below.

4.1.1. Reduced radiogenic Os £ux
Interpreting the very low 187Os/188Os of late

Eocene seawater as the result of variable £ux of
radiogenic continental Os against a more constant
unradiogenic input, is analogous to the interpre-
tation of Cenozoic rise in seawater 87Sr/86Sr made
in previous studies [14,35]. However, interpreting
the brief late Eocene Os isotope excursion in this

way implies a large decrease in radiogenic Os
from continental weathering for several hundred
thousand years. To calculate the magnitude of the
perturbation in the marine Os isotope cycle re-
quired to produce the late Eocene Os isotope ex-
cursion, we estimated the Eocene marine Os iso-
tope balance prior to the excursion based on two
simple assumptions. First, following Wallmann
[36], we assumed that total riverine £ux of Os to
the ocean in the late Eocene is reduced to 30% of
the present-day £ux (Table 2, Paleogene 1). Sec-
ond, to achieve a steady-state seawater 187Os/
188Os ratio of 0.45 with this reduced river £ux
and hydrothermal input of Os equivalent to mod-
ern estimates, the 187Os/188Os of Eocene riverine
input must also decrease to approximately 0.81
from 1.4 (Table 2, Paleogene 2). Other recent for-
mulations of the present-day marine Os budget
yield somewhat di¡erent results [37,38]. However,
the fractional decrease in late Eocene riverine
187Os/188Os relative to estimated modern values
is similar, varying between 37% and 47%, regard-
less of which estimate of present-day riverine
187Os/188Os is used in the calculation. Using Pa-
leogene 2 (Table 2) as our best estimate for Os
isotope balance, the supply of radiogenic Os to
the ocean must decrease to 30% of pre-excursion
levels for roughly 200 kyr to produce the late
Eocene minimum in seawater 187Os/188Os (Fig.
4, model curve 1). This corresponds to a 95%
reduction in riverine Os £ux relative to modern
inputs. We contend that such a large decrease is
unreasonable.

4.1.2. Increased Os burial £uxes
Calculated Os burial £uxes (Table 3) from the

three sediment sequences investigated here show
that the late Eocene minimum in seawater 187Os/
188Os is associated with increases in the rate of Os
burial and not decreases (Fig. 5A). Given the
short marine residence time of Os, these increases
in burial £ux are suggestive of increased Os sup-
ply to the ocean. The second model curve in Fig.
4 assumes the pre-excursion steady-state condi-
tions (Rss and 188Fss, total 188Os £ux in mol/yr)
identical to those outlined in the preceding para-
graph (Table 2, Paleogene 2). This background
£ux of Os is augmented by a variable, additional
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Table 1
Results of Os isotope analyses of sediments from Massignano, DSDP 574C (Equatorial Paci¢c) and DSDP 522 (South Atlantic)

Sample name Depth Age 187Os/188Os O 2c Os Re
(m) (Ma) (pg/g) (pg/g)

Massignano
M12 4.72 35.82 0.332 0.012 103 36
M12 (dup.) 0.444 0.005 55 19
M14 5.55 35.70 0.466 0.008 44 40
M14 (dup.) 0.403 0.008 60
M20 6.49 35.56 0.477 0.007 62
Mac 97 32.5 7.5 35.41 0.443 0.010 51
M27 9.65 35.08 0.438 0.012 59
M31 11.68 34.78 0.358 0.011 82 24
M31 (dup.) 0.379 0.011 87
Mac 97 25.45 13.6 34.49 0.253 0.007 160 58
Mac 97 25.45 (dup.) 0.2504 0.0017 159
Mas 97 15.40 15.4 34.22 0.220 0.005 160 22
Mas 97 15.40 (dup.) 0.291 0.003 119 17
Mac 97 20.45 17.93 33.84 0.344 0.004 98 175
Mac 97 20.45 (dup.) 0.330 0.011 113
Mac 97 16.99 20.92 33.40 0.383 0.009 90
Mac 97 13.90 23.6 32.99 0.406 0.005 55 439
Mac 97 13.90 (dup.) 0.431 0.012 69 436

(mbsf)

DSDP 574C
574C-033R-01W-103^106cm 499.53 33.38 0.476 0.004 51
574C-033R-02W-93^96cm 500.93 33.48 0.475 0.011 67
574C-033R-03W-50^53cm 502 33.56 0.473 0.006 46
574C-033R-03W-102^105cm 502.52 33.60 0.468 0.004 50
574C-033R-04W-48^52cm 503.48 33.68 0.464 0.007 61
574C-033R-04W-48^52cm (dup.) 0.459 0.021 65
574C-033R-04W-98^102cm 503.98 33.71 0.462 0.003 76
574C-033R-04W-98^102cm (dup.) 0.490 0.005 64
574C-033R-04W-146^150 504.46 33.75 0.400 0.014 32
574C-033R-04W-146^150 (dup.) 0.420 0.005 30 42
574C-033R-05W-48^52cm 504.98 33.79 0.361 0.003 49
574C-033R-05W-118^122cm 505.68 33.84 0.376 0.009 56
574C-034R-01W-48^52cm 508.48 34.05 0.364 0.006 31 39
574C-034R-01W-98^102cm 508.98 34.09 0.335 0.007 36 24
574C-034R-01W-146^150cm 509.46 34.12 0.316 0.005 35
574C-034R-02W-48^52cm 509.98 34.16 0.291 0.006 46
574C-034R-02W-98^102cm 510.48 34.20 0.266 0.007 47 13
574C-035R-01W-8^12cm 517.58 34.73 0.410 0.008 26
574C-035R-01W-118^122cm 518.68 34.81 0.415 0.020 20
DSDP 522
73-522-032-01W-87 122.67 32.44 0.593 0.013 22
73-522-032-01W-87 (dup.) 0.620 0.018 23
73-522-032-02W-85 124.15 32.60 0.611 0.014 22
73-522-32H-3W-76^78 125.52 32.74 0.572 0.009 21
73-522-32H-3W-76^78cm (dup.) 0.575 0.015 21
73-522-033-01W-33 127.13 32.92 0.550 0.025 28
73-522-33H-1W-133^135cm 128.13 33.02 0.557 0.006 19
73-522-033-02W-93 129.23 33.12 0.484 0.020 28
73-522-034-02W-49 131.96 33.35 0.493 0.012 29
73-522-034-02W-144 132.64 33.41 0.469 0.009 55
73-522-034-02W-144 (dup.) 0.465 0.015 25
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£ux of unradiogenic Os (188Fxs), 187Os/188Os= 0.13
(Rxs) in order to match the observed seawater rec-
ord (Rsw) using the simple equation:

Rsw ¼ ð188F ssðRssÞ þ 188FxsðRxsÞÞ=ð188F ss þ 188F xsÞ

This calculation can be viewed as the opposite
of model 1 because seawater 187Os/188Os ratios are
decreased by an increased supply of unradiogenic
Os to the ocean rather than a diminished supply
of radiogenic Os. Under this set of assumptions
total Os £ux to the ocean increases by slightly
more than a factor of two at the nadir of the
Os isotope excursion. This increase in Os input
is similar to the increase in Os burial £ux at Mas-
signano and Site 522 during the Os isotope excur-
sion (Fig. 5A). Though Os burial at any speci¢c
location need not provide a representative picture
of temporal changes in Os removal from the
whole ocean, the fact that the lowest 187Os/188Os
ratios at all three sites are associated with local
maxima in Os burial £ux (Fig. 5B) indicates that

the late Eocene minimum in seawater 187Os/188Os
is best interpreted as an episode of increased in-
£ux of unradiogenic Os to seawater.

4.1.3. Sources of unradiogenic Os
Increased hydrothermal input, increased in£ux/

dissolution of cosmic dust, and chemical weath-
ering of terranes rich in unradiogenic Os on the
continents are all possible sources of unradiogenic
Os. We consider the latter two possibilities in
greater detail below, emphasizing two important
constraints that these new data place on the tim-
ing and duration of the late Eocene Os isotope
excursion. First, 187Os/188Os minimum immedi-
ately precedes the gradual increase in the benthic
foraminiferal oxygen isotope ratios that culmi-
nates in the ¢rst large ice sheet of the Oligocene
(Oi1) glacial event (Fig. 2a). This raises the pos-
sibility that this Os isotope excursion may result
from processes that played a causative role in cli-
mate change across the E^O transition. Second,
the duration of the excursion is slightly longer

Table 1 (Continued).

Sample name Depth Age 187Os/188Os O 2c Os Re
(mbsf) (Ma) (pg/g) (pg/g)

73-522-35H-1W-28^30cm 133.98 33.52 0.608 0.007 37
73-522-35H-1W-28^30cm (dup.) 0.501 0.012 27
73-522-035-01W-126 134.96 33.59 0.494 0.009 38
73-522-035-01W-126 (dup.) 0.451 0.021 20
73-522-036-01W-43 136.63 33.72 0.466 0.016 21
73-522-036-01W-43 (dup.) 0.604 0.025 26
73-522-036-01W-129 137.49 33.79 0.402 0.008 33
73-522-036-02W-65^67 138.35 33.85 0.397 0.010 28
73-522-036-02W-122 138.92 33.90 0.393 0.012 41
73-522-036H-03W-32^35 139.46 33.94 0.377 0.007 35
73-522-36H-3W-44^48cm 139.58 33.95 0.361 0.003 43
73-522-36H-3W-44^48cm (dup.) 0.365 0.011 39
73-522-37H-1W-3^5cm 139.73 33.96 1.038 0.012 66
73-522-37H-1W-22^25cm 139.92 33.97 2.906 0.031 111
73-522-037-01W-50 140.2 34.00 0.691 0.011 54
73-522-037-01W-50 (dup.) 0.681 0.007 52
73-522-37H-1W-85^87cm 140.55 34.02 0.351 0.006 62
73-52-037-01W-93^95 140.63 34.03 0.309 0.004 63
73-522-01W-143^145 141.13 34.07 0.298 0.003 64
73-522-037-02W-34 141.54 34.10 0.279 0.008 77
73-522-037-03W-22 142.92 34.20 0.271 0.007 164
73-522-037-03W-22 (dup.) 0.268 0.004 73
73-522-038-01W-45 144.15 34.30 0.283 0.008 60
73-522-038-02W-21 145.41 34.39 0.312 0.004 66
73-522-038-03W-6 146.76 34.50 0.379 0.018 51
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than 1 Myr; too long for an impact event, but
relatively brief compared to the time scales typi-
cally associated with tectonic events.

4.1.3.1. Ultrama¢c weathering. The new con-
straints on the timing and duration of the nega-
tive Os isotope excursion allow us to elaborate on
and modify Turekian and Pegram’s [9] initial in-
terpretation of this feature of the Cenozoic marine
Os isotope record. These workers argued that
weathering of ophiolite sequences, known to con-
tain large proportions of Os-rich ultrama¢c rocks,
uplifted by closure of the Tethys, was the primary
cause of the abrupt drop in seawater 187Os/188Os.
Though they discussed the potential connection
between this Os isotope excursion and climatic
changes indicated by the benthic foraminiferal
oxygen isotope record, uncertainties in correlating
these two paleoceanographic records hampered
detailed interpretation. The Site 522 record tightly
constrains the relationship between the oxygen
and Os isotope records (Fig. 2a). If ophiolite
weathering is responsible for producing the docu-
mented Os isotope excursion, these new data re-
quire that this was a relatively short-lived weath-
ering ‘event’.

The timing of the proposed ophiolite weather-
ing event is noteworthy in that it lends support to
the hypothesis advanced by Reusch and Maasch
[39] that uplift of accreted island arc terranes en-
hances CO2 consumption by chemical weathering,
leading to cooling and glaciation. These workers
proposed that arc erosion would culminate in
weathering of ultrama¢c rocks from the base of
the overriding plate, producing a negative excur-
sion in the Os isotope record similar to the late
Eocene excursion. In the context of this hypoth-
esis the relatively low seawater 87Sr/86Sr of the
Eocene [40] can be attributed in part to release
of unradiogenic Sr associated with arc weathering.
The lag between minima in the marine Sr (38^40
Ma) and Os isotope records (34.2 Ma) is consis-
tent with the expectation that uplift and erosion
of the arc volcanics and associated sediments will
precede intense ultrama¢c weathering.

The collision zone between India and Asia is an
important region to seek evidence of intense ultra-
ma¢c erosion during the late Eocene. Though im-

precise chronologies preclude assessing detrital
sources during the speci¢c late Eocene time inter-
val of interest here, provenance studies of Paleo-
cene to Eocene clastic deposits of the Himalaya
show that lithic fragments are commonly arc-de-
rived, and occasionally ophiolitic [41,42]. Weath-
ering of ultrama¢c rocks (Jijal and Sapat) associ-
ated the with accreted Kohistan arc within the
Indus drainage basin in northern Pakistan may
have contributed to the late Eocene 187Os/188Os
minimum. This terrane currently resides in the
Indus suture zone. It was accreted onto Eurasia
in the late Cretaceous and was subject to further
tectonism during the collision of India in the Eo-
cene [43]. Ultrama¢c erosional remnants further
to the east, in India (Spontang), China (Tso Mo-
rari), and Tibet (Jungbwa), suggest that a much
more extensive thrust sheet containing ultrama¢c
rocks near its base likely was present at one time,
but has been largely eroded. The Spongtang
Ophiolite and the ultrama¢c rocks of Tso Morari
[44] are associated with a second accreted arc
complex, the Spong arc [45]. Like the Dras^Kohi-
stan arc the Spong arc was obducted in the late
Cretaceous and subject to intense uplift and ero-
sion during the collision of India with Asia [45].
Little is known about the Jungbwa ophiolite other
than that it is an extremely large klippe [46].

4.1.3.2. Increased in£ux of extraterrestrial materi-
al. The late Eocene minimum in the marine
187Os/188Os record could also be attributed to an
increased in£ux of extraterrestrial material.
Although this possibility was discounted by Tu-
rekian and Pegram [9], it is important to carefully
consider this possibility because it would imply
that the excursion in seawater Os isotope compo-
sition is unrelated to changes in chemical weath-
ering. It is well-known that episodes of increased
in£ux of extraterrestrial material to the Earth can
also produce excursions to low seawater 187Os/
188Os [18,47], as illustrated by the sharp minimum
in 187Os/188Os in LL44-GPC3 at the K^T bound-
ary (Fig. 1). The Massignano Os isotope data
disprove the hypothesis that the late Eocene dip
in the marine Os record is synchronous with the
late Eocene impacts and the episode of increased
3He £ux, because the lowest 187Os/188Os ratios lag
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the time of maximum 3He £ux by roughly 1.5
Myr (Fig. 2c). This con¢rms the He^Os relation-
ship documented in LL44-GPC3 [9]. Moreover,

the total duration of the Os isotope excursion is
greater than 1 Myr. Given the short marine resi-
dence time of Os (approximately 50 kyr [37]) this
is far too long to be associated with a single im-
pact event. Instead, it implies a more protracted
period of Os delivery, analogous to the episode of
increased 3He £ux, but shifted in time 1.5 Myr
later. We suggest that the episode of increased
in£ux of 3He and the excursion to low 187Os/
188Os ratios may be causally related. Poynting^
Robertson (P^R) drag is believed to control
mean lifetime of interplanetary dust particles,
and this process causes small particles to spiral
Sun-ward more rapidly than larger particles [48].
Thus P^R drag provides a mechanism for the
physical separation of the small-size fraction
(6 20 Wm) of cosmic dust that carries 3He to
the Earth [49] and from the larger-size fraction,
100^200 Wm, that represents the majority of the
mass of interplanetary dust particles and the bulk
of the Os £ux [50] as they spiral through Earth-
crossing orbits toward the Sun. The P^R lifetimes
of the small-particle fraction that carries 3He to
the Earth are on the order of 104^105 yr, implying
relatively rapid delivery to the Earth after their
production. In contrast, P^R drag calculations
for 100 Wm particles yield lifetime estimates close
to 106 yr [51]. Million-year lifetimes are consistent
with exposure ages determined by 10Be and 26Al
in large (approximately 500^700 Wm) cosmic
spherules from Antarctica [52], suggesting that
the 1.5 Myr lag between excursions in the He
and Os isotope records is not too long to result
from P^R drag. In addition, the estimated relative
magnitudes of the integrated excess 3He and cos-
mic Os £uxes are within a factor of two: based on
the model calculations described above, the aver-
age increase in cosmic Os £ux is 6.5-fold relative
to modern cosmic Os £ux [50] for a period of 1.6
Myr, while the average increase in 3He £ux is two
to three-fold relative to early Oligocene 3He £ux
for a period of 2.4 Myr [8]. Thus we retain in-
creased cosmic dust as an alternative hypothesis
to the putative ultrama¢c erosional event de-
scribed above to explain the late Eocene excursion
in the marine Os isotope record. This possibility
warrants further investigation because such a pro-
tracted episode of increased cosmic dust in£ux

 

 

 

Fig. 2. Osmium isotope data from DSDP Site 522 in the
South Atlantic (a), DSDP 574C in the Equatorial Paci¢c (b),
and the Massignano section in the Italian Apennines (c) plot-
ted vs. depth in core or section. In DSDP 522 (panel a) oxy-
gen isotope ratios measured in the benthic foraminifer Cibici-
doides spp. [5] show that seawater 187Os/188Os rose signi¢-
cantly during the growth and decay of the ¢rst major Ant-
arctic ice sheet, but was relatively stable during the period of
maximum ice volume (Oi1). Low-resolution benthic forami-
niferal oxygen isotope data [61] and Os isotope data from
DSDP 574C (panel b) show a similar pattern to DSDP 522
for the initiation of the Oi1 glaciation. Osmium isotope data
from the Massignano section (panel c) show that lowest
187Os/188Os lags the episode of maximum 3He £ux, as indi-
cated by largest 3He/4He ratio [8] and known late Eocene
impacts [6,7].
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might in£uence Earth’s climate. Some possible
connections between changes in cosmic dust £ux
and Earth’s climate are described by [53].

4.2. Chemostratigraphic potential of the late
Eocene 187Os/188Os minimum

Regardless of the cause of the late Eocene mini-
mum in the seawater Os isotope record this fea-
ture provides a valuable tool for global correla-
tion because its timing so closely precedes the Oi1
event (Figs. 2 and 3). This is particularly true in
pelagic clay sequences because they lack most of
the microfossils commonly used to constrain de-
positional ages. We use the eolian grain size rec-
ord from LL44-GPC3 (Fig. 1) to illustrate the
utility of Os isotope stratigraphy in pelagic clays.

This record makes a pronounced shift to larger P

values, corresponding to smaller grain size, close
to 18 m depth in the core. This change in grain
size is interpreted as evidence of diminished wind
intensity during the unusual warmth of the late
Paleocene and early Eocene [54]. Close to the
E^O boundary eolian grain size begins to in-
crease, a change that has been attributed to
more vigorous atmospheric circulation [55]. The
187Os/188Os minimum in LL44-GPC3 is shallower
than the transition to increasing eolian grain size,
requiring that this shift in grain size occurred be-
fore 34.2 Ma. The most recent biostratigraphic
age assignments placed this transition in the early
Oligocene [56]. If grain size variations do re£ect
changes in atmospheric circulation, then this
change in age assignment is signi¢cant because it

Fig. 3. Osmium isotope data from Fig. 2 are plotted vs. age. Models used to convert depth to age for both Site 522 [5] and Mas-
signano [8] are based on magnetostratigraphy. The age model used for Hole 574C is based on the E^O boundary as de¢ned by
Thomas [28] and an assumed sedimentation rate of 1.33 cm/kyr. Note the pronounced minimum in 187Os/188Os close to 34.2 Ma,
and the similarity of this composite record to the E^O portion of the low-resolution LL44-GPC3 record (Fig. 1). The oxygen iso-
tope record shown is from Site 522 [5] and the Sr isotope curve is a best ¢t [40] to a composite data set.

Table 2
Estimates of Paleogene seawater Os isotope balance

Riverine 188Os £ux Riverine187Os/188Os Seawater (st. st.) 187Os/188Os
(mol/yr)

Present-day seawater (after [62] 210 1.4 1.07
Paleogene 1 (decreased Os £ux) 63 1.4 0.71
Paleogene 2 (best estimate) 67.5 0.81 0.45

Assumed input of unradiogenic Os is 75 mol/yr and 187Os/188Os= 0.13 for all cases.
Steady-state 187Os/188Os calculated as Rsw =Rr(fr)+Ru(13fr), where fr is the ratio of river £ux of 188Os to the total £ux of 188Os.
Subscripts sw, r and u refer to seawater, riverine and unradiogenic, respectively.
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implies that patterns of atmospheric circulation in
the Northern Hemisphere as recorded by LL44-
GPC3 were shifting to patterns characteristic of
cooler^drier climate in advance of major Antarc-
tic glaciation.

4.3. The Os isotope record of early Oligocene
glaciation

The roughly 30% increase in long-term sea-

water 187Os/188Os that takes place across the
E^O transition appears in the LL44-GPC3 record
(Fig. 1) as a step-like increase punctuated by the
late Eocene minimum. In our higher-resolution
record it is clear this rise in seawater 187Os/188Os
from the late Eocene minimum spans at least 1.5
Myr (Fig. 3). Comparison of the DSDP 522 Os
isotope record to benthic foraminiferal N18O data
[5], a proxy record for global ice volume, from the
same core shows a gross positive correlation be-
tween 187Os/188Os and N

18O (Fig. 2a). However, as
discussed above, this initial increase corresponds
to the recovery of seawater 187Os/188Os from the
late Eocene minimum to 187Os/188Os ratios more
typical of the Paleogene (0.4^0.45). Consequently,
it is unclear to what extent growing ice sheets and
the associated drop in sea level might have con-
tributed to rising seawater 187Os/188Os prior to
Oi1 [2].

In the Site 522 record (Fig. 2a) 187Os/188Os sta-
bilizes at values of 0.45 prior to the abrupt rise in
N
18O that marks the ¢nal phase of Oi1 ice sheet

growth [5]. The Site 574 record (Fig. 2b) also re-
cords the plateau in 187Os/188Os at 0.45 and shows
that it precedes the shift to higher N

18O values in
the Paci¢c as well. In the Site 522 record, in-
creases in 187Os/188Os to ratios above the 0.45
plateau do not occur until after the shift to lower
N
18O values that mark the termination of Oi1. As

Antarctic ice wanes and benthic N
18O values de-

crease at approximately 33.2 Ma, seawater 187Os/
188Os increases to 0.6, and correlates with higher
187Os/188Os in the LL44-GPC3 record. This indi-
cates that radiogenic Os is released to seawater at
an accelerated rate upon deglaciation.

Results from the study of Os release from a

Fig. 4. Two di¡erent models of changing Os £ux to illustrate
two potential explanations of the late Eocene excursion to
low 187Os/188Os ratios. The model curves are calculated to
match the 187Os/188Os curve (Fig. 3) estimated at 100 kyr in-
tervals. Flux changes are calculated as a series of steady-state
balances starting from estimated pre-excursion conditions
(Table 2). Model 1 assumes that the only change in Os in-
puts to the ocean is a decrease in the £ux of riverine Os to
the ocean, holding unradiogenic input equivalent to modern
values (see Table 2 for the relevant equations). Model 2 as-
sumes that the pre-excursion Os £ux to the oceans is aug-
mented by a £ux of unradiogenic Os, 187Os/188Os= 0.13 (see
text for the relevant equation). Both calculations assume a
transient perturbation in Os £ux such that it returns to the
pre-excursion steady state at 33.7 Ma.

Table 3
Sediment mass accumulation rate estimates used for burial £ux calculations

Dry bulk density Sediment rate Sediment burial £ux
(g/cm3) (cm/kyr) (g/(cm2 kyr))

Massignano (after [8]) 2.5 0.7 1.75
Site 522a, above 124.7 mbsf 1.22 0.93 1.14
Site 522a, 134.25^124.7 mbsf 1.22 1.2 1.47
Site 522a, below 124.7 mbsf 1.22 1.3 1.59
Hole 574C 1.12 1.2 1.49
a Dry bulk density estimates based on data from shipboard porosity and weight bulk density data. For accumulation rate esti-
mates see text for Hole 574C, and [5] for Site 522.
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chronosequence of glacial moraines [4] shows that
rapid release of radiogenic Os can result from
chemical weathering of young glacial deposits ex-
posed by retreating ice. Speci¢cally, this work and
related studies demonstrate that young glacial
moraines weather very rapidly, producing large
£uxes of base cations [3] and preferential release
of 187Os [4] and 87Sr [3]. The timing of the rise to
187Os/188Os from values close to 0.45 to ratios
close to 0.6 is consistent with a scenario in which

weathering of young glacial deposits produced by
the retreating Antarctic ice sheet drives an in-
crease in seawater 187Os/188Os ratios. It is impor-
tant to note that the glacial weathering studies
cited above indicate that the glacial moraines
weather very rapidly during the ¢rst several thou-
sand years, but that after 100 kyr the weathering
rate decreases signi¢cantly. In contrast, the in-
crease in seawater 187Os/188Os during the early
Oligocene appears to be permanent. Spectral anal-
yses of benthic oxygen isotope records [5] show
clear evidence of orbital forcing after the Oi1
event. We suggest that the cyclic changes in ice
volume regularly replenish the supply of freshly
eroded material, allowing relatively higher £uxes
of 187Os to the ocean to be maintained once per-
sistent glacial conditions are established.

Changes in weathering £ux associated with the
transition from greenhouse to icehouse conditions
need not be limited to areas that are subject to
glacial erosion. Paleosol records from the north-
western United States yield evidence of a distinct
change in the style of weathering, and an increase
in total weathering rates across the E^O transition
[57]. Regardless of where changes in weathering
are occurring, comparison of the Os and oxygen
isotope records provides evidence of climatic con-
trols on the release of 187Os from continents
across the E^O transition. This comparison sug-
gests that increased continental weathering, as sig-
naled by increasing seawater 187Os/188Os, is driven
by deglaciation following the Oi1 event, while
peak glacial conditions, characterized by relatively
constant 187Os/188Os, are not. If increasing 187Os/
188Os is indicative of an increase in chemical
weathering £ux upon the termination of Oi1,
this suggests a coupling between chemical weath-
ering and glaciation that allows deglacial draw-
down of atmospheric CO2 associated with in-
creased silicate weathering rates to contribute
ice-sheet stabilization. This idea is discussed fur-
ther by Kump et al. [58].

Early Oligocene Os isotope variations help to
resolve ambiguities associated with interpretations
of the marine Sr isotope record. Osmium and Sr
in average crustal material [59], dissolved riverine
load [37,60], and weathering glacial debris [4] are
all characterized by radiogenic isotope ratios, sug-

Fig. 5. Total Os burial £uxes plotted as a function of age
(panel A). At Massignano and in DSDP 522, the maximum
in Os burial £ux occurs at 34.2 Ma. In DSDP 574C, there is
a local maximum in Os burial at this time, with maximum
Os burial £uxes in younger samples. Note the similarity be-
tween Os burial £ux history at Massignano and DSDP 522
and model 2 in Fig. 4. Measured 187Os/188Os is anticorrelated
with Os burial £ux (panel B). At a given site the lowest
187Os/188Os generally occurs in sediments with largest Os
burial £ux. This is also consistent with interpreting the late
Eocene 187Os/188Os minimum as the result of increased deliv-
ery of unradiogenic Os to the ocean.
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gesting that there is broad coherence in the weath-
ering £uxes of Os and Sr. The marine residence
time of osmium is two to three orders of magni-
tude shorter than that of Sr [37], allowing the Os
isotopes to faithfully record abrupt changes in
riverine £ux that are strongly damped in the ma-
rine Sr isotope record. The increase in seawater
187Os/188Os associated with the termination of Oi1
supports the interpretations of previous investiga-
tors [10^12] that glaciation enhances the release of
radiogenic Sr from continents and is at least
partly responsible for rising seawater 87Sr/86Sr
across the E^O transition.
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