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"Do not believe in anything simply because you have heard it. Do not believe in anything 
simply because it is spoken and rumored by many. Do not believe in anything simply 
because it is found written in your religious books. Do not believe in anything merely on 
the authority of your teachers and elders . Do not believe in traditions because they have 
been handed down for many generations . But after observation and analysis, when you 
find that anything agrees with reason and is conducive to the good and benefit of one and 
all, then accept it and live up to it." The Buddha 
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ABSTRACT 

Variations in the late Eocene marine Os isotope record (Chapters 1 and 2) show that an 

abrupt decrease in the 1870s/1880 s of pelagic marine sediments occurs globally coincident 

with a major impact event. The magnitude of this excursion and the duration of the 

subsequent recovery are used to place constraints on the size of the projectile, and the 

residence time of Os in the Eocene ocean, respectively. High-resolution data from 

multiple sites reveal evidence that the 1870s/1880s of the global ocean is unlikely to have 

been homogeneous , and that an episode of increased delivery of cosmic dust fluxes 

approximately l 00 ka prior to the impact event also influenced the marine Os isotope 

record. 

Chapter 3 critically evaluates the recently proposed Younger Dryas impact hypothesis 

from a geochemical perspective , based on the results from Chapters 1 and 2. This work 

failed to reproduce the previously reported high Ir concentrations in selected terrestrial 

sections. Instead Ir concentrations are close to that of average upper continental crust (Ir 

- 22 pg/g). Measured 1870s/1880s isotopic ratios in a putative impact horizon are also 

similar to average crustal values (-1.40), and therefore unsupportive of a significant 

meteoritic Os contribution to these sediments. Additionally , two high temporal resolution 

marine Os records (14-9 ka) do not show an excursion to lower ratios in the seawater 

1870 s/1880s record. In short, the results on this study provide no evidence supporting the 

hypothesis that a chondritic impact occurred at the onset of the Younger Dry as. 

Chapter 4 presents new Os isotope data that are used to evaluate previous claims that 

seawater 1870s/ 1880s shifts to lower vlaues during glacial maxima, and gradually increases 

toward more radiogenic, present-day values as climate warms. Our results do not record a 
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systematic shift of seawater 1870s/ 1880s covarying with global climate. Rather, results of 

this research show that all sites investigated have slightly different Os isotopic 

compositions, reflecting a heterogeneous ocean with respect to osmium at the millennial 

time scale. 
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CHAPTER 1: INTRODUCTION 

1.1 The Re-Os isotopic system 

Osmium and rhenium are refractory and highly siderophile elements in the deep 

Earth and organophilic and redox-sensitive elements in Earth's surface environment. Os 

consists of seven stable isotopes; different stellar nucleosynthetic processes produced 

each isotope. Two Os isotopes are radiogenic: 1860s and 1870s. The former is produced by 

alpha decay of (half-life= 4.5 x 10 11 y (Carlson, 2008) and the latter is produced by beta

decay of 187Re (half-life= 4.16 x 10 10 y (Carlson, 2008). This dissertation is concerned 

only with the l 87Re-l 870s decay scheme., and employs the convention of normalizing 

1870s abundance variations to 1880s (Carlson, 2005), a stable isotope of Os that is not 

produced by decay of any naturally occurring radioisotope. 

The Re-Os system is unique among radiogenic isotope systems . First both Re and 

Os are siderophile, unlike lithophile isotope system such as the Sm-Nd, U-Th-Pb and Rb

Sr. Second Re is only slightly incompatible whereas Os is strongly compatible during 

partial melting of the mantle . In contrast both parent and daughter of the previously 

mentioned isotope systems behave as incompatible elements . Third , both Re and Os are 

redox-active and have multiple stable valences in the Earth system. Consequently Re and 

Os display more varied geochemical behaviors than the primarily monovalent elements 

Sm, Nd , Th, Pb, Rb and Sr (Carlson, 2005). 

The 187Re isotope decays (beta-decay) into the isotope 1870s (half life~ 42 Ga) . This 

leads to significant differences in the Os isotope composition among various rocks and 

minerals depending upon their age and Re/Os ratio. Over the course of Earth history , 

decay of 187Re to 1870s and exchange of Os between different reservoirs within the Earth 

have produced systematic differences in the 1870s/' 880s ratios of different Earth materials. 

Earth 's mantle and chondritic meteorites have a less radiogenic osmium isotopic 

composition (' 870s/1880 s ~.13) whereas the upper continental crust is very radiogenic 

('
870s/1880s ~ 1.4) (Peucker-Ehrenbrink and Jahn, 2001). Os and Re are significantly 

enriched in chondritic meteorites (Wasson and Kallemeyn, 1988) relative to the upper 

continental crust (UCC) (Peucker-Ehrenbrink and Jahn, 2001). The average 



concentrations of Os and Re in the UCC are 31 pg/g and 367 pg/g, respectively (Peucker

Ehrenbrink and Jahn, 2001). In comparison , in ordinary and enstatite chondrites , range of 

Os and Re concentrations are - 400-800 ng/g (Wasson and Kallemeyn, 1988; Tagle and 

Berlin, 2008) and - 33-70 ng/g (Horan et al., 2003), respectively . Figure I .I shows the 

Re-Os concentration and the 1870s/1880s ratios in the different reservoirs of interest in this 

study. This plot illustrates the significant enrichment of Os and Re in meteorites relative 

to seawater and the upper continental crust. 

Meteorites 
Chondrites 
Irons 

Mantle 
Fertile 
Depleted 

Magmas 
Komatiite 
MOAB 
OIB 
Continental 
Crust 

Sediments 

I -

pb 1 ppm 

I 

Blac Shales • 

Minerals 
Sulfide 

ppb ppm 

I 

• 
I 

Chromite - • 
Molybdenite 

-3 -1 1 3 5 -3 -1 1 3 5 

log (Re (ng/g)] log [Os (ng/g)) 

Fig. I .I Range of Re and Os concentrations on a logarithmic scale in various Earth's 
reservoirs (Carlson, 2005). 
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Fig. 1.2 Re-Os isochron for present day seawater (Levasseur et al., l 998; Woodhouse et 
al., 1999) , crustal rocks (Peucker-Ehrenbrink and Jahn, 2001) , present-day organic-rich 
sediments (this study, Ravizza and Turekian , 1992). Precambrian organic-rich sediments 
(Kendall et al., 2009), chondritic (Horan et al. , 2003) and iron meteorites (Morgan et al. , 
1995) and the range of isotopic ratios of pelagic clays and carbonates (Pegram and 
Turekian, 1999, Peucker-Ehrenbrink, 2000) 
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The Re/Os ratio varies only a small amount within chondritic groups, compared to 

variations in marine sediments and crustal rocks. Horan et al. (2003) reports a 8% 

difference between carbonaceous and ordinary and enstatite chondrites. The 1870s/ 880s 

ratio varies within a few percent between chondritic meteorites (Horan et al., 2003). This 

previous study reports a range in the 1870s/ 1880s ratios of 0.1283 ± 0.0017, 0.1281 ± 

0.0004, 0.1262 ± 0.0006 for ordinary chondrites, enstate chondrites and carbonaceous 

chondrites, respectively. Given the small range of Os isotopic variation in chondrites 

compared to the large and highly variable 1870s/ 1880s ratios measured in marine 

sediments, we represent the chondritic Os isotopic composition as having a single value 

of 0 .127 throughout this dissertation . 

The large difference in Os isotopic composition and concentrations between chondritic 

meteorites and the upper continental crust make 1870s/1880s an extremely sensitive tracer 

of the presence of small amounts of chondritic material in crustal rocks , for example 

when a chondritic impact is mixed with Earth 's surface environments (fig . 1.2). 

1.2 The osmium isotope method applied to large chondritic impact events 

Most previous impact-related studies have used the Os isotope ratios and the 

abundance of other PGEs (Platinum Group Elements) to determine the presence or 

absence of aca meteorite PGE enrichment an alleged ejecta layer or impact structures 

(Koeberl and Shirey , 1997). For example previous Os isotope studies of distal ejecta 

have been restricted to narrow depth intervals in close proximity to the presumed impact 

horizon associated with the Cretaceous-Paleogene Boundary (Meisel et al., 1995; Frei 

and Frei, 2002; Peucker-Ehrenbrink , 1996; Ravizza and Peucker-Ehrenbrink 2003). In 

chapters 1 and 2, I evaluate how the reconstructed global seawater osmium isotopic 

composition varies with time across the late Eocene impact horizon using an extensive 

dataset from multiple well -dated sites and from different oceanic basins. In these chapters 

I interpret Os isotope data from impact events in an innovative manner , treating the 

problem as a "whole-ocean" tracer addition experiment. This new approach contrasts to 

previous studies that interpreted Platinum Group Element (PGE) enrichments in the 

pelagic record mainly in terms of physical mixing of meteoritic and crustal material 
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(Koeberl and Shirey 1997). Os is a PGE that shares some similar geochemical behavior 

with the element iridium. However, unlike Ir, Os can form a stable oxyanion (Palmer et 

al., 1988) or volatile oxide in an 0 2-rich environment. More Specifically, when a large 

chondritic meteorite hit Earth's surface, the entire inventory of meteoritic Os may be 

vaporized and transformed into a volatile oxide. In the 0 2-rich environment of the 

expanding fireball, Os transforms into Os04_. Ir does not form such a volatile oxide phase 

in a 0 2-rich environment. The meteoritic Os posseses an isotopic composition (' 870s/1880s 

---0 .127) that is distinct from that of typical upper crustal material and the ocean. 

Deposition of this meteoritic Os from the expanding fireball delivers soluble Os to the 

surface ocean, effectively labeling the ocean. In the case of a very large impact enough 

soluble Os is dissolved in seawater to shift the 1870s/1880s of the entire ocean to a lower 

ratio. Consequently, the seawater 1870s/1880s abruptly decreases immediately following a 

large impact. This isotopic signal is imparted to pelagic sediments as Os is scavenged 

from seawater and is removed to the seafloor, likely by scavenging onto Fe-Mn 

hydroxides. Thus , I interpret the Os isotope data (' 870s/1880s) from sediment analyses in 

terms of variations in seawater osmium isotopic composition. 

Previous impact-related geochemistry studies have focused their efforts in detecting 

the presence or absence in meteoritic material by measuring Ir concentrations, Chromium 

isotopes or Helium isotopes in the pelagic sediments. Using Os isotopes as a tracer of 

meteoritic material differs from these other tracers in a number of ways . First, Ir 

concentrations vary significantly from sites to sites, as a function of sedimentation rate, 

bioturbation, early diagenesis and lateral sediment transport (Claeys et al., 2002) . 

These factors do not strongly influence Os isotope ratios because the ocean is thought to 

be nearly homogeneous with respect to 1870s/1880s. Therefore studying a few sites should 

in principle record a global change in the osmium isotopic composition of seawater. 

Second, the Os isotope method records the entire range of particles size accreted, whereas 

the 3He method only records the fraction of interplanetary dust particles which as too 

small to experience significant frictional heating upon atmospheric entry. This 

corresponds to approcimately ~ 0.5% of the interplanetary dust flux (Farley et al. , 1997). 

Third, the Os isotope method records inputs from meteorites that are significantly 
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enriched in Os but it fails to record basaltic achondritic material, which are depleted in 

the suite of PGEs. Also, it does not allow discriminating between different types of 

chondritic projectiles, This stands in marked contrast to the chromium isotope 

systematics where isotope anomalies in primary meteoritic grains preserved in an ejecta 

horizon can be used to constrain the meteorite type responsible for an impact event. 

Indeed , chondritic meteorites contain one or two anomalies in their Cr isotopic 

composition relative to terrestrial rocks (Koeberl et al. , 2007) whereas such distinctive 

isotopic constrasts among meteorie types are lacking in 1870s/ 1880s. 

In this dissertation the Os isotope method was applied to the late Eocene event (chapters 

I , 2) and to the alleged Younger Dryas impact event hypothesis (Chapter 3) . 

13 The late Eocene 

In the Late Eocene interval at least five impact craters are dated to occur within five 

millions years concomitantly with an episode of increased delivery of interplanetary dust 

particles (Farley et al. , 1998, Farley, 2009; Koeberl, 2009) . These impact craters include 

the 100 km diameter Popigai Crater (Russia) dated by 40Ar-39 Ar at 35.7 ± 0.2 Ma 

(Bottomley et al., 1997), and the 85 km diameter Chesapeake Bay crater (USA), dated by 

foraminifera at 35 .3 ± 0 .2 Ma (Poag and Aubry, 1995) . These two impact craters are the 

largest of the Cenozoic and yet no major extinction in marine life occurred. The Popigai 

and Chesapeake Bay inpact events are known to have deposited distinct ejecta layers with 

physical and geochemical tracers of their origin. The younger of the two ejecta layers is 

the North America tektite (NAT) strewn field; it is limited to North American and the 

Caribbean Sea and is linked to the Chesapeake Bay Crater by Sr-Nd isotope signatures 

(Deutsch and Koeberl, 2006) and 40Ar-39Ar dates (Horton and Izett, 2005) . The older one 

that is linked to the Popigai impact is associated with a clinopyroxene-rich spherules 

(Cpx) and high iridium concentrations layer recorded worldwide (Liu et al. , 2009) . At 

some sites, one (the cpx layer) or two closely spaced ejecta layers are present. Within the 

NAT strewn field, it is common to find two distinct layers of NAT and cpx whereas the 

two types overlap in most other DSDP/ODP sites. Note that the Popigai impact only 
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affected five radiolarian species (Funakawa and Nishi, 2005 ; Sanfilippo et al. , 1985). In 

Southern Ocean pelagic sediments , a 0.25%0 shift to heavier 180 / 160 of bulk carbonate 

may indicate cooling temperature and/or ice volume changes following the impact 

(Vonhof et al., 2000; Bohaty and Zachos, 2003; Liu et al., 2009). An increase in the 

weight percent of the coarse fraction (Sites 689, 709, 1090) could be related to an 

increase in surface productivity. The ejecta layers from other late Eocene impact 

(Logoisk, Wanipeti, Houghton, Mistatin) have not been recognized in the sediment 

record likely due to their small size craters. 

The late Eocene event is an ideal time interval to investigate the dual effects of 

large chondritic impact and enhanced delivery of cosmic dust particles on the marine Os 

isotopes record. 

1.4 The Younger Dry as 

Results from the late Eocene showed a great influence of a large chondritic impact 

on the seawater 1870s/1880s. However , it is not known how sensitive the Os isotope 

method is to smaller impact events. The proposed 1-2 km impact of a chondritic 

projectile at::::] 3,000 years b . p. (Firestone et al. 2007) motivated me to investigate Os 

isotope variations across the Younger Dryas interval in marine and terrestrial sections. 

The Younger Dryas event is a sudden cooling in the northern hemisphere that 

occurred from 12,900 years to 11 ,500 years ago. It is a millennial scale perturbation in 

the climate system whose triggering mechanism is not yet fully understood. Collapse in 

the Laurentide ice sheet and sudden freshwater outburst in the North Atlantic through the 

St Lawrence estuary, the Mackenzie River or from the Arctic Basin have been invoked as 

the primary trigger of a slowdown in the meridional overturning circulation. While large 

freshwater input may certainly affect the formation of Atlantic deep waters, the exact 

origin of the freshwater is still elusive . 

Recent work on North American and Belgian terrestrial sections argue that multiple 

lines of evidence point at a meteorite impact as the cause for the abrupt climate change of 

the Younger Dryas. This could also greatly implied a diminished the paleo-indian 

population and the abundant Pleistocene Rancholabrean mammals ' fauna (Firestone et 
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al., 2007). 

In the geological record, numerous iridium anomalies have been reported over the 

past three decades, albeit they do not always result from an impact event. This is 

especially the case if measured values are in a 0.1-0.5 ng/g range, corresponding to only 

modest enrichments above values commonly encountered in many sedimentary deposits. 

Ir is a mobile element and processes such as Ir redistribution at changing redox 

boundaries (Colodner et al., 1992; Schmitz et al. , 2004) scavenging of seawater-derived 

Jr at sedimentation hiatus (Kyte et al., 1993) are all processes capable of concentrating Ir 

with values similar or close to those associated with true impact horizons. 

Given the large and abrupt climatic changes, which occurred during the Younger 

Dryas , and the opposing views concerning the cause of these changes, it is important to 

conduct further tests of the Younger Dry as impact hypothesis . Here we use the Os 

isotope system as a tracer to constrain the Os sources contained in sediments of Younger 

Dryas age. This effort is preferable to studying PGE enrichment alone because of the 

additional constraints that Os isotope data place on the source of PGEs contained in 

various sediment samples. 

1.5 Inhomogeneous 1870s/1880s ratios in Pleistocene Seawater 

Several previous studies have argued that the 1870s/1880s ratios of the global ocean 

are nearly homogenous (Peucker-Ehrenbrink and Ravizza , 2000). The results presented in 

chapter 3 showed that the bulk sediment 1870s/ 1880s ratios from the Gulf of California are 

slightly more radiogenic than the bulk sediment 1870s/ 1880s ratios of the Cariaco Basin. 

However, it is generally believed that the Pacific Ocean is a few percent less radiogenic 

than the Atlantic Ocean based on the seawater Os isotopic composition retrieved in Fe

Mn crust on the past 500 ka (Burton et al., 1999). 

This motivated me to extend the marine Os record from the core top back to 30 ka in the 

Gulf of California site (DSDP 480) to provide an additional high temporal resolution 

seawater Os isotope record across that last glacial maximum and up to the present. The 

DSDP 480 record is complemented with additional data from the Cariaco Basin (ODP 

1002), the Os isotope record was extended down to 17 ka, with much closer sample 
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spacing than that reported by Ox burgh et al. 2007. The lowest temporal resolution record, 

ODP Site 849 in the Equatorial Pacific Ocean, was added to the study to provide an 

unambiguously open ocean site. The temporal resolution in each site was centenial to 

millennial. 

Studying the variations of radiogenic isotopes with global temperature change is 

not new . Previous studies have used strontium or lead and neodymium isotopes as 

proxies for changing continental inputs over time (Henderson et al, 1994; Foster and 

Vance, 2006). There are two problems with the previous studies. First, it is analytically 

challenging to constrain age models for the slowly accumulating Fe-Mn crusts used for 

this type of work. Second, marine strontium isotopes have a very long residence time 

(2Ma), whereas lead and neodymium have a short residence time , equal or slightly longer 

than the mixing time of the ocean, rendering Sr and Pb-Nd seawater isotopic 

compositions too long or too local, respectively. Prior to this study it was widely held that 

thay Os was unique among heavy isotope tracers of weathering because it marine 

residence time (approximately 40 kyrs: Levasseur et al., 1999) is short enough to respond 

to glacial-interglacial changes in flux to the ocean, but long enough that whole ocean 

isotope shifts in seawater 1870s/' 880s provide a globally integrated record of these shifts. 

More specifically, previously reported records showing a transient decrease in 1870s/1880s 

have been interpreted as evidence of a significant decrease in global weathering rates 

during peak glacial conditions (Oxburgh et al., 2007; Burton et al., 2010). Results 

presented in chapter 4 call the validity of this interpretation into question. 
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CHAPTER 2: Determining Chondritic Impactor Size from the Marine Osmium 

Isotope Record 

Published in its present form as Paquay , F .S., Ravizza, G .E, Dalai, T.K. , Peucker
Ehrenbrinck, 2008: Determining chondritic impactor size from the marine osmium 
record . Science, 320 , 214-218. 

2.1 Abstract 

Decreases in the seawater 187 Os/1880s ratio caused by the impact of a chondritic 

meteorite are indicative of projectile size; if the soluble fraction of osmium carried by the 

impacting body is known. Resulting diameter estimates of the Late Eocene and 

Cretaceous/Paleogene projectiles are within 50% of independent estimates derived from 

iridium data, assuming total vaporization and dissolution of osmium in seawater. The 

variations of 1870s/1880s and Os/Ir across the Late Eocene impact-event horizon support 

the main assumptions required to estimate the projectile diameter. Chondritic impacts as 

small as 2 kilometers in diameter should produce observable excursions in the marine 

osmium isotope record, suggesting that previously unrecognized impact events can be 

identified by this method. 

2.2 Introduction 

Terrestrial and lunar impact craters, as well as impact debris in the sediment record, 

reveal that Earth has been struck by asteroids many times throughout its history. 

However, it is difficult to estimate the size of the impacting bodies, and it is likely that 

many impacts remain unrecognized because of the continuous reshaping of Earth ' s 

surface. Rough estimates of projectile size result from inventories of excess Ir (1 ), called 

Ir fluences (nanograms per square centimeter), and from models of impact crater 

formation (2). The former approach involves averaging many individual fluence 

estimates to obtain a meaningful global signal (3- 5), whereas the latter approach requires 

that an impact crater be preserved. Since the first application of the Os isotopic system to 

the study of impact events (6), this system has been extensively applied to estimating the 
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contribution of the projectile to impact breccias and impact melts (7) . These studies 

report high Os concentrations and low 1870s/1880s ratios of the projectile compared with 

the target rock, demonstrating that Os isotopes are very sensitive tracers of the presence 

ofresidual projectile material. Most previous Os isotope studies of impact events have 

focused narrowly on the impact horizon (6- 11). However, Os isotope studies of the 

marine sediment record that span longer time intervals show that the dissolution of 

impact derived Os in seawater lowers the 1870s/ 1880s values of the global ocean (12, 13). 

We show here that impact-induced excursions in the marine Os isotope record can be 

used to estimate chondritic impactor size (14). These excursions can be understood as the 

result of mixing ambient seawater Os (characterized by relatively high 1870s/1880s) with 

meteoritic Os [with low 1870s/1880s (15)] that is vaporized on impact and 

subsequently dissolved in seawater. This interpretive framework allows for the estimation 

of projectile size by isotope dilution, provided that the fraction of impact-derived Os that 

dissolves in seawater is known . The Os isotope composition of seawater is nearly 

homogeneous, so data from only a single section that accurately records seawater 
1870s/1880s can be used to make meaningful estimates of projectile size. No analogous 

variations in Ir isotope composition occur in nature, making the Os isotope system unique 

among the highly siderophile elements. As an example, we applied this approach to the 

known Late Eocene impacts (LEls) (16) and the Cretaceous-Tertiary (K-T) impact (1) 

events. 

2.3 Methods 

Os, Pt and Ir were preconcentrated from bulk sediment samples from ODP Site 1090 (67) 

and 1219 ( 43) using a NiS fire assay. Sample powders (3-10) were spiked with a tracer 

solution enriched in '05Pd, 1900s, 191Ir and 198Pt prior to fusion for concentration 

determination by isotope dilution. Isotope ratio measurements were made using a 

magnetic-sector inductively coupled plasma mass spectrometer (ELEMENT2) (see ref I 

for the original methods). An in-house standard was analyzed each day to monitor Jong-
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term reproducibility. The average 1870s/ 1880s of these standards is 0,1082 ± 0,0025 (2 

S.D., n= 60). Seven procedural fusion blanks were as well performed and yielded an 

average of 0,31 ± 0,02 pg/g for Os and 1,5 ± 0,05 pg/g for Ir. Argon gas blank were 

performed every set of five Os isotope analyses to monitor any potential carry over 

between samples. 

2.4 Results and Discussion 

The three key parameters that we used to estimate the fractional increase in the seawater 

Os reservoir that results from an impact are the 1870s/ 1880s of seawater immediately 

before and after the impact event (17) and the 1870s/ 1880s of the impacting body, which 

varies over a narrow range (0.123 to 0.129) (15) . During the LEls, seawater 1870s/ 1880s 

shifted from 0.5 to 0.28 (Fig. land table SI), corresponding to a roughly 2.5-fold 

increase in the size of the seawater Os reservoir because of the impact-derived Os ( 18). 

Agreement between data from the equatorial Pacific [Ocean Drilling Program 

(ODP) 1219] and the Southern Ocean (ODP 1090) indicates that these data reflect the 

response of seawater 1870s/1880s to the impacts, rather than mixing of particulate Os from 

different sources. We suspect that the time required for the impact-induced Os isotope 
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Fig. 2.1 Profiles of 1870s/1 880s ratios, Ir concentrations, and Os/Ir ratios from ODP 1219 
(7°48.0l'N , 142°00.94'W) and ODP 1090 (42°54.8'S, 8°54.0'E). Age control is based on 
magnetic stratigraphy ( 44, 45). Most samples are from within magnetochron Cl 6n.1 n. 
Sediments from Site 1219 deposited immediately after the LEls were unavailable for 
analysis because of a gap between cores and limited drilling disturbance. Black symbols 
represent ODP Site 1090; red symbols represent ODP 1219. My, million years. (A) 
Minimum values in 1870s/1880s coincide with the Ir maximum, defining an asymmetric 
excursion with an abrupt onset and gradual recovery. The yellow line indicates the impact 
horizon. (B) Elevated Ir concentrations mark the impact horizon. In ODP Site I 090, 
clino-pyroxene spherules and microtektites were recognized and coincide with maximum 
Ir concentrations (20). (C) At both sites, local maxima in Os concentration are much less 
pronounced than those in Ir. Os/Ir ratios therefore display a clear minimum at the impact 
horizon. 
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excursion to mix throughout the global ocean is brief, on the order of several thousand 

years. However, the decline in the sediment 1870s/1880s from preimpact levels to 

minimum values is ~30 to 40 thousand years (ky). The length scale of this decline is 110 

to 130 cm, consistent with limited redistribution by diagenesis and/or bioturbation. The 

Os isotope shift derived from a low-resolution record of the K-T event ranges from0.4 to 

0.157 (Fig. 2), indicating a nearly I 0-fold increase in seawater Os inventory. A 

quantitative comparison of the Os isotope method to independent lr fluence estimates can 

be made by assuming that the Os concentration of Late Eocene and Late Cretaceous 

seawater is the same as that of the modem ocean (19). This fixes the preimpact size of the 

seawater Os reservoir at 1.4 x 1019 ng Os (18) and allows the mass of impact-derived Os 

dissolved in the ocean after the LEI (2 x 1019 ng Os) and K-T events (8 x 10 19 ng Os) to 

be calculated. These Os inventories are between 30 and 40% of the Ir inventories for the 

LEI (4.6 x 10 19 ng Ir) and K-T events (28 x 10 19 ng Ir), calculated as the product of the 

average global Ir fluence [LEI = 9 ng/cm2 (20) and K-T = 55 ± 3 ng/cm2 (3)] and the 

surface area of Earth. Os and Ir inventories can be compared directly because the Os/Ir 

ratio in chondrites (15 , 21) is close to 1. We suspect that the deficit of Os relative to Ir 

probably results from non quantitative dissolution of Os in seawater, but the uncertainties 

in the estimated Os and Ir fluences are too large to argue this point strongly (22). 

Nevertheless, observations that some terrestrial K-T sections are enriched in Os (7) are 

consistent with the idea that Os dissolution is incomplete and Os isotope-based estimates 

of projectile size that assume quantitative vaporization are biased to low values. 

The Os and Ir inventories estimated above can be recast as projectile-size 

estimates (23). The Popigai impactor associated with the LEls is thought to be an L-type 

ordinary chondrite (24). Using appropriate average bulk density (25) and Os and Ir 

concentrations (21) yields an Os-based diameter estimate of 2.8 to 3.0 km for the Popigai 

impactor (26), compared with an Ir-based diameter estimate of 4 km (27). For the K-T 

event, a carbonaceous chondrite ( 11 , 28) is the likely culprit, and analogous calculations 

yield diameter estimates of 4.1 to 4.4 and 6 km, based on Os isotopes (23) and Ir fluence 

(27), respectively. The smaller size of the Os-based estimates (as compared with Ir is a 

direct consequence of the relative magnitude of the Os and Ir inventories given above. 

The most recent simulations of impact-crater formation yielded projectile-size estimates 
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Fig. 2.2. (A) Low-resolution record of sediment 1870s/1 880s across the K-T boundary in 
Deep Sea Drilling Project 577 (13). (B) Associated record of Ir and Os concentration 
variations from the same site. There is a distinct minimum in Os/Ir at the K-T boundary, 
similar to the pattern observed in the LEI event record (Fig. 1 ). 
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of 15 to 19 km for the K-T Chixulub crater (2), 8 km for the Late Eocene Popigai crater 

(2), and 3 km for the Late Eocene Chesapeake Bay crater (29, 30). If these larger 

projectile-size estimates are correct, this implies that only 2 to 7% of the Os carried by 

the K-T and LEI projectiles dissolved in seawater. The box-model results below suggest 

that substantially more than a few percent of the total amount of Os carried by the 

projectile becomes dissolved in seawater. An important implication of this interpretation 

is that impact simulations overestimate the projectile diameter. The relatively good 

agreement between diameter estimates based on Os isotopes and Ir fluence is consistent 

with this inference. Whereas the choice of projectile velocity and angle of incidence 

might contribute to the difference in estimated projectile sizes, we do not believe that this 

is the sole source of the discrepancy. A projectile with substantially lower siderophile

element concentration than any known chondrite- perhaps a comet (20)- could account 

for this difference. 

However, no independent data are available to support this claimfor either the K

T impact events or the LEis. Our interpretation requires that dissolved Os and Ir 

concentrations in the open ocean greatly exceed steady-state values immediately after an 

impact event. A box model that simulates the postimpact removal of excess dissolved Os 

and Ir from seawater by first-order kinetics captures the major features preserved in Late 

Eocene sediments from ODP Site I 090 (Fig. 3). We used initial conditions that 

correspond to dissolved Os concentrations that are elevated 2.5 times above steady-state 

levels with an initial postimpact 1870s!1 880s of 0.28 (Fig. 1). These conditions were 

chosen to match the estimates of seawater and projectile-derived Os inventories made 

above. To simulate Ir removal from seawater, we assumed equal masses of impact

derived Os and Ir (2 x 10 19 ng). This assumption , together with the very low Ir 

concentration of modem seawater (31) as compared with that of Os ( 19), resulted in 

model initial conditions where dissolved Ir was elevated 50 times above steady-state 

levels . The postimpact steady state 1870s/ 1880s was set at 0.42 to match the postimpact 

sediment data (Fig. 3A). The Os/Ir ratio of modem seawater is - 100 (20), whereas the 

Os/Ir ratio of modem pelagic carbonates falls between 2 and 3 (21 ). This difference 

indicates more rapid scavenging of Ir relative to Os in the open ocean. Therefore, to 
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compare measured sediment Os/Ir ratios to model seawater ratios, we used 

(Os/Ir)sediment = 0.02(0s/Ir)seawater (see note Sl in the supporting online material for 

detailed information about the model). The change in the sediment 1870s/ 1880s and Os/Ir 

with time was visually fit by adjusting the marine residence times of Os and Ir to match 

the sediment data (Fig. 3). The comparison of model calculations with measured data 

yields estimated Late Eocene marine residence times of 25,000 years for Os and 5000 

years for Ir. These values are similar to the modem marine residence-time estimates for 

Os and Ir-40,000 and 2000 years, respectively (31 , 32). The Os/Ir ratio calculated for 

Eocene seawater immediately after the impact (1.6) is initially close to the chondritic 

ratio of 1 and gradually recovers to higher values (Fig. 3B). The same trend is apparent in 

the ODP 1090 record, but the absolute Os/Ir ratios are shifted to distinctly subchondritic 

ratios as a result of preferential Ir scavenging as described above. The same pattern is 

also apparent in our low-resolution Os/Ir record spanning the K-T impact (Fig. 2) . This 

simple model based on the behavior of Os and Ir in modem seawater yields reasonable 

residence-time estimates and can account for the observed sedimentary Os/Ir ratios. Thus, 

the major features of the ODP 1090 record can be understood as a result of the 

scavenging of dissolved elements from seawater without contributions from a large 

inventory of particulate Os or lr from refractory phases that may have condensed in the 

atmosphere (33) and subsequently settled through the water column. Together with 

reported Os burial fluxes in pelagic sediments, Os residence-time estimates obtained from 

the model provides evidence that our assumption that the Os concentration of Late 

Eocene seawater is similar to that of the modem ocean is reasonable (34--38). Paired 

Os/Ir and Os isotope records can also serve as an effective tool for distinguishing impact 

events,which vaporize Os and Ir and modify global seawater chemistry, from local 

enrichment of particulate extraterrestrial material. The latter could result from either a 

variable sediment accumulation rate or fluctuation in the background flux of particulate 

extraterrestrial matter. Elevated Ir concentrations and lower 1870s/1880s could result from 

either an impact or particulate extraterrestrial matter. However, particle enrichment 

would not shift sediment Os/Ir to the distinctly subchondritic values observed in both late 

Eocene records, because small unvaporized particles with chondritic Os/Ir ratios would 

accumulate intact. For example, some particulate extraterrestrial enrichment seems to 
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characterize the Late Eocene sections of the ODP 1090 record before the impact events 

(Fig. 1 ). This may be causally I inked to the episodes of increased flux of interplanetary 

dust particles inferred from 3He data (39). There are two distinctly different sources of 

uncertainty associated with the projectile-size estimates made here. The first is associated 

with the Os isotope-dilution calculation and the related assumptions about the dissolution 

of Os in seawater. The effects of these parameters on the projectile-diameter estimates are 

illustrated by sigmoidal curves (Fig. 4) showing that as the 1870s/ 1880s of postimpact 

seawater approaches that of the projectile (- 0.13), error amplification becomes 

extremely large. This is important for K-T projectile-size estimates because small 

variations in boundary horizon 1870s/ 1880s can give rise to large changes in the projectile

size estimate ( 40). At the opposite end of the size spectrum, there is also substantial error 

amplification, corresponding to decreases in the seawater 1870s/ 1880s that are difficult to 

resolve from other sources of natural variability. The offset between the LEI and K-T 

fields in Fig. 4 illustrates the second source of uncertainty, which results from the need to 

constrain projectile Os concentration and bulk density by choosing a particular type of 

projectile. This offset provides a reasonable representation of the range of uncertainty 

introduced when the type of chondrite is unknown, because the Os concentration 

difference between the K-T and LEI projectile type spans nearly the maximum range in 

average Os concentrations among the major chondrite classes (21 ). Estimates of 

projectile size based on Ir fluence require equivalent assumptions about projectile type. 

An iron meteorite impact would produce an Os isotope excursion larger than that 

produced by a chondritic projectile of the same size (Fig. 4) because of higher densities 

(25) and larger Os concentrations (41). However, Cr isotopes (11) and 1860s/1880s (9) 

differentiate chondrites from irons and could be used to eliminate this potential source of 

uncertainty in projectile-size estimates. The marine Os isotope record should also be 

sensitive to impact events smaller than the LEls. For 30% dissolution of impact-derived 

Os in seawater, a 2-km chondritic body would produce a decrease of - 0.05 in seawater 

1870s/1880s (Fig. 4). If only 5% of the total Os supplied by the projectile dissolves in 

seawater, as implied by impact-crater simulations (2, 41 ), then a 4-km body would be 

required to produce the same magnitude of excursion (- 0.05) . The model results 
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presented above suggest that it is probable that the fraction of the impact-derived Os 

dissolved in seawater is much larger than 5%, because the major 

features of the bulk sediment 1870s/ 1880s and Os/Ir records can be reproduced with a 

model in which the entire sedimentary Os and Ir inventories are scavenged from 

seawater. Based on observations of near-Earth asteroids, the estimated recurrence interval 

for bodies 4 km and larger is - 12 million years; for bodies 2 km and larger, it is - 2.5 

million years ( 42). If correct, these recurrence intervals suggest that there should be 

between 5 and 27 impact related excursions in the Cenozoic marine Os isotope record. 

Whereas we are confident that sediments recovered from the modem sea floor (like those 

studied here) will preserve the record of such events, we are not certain that older marine 

sequences now preserved on land will have the same fidelity. Testing the lower limit of 

projectile detection warrants further investigation. The efficiency of Os and Ir 

vaporization may decrease with decreasing projectile size and may vary with target 

material. In addition, small regional heterogeneities in seawater 1870s/ 1880s like those 

implied by the small offset between the ODP 1090 and 1219 records before LEls (Fig. I)] 

make it difficult to precisely estimate the 187 Os/1880s of preimpact seawater. Both factors 

could make detection and size estimation of smaller impacts more difficult than is 

implied by Os isotope results from the larger K-Tand LEI events. Other known Cenozoic 

impact craters provide an opportunity to investigate these issues. For example, the Ir-rich 

Eltanin asteroid [estimated at 1 to 4 km in size (43)] that hit the Pacific Ocean west of the 

southern end of South America in the Bellinghausen Sea is of particular interest because, 

in contrast to the LEI and K-T events, it is a deep-ocean impact. 
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Fig. 2.3 . Comparison ofresults from a one- box model simulation ofrecovery of seawater 
Os and Ir chemistry after the LEI impact event to data from ODP 1090 (Fig. 1). Initial 
conditions were chosen to mimic mixing the Os and Ir (2 x 1019 ng) with a seawater Os 
and Ir reservoir equivalent to that of the modern ocean. (A) We used a range ofresidence 
times (R.T.) for Os to fit the 1870s/1880s recovery with a visual best-fit at 25 ky (dashed 
line). The lower bound was set with an R.T. of 60 ky and the upper bound at 10 ky. (B) 
Os and Ir residence times were set at 25 and 5 ky, respectively [fractional increase in 
seawater reservoir ( 18) Os = 2.5 and Ir= 14 7]. The model Os/Ir curve (dashed line) was 
multiplied by 0.02 to allow a direct comparison of the range in Os/Ir measured in 
sediments to that of seawater. 
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Note Sl: One-box ocean model 

We used a simple one-box model to simulate the removal of Os and Ir from the ocean 

following an impact event. 

The differential equation that describes the model is dN/dt =Fin - KN 

Where symbols used in the equations below are defined as follows (units are given in 
parentheses) : 

Fin= total flux into the box (mass/time) 

N =size of the reservoir (mass) 

K =first order rate constant for removal from seawater (inverse time) 

-r = Residence time of the element or isotope = 1/K 

The solution to this differential equation is 

Where, 

t = 0 is defined as the time immediately after the impact event; 

N0 is this size of the reservoir at t =0 

To produce the model curve in Fig. 2A, separate equations were written for 1870s 

and 1880s. The ratio of 187N/ 88N 0 was set to 0.28 to match the minimum 1870s/1880s ratio 

in Fig.1 1 at t= 0. The ratio F(l87)in/F(188)in was set to 0.42 to match the stable 

1870s/1880s ratio measured in the youngest samples shown in figure I at steady state. The 

absolute value chosen for 188N0 was arbitrary because only ratios are plotted. The value of 
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K was identical for both 1870s and 1880s. K was varied to obtain the best visual fit to the 

data. 

To produce the model curve in Fig. 2B separate equations were written for Os and 

Ir. The steady state ratio of OsNst.st./IrNst.st. was set to 100 to match the value of present 

day seawater (31, 32). The value of 0 5N0 was set to 2 .5 osN to match the estimated 

increase in the seawater Os inventory immediately following the Late Eocene impact 

event that was estimated using the sedimentary Os isotope data . Similarly 1'N0 was set to 

501'N51 51 where the factor of 50 was calculated assuming the addition of 2 Xl0 19 ng Ir to 

present day seawater Ir inventory . The value of K0 " the first order rate constant for Os 

removal , was set to match the best fit residence time for Os obtained in Fig . 2A. This 

choice also sets the value of F(Os);n and fixes the temporal evolution of seawater Os 

concentration following the impact event. The value of K,, , and thus the temporal 

evolution of seawater Ir concentration, was varied by adjusting F(lr)in to obtain a visual 

best fir to the sedimentary Os/Ir ratio record assuming that (Os/Ir)sed = (Os/Ir)sw/50, an 

empirical Os/Ir fractionation determined from modern pelagic carbonates. 
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Table 1. Results of Os isotope analyses of bulk sediments from ODP 1090 and 1219. 

1s10 s/1ssos 

Sample name Depth Age 2SD Os Ir Os/Ir 
rmcd pg/g pg/g 

Ma 
I 0908-030X-04 W-7 /8 288.56 35.25 38.5 

10908-030X-04W-7/8 Rep 288.56 35.25 0.433 0.006 66.27 33.9 1.95 

I 090B-030X-04 W-15/17 288.64 35.27 0.414 0.006 50.01 36.9 1.36 

I 0908-030X-04 W-24/26 288 .73 35.29 0.412 0.011 65.82 42 .9 1.54 

I 090B-030X-04 W-34-36 288.83 35 .31 0.418 0.009 64.8 1 32.5 1.99 

I 0908-030X-04W-44/46 288 .93 35.33 0.407 0.007 60.78 38.0 1.60 

I 090B-030X-04 W-56/58 289.05 35.35 0.372 0.006 126.19 33.5 3.77 

I 090B-030X-04 W-56/58 
Rep 289.05 35 .35 0.417 0.004 119.06 68.2 1.75 

I 090B-030X-04W-56/58 
Rep2 289.05 35.35 0.417 0.008 84.15 49.4 1.70 

I 0908-030X-04 W-65/67 289.14 35.35 0.427 0.004 67.37 45 .0 1.50 

I 090B-030X-04W-76/78 289 .25 35.35 43.6 

I 0908-030X-04W-76/78 
Rep 289.25 35.35 0.425 0.004 74. 16 

I 0908-030X-04W-84/86 289.33 35.36 48.6 

10908-030X-04 W-84/86 
Rep 289.33 35 .36 0.408 0.006 69.95 55 .7 1.26 

I 0908-030X-04 W-93/95 289.42 35 .36 0.422 0.006 72.70 50.0 1.45 

10908-030X-04 W-102/l 05 289.51 35 .36 0.415 0.003 122.24 64.9 1.88 

I 0908-030X-04 W-102/J 05 
Rep 289 .51 35 .36 54.2 

I 0908-030X-04 W-102/ 105 
Rep2 289 .51 35 .36 0.415 0.006 112.62 67.7 1.66 

I 0908-030X-04 W-115/J 17 289 .64 35.37 0.392 0.006 96.74 59.5 1.63 

10908-030X-04W-l 25/127 289.74 35 .37 0.384 0.005 135.01 219 .5 0.62 

I 0908-030X-04 W-135-137 289.84 35.38 0.413 0.003 191.64 89 .0 2.15 
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1090B-030X-05W-5/7 290.04 35.39 73.3 

1090B-030X-05W-5/7 Rep 290.04 35.39 0.381 0.006 174.79 110.0 1.59 

1090B-030X-05W-5/7 Rep2 290.04 35.39 0.374 0.005 150.32 197.9 0.76 

I 090B-030X-05W-l 5/ l 7 290.14 35.39 0.360 0.008 97.64 73.9 1.32 

I 0908-030X-05W-25/27 290.24 35.39 0.356 0.011 86. 12 80.3 1.07 

I 090B-030X-05W-34-36 290.33 35.40 0.370 0.007 79.98 70.9 1.13 

I 0908-030X-05W-34-36 
Rep 290.33 35.40 94.9 

1090B-030X-05W-34-36 
Rep2 290.33 35.40 0.371 0.005 143.89 81.2 1.77 

1090B-030X-05W-45/47 290.44 35.40 0.340 0.014 69.03 101.1 0.68 

1090B-030X-05W-55/57 290.54 35.41 0.331 0.005 68 .13 113 .9 0.60 

1090B-030X-05W-65/67 290.64 35.41 138.9 

1090B-030X-05W-65/67 
Rep 290.64 35.41 0.326 0.005 82.46 139.4 0.59 

1090B-030X-05W-73.5/75.5 290.725 35.41 0.332 0.006 86.07 150.3 0.57 

I 090B-030X-05W-85/87 290.84 35.42 0.319 0.004 116.99 233.4 0.50 

1090B-030X-05W-85/87 
Rep 290.84 35.42 0.336 0.016 96.65 2 10.3 0.46 

1090B-030X-05W-92/94 290.91 35.42 0.299 0.005 141.79 418 .7 0.34 

I 090B-030X-05W-92/94 
Rep 290.91 35.42 0.290 0.008 146.83 436.8 0.34 

10908-030X-05W-l 16-l 18 291.15 35.43 0.282 0.004 152.83 587 .5 0.26 

1090B-030X-05W-116-l 18 
Rep 291.15 35.43 0.285 0.006 186.75 618 .1 0.30 

I 090B-030X-05W- I 24/l 26 291 .23 35.43 272.4 

1090B-030X-05W-l 24/ 126 
Rep 291.23 35.43 0.371 0.005 115.33 256.4 0.45 

I 090B-030X-05W-l 24/ 126 
Rep2 291.23 35.43 0.376 0.007 88. 18 249.4 0.35 

10908-030X-05w-l 36/ 138 291.35 35.44 0.421 0.005 67.41 97.7 0.69 

1090B-030X-05w-136/ 138 
Rep 291.35 35.44 0.431 0.014 62.81 90.1 0.70 

1090B-030X-05W-l 45/ 14 7 291.44 35.44 0.417 0.005 75.84 80.0 0.95 
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10908-030X-06W-6/8 291.55 35.45 0.450 0.020 70.40 72.2 0.97 

10908-030X-06W-l 5/l 7 291.64 35.45 0.460 0.004 58.34 72.2 0.81 

I 09108-030X-06W-25/27 291.74 35.45 0.477 0.004 44.18 63.2 0.70 

10908-030X-06W-36/38 291.85 35.46 0.475 0.009 83.04 80.4 1.03 

I 0908-030X-06W-45/47 291.94 35.46 0.480 0.005 54.16 62.2 0.87 

1090B-030X-06 W-56/58 292 .05 35.47 0.474 0.003 72.43 79.6 0.91 

10908-030X-06W-64/66 292.13 35.47 0.483 0.005 55.99 71.3 0.79 

10908-030X-06W-75/77 292.24 35.47 0.505 0.006 52.63 57.5 0.92 

10908-030X-06W-82/84 292.31 35.48 0.503 0.005 58.09 57.5 1.01 

I 0908-030X-06W-85/87 292 .34 35.48 0.490 0.007 50.78 68.1 0.75 

I 0908-030-06W-95/97 292.44 35.48 0.506 0.013 48.38 

I 0908-030X-06W-I 051107 292.54 35.49 0.505 0.004 47.46 44.7 1.06 

10908-030-06W- I I 6/l I 8 292.64 35.49 0.495 0.005 61.86 

I 0908-030X-06W-121/l 23 292 .7 35.49 0.427 0.033 55 .14 

10908-030X-06W-l 36/l 38 292 .85 35.50 0.535 0.007 33.96 46.8 0.73 

I 0908-030-06W-146/ 148 292 .95 35.50 0.540 0.003 66.42 

I 0908-030-07W-719 293 .06 35.51 0.542 0.007 63 .76 

10908-030-07W-7 /9 Rep 293 .06 35.51 0.535 0.006 61.36 

10908-030X-07W- I 3/l 5 293.12 35.51 0.536 0.003 44.73 48.5 0.92 

I 0908-030X-07W-l 3/l 5 
Rep 293 . 12 35.51 0.475 0.003 55.64 

I 090B-030X-07W-l 8/20 293 .17 35.51 0.547 0.011 43.55 39.5 I. I 0 

I 0908-030X-07W-l 8/20 
Rep 293.17 35.51 0.553 0.003 39.86 

I 0908-030X-07W-22/24 293.21 35.51 0.483 0.004 44.50 38.5 1.16 

I 0908-030-07W-34-36 293.32 35.48 0.552 0.039 42.17 

I 0908-030X-07W-43/45 293.42 35.52 0.464 0.008 38.06 42 .6 0.89 

10908-030-ccw-5/7 294.53 35.59 0.547 0.007 34.29 

10908-030X-ccw-l 2/14 293 .59 35.53 0.544 0.006 41.98 41.8 1.00 

l 0908-03 lX-O I W-10/13 293.805 35.55 0.507 0.005 46.45 56.4 0.82 

I 0908-03 IX-OI W-23/25 293.84 35.55 0.563 0.005 40.15 33. l 1.21 
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10908-031 X-0 I W-35 .5/3 7 .5 293.965 35 .56 0.585 0.007 23 .81 27.4 0.87 

I 0908-031 X-0 I W-48/50 294.09 35 .56 0.538 0.014 20.27 24.3 0.84 

I 0908-031 XO I W-58/60 294.19 35.57 0.602 0.012 24.06 35 .0 0.69 

I 0908-031 X-01W-71 /73 294 .32 35.58 0.589 0.012 29.66 29.4 1.0 I 

I 0908-031 X-01 W-83/85 294.44 35 .59 0.573 0.007 72.89 33 .7 2.16 

10908-03IX-Ol W-93/95 294.54 35.59 0.576 0.006 90.01 44.5 2.02 

10908-031X-01W-107/109 294.68 35 .60 0.577 0.009 48.33 32.4 1.49 

10908-031X-OIW-l 19-121 294.8 35 .61 0.576 0.009 25.45 30.8 0.83 

I 0908-03 IX-OI W-132/ 134 294.93 35 .62 0.508 0.008 36.40 32.1 1.13 

I 0908-031 X-0 I W-
146.5/1 48 .5 295.075 35.63 29.4 

I 0908-031 X-02W-6/8 295 . 16 35 .63 0.581 0.005 31.21 31.2 1.00 

I 0908-031X-02W-l6/ l 9 295.275 35 .64 0.539 0.010 35 .50 40.4 0.88 

rmcd 1s10 s11sso s 2sd Ir Os/Ir 
Sample name Age Os 

pg/g pg/g 
Ma 

1219A 017H 07W 136/ 138 180.23 34.78 0.458 0.003 191.14 153.4 1.25 

1219A 017H 08W 18/20 180.4 7 34.90 0.463 0.004 142.56 170.2 0.84 

1219A 017H 08W 30/32 180.58 34.96 0.478 0.007 118.97 163 .9 0.73 

1219A 018H OIW 30-34 181.81 35.43 0.305 0.007 256.71 1596.8 0.16 

1219A !SH IW 35-39 I SI .S6 35.44 0.366 0.000 105.00 917.2 0.11 

1219A lSH IW 40/42 l S 1.9 35.44 0.3SO 0.006 512.74 75S .2 0.6S 

1219A lSH IW42/46 IS 1.93 35.45 0.404 0.004 133.34 612 .9 0.22 

1219A !SH OIW 50/54 IS2 .0I 35.46 0.454 0.010 I 16.57 312.4 0.37 

1219A !SH OIW 5S-62 IS2 .09 35.47 0.459 O.OOS 129.20 21 7.7 0.59 

1219A 18H IW 65-69 182. 16 35.48 0.475 0.000 128.00 225 .3 0.57 

I 219A 018H 01 W 72/74 182.22 35.48 0.489 0.004 215.47 202 .9 1.06 

1219A Ol 8H 01 W 72/74 
Rep 182.22 35.48 0.502 0.004 92.27 202 .9 0.45 

1219A 018H 01 W 78/80 182.28 35.49 0.494 0.004 242.32 174.5 1.39 

1219A 018H OlW 78/80 
Rep I S2 .2S 35.49 0.503 0.003 187.34 170.S 1.10 
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1219A 018H OlW 84/86 182.34 35 .50 0.661 0.004 41.45 37.7 1.10 

1219A 018H OlW 90/92 182.4 35 .51 0.486 0.010 118.11 157.3 0.75 

1219A 018H 01 W 95/97 182.45 35.51 0.444 0.005 300.48 289.0 1.04 

1219A 018H OlW 95/97 
Rep 182.45 35 .51 0.459 0.004 121.67 274.1 0.44 

1219A 18H JW 95/99 182.46 35 .51 0.342 0.004 786.46 528.3 1.49 

1219A 018H 01W104/1 06 182.54 35 .52 0.425 0.004 72.68 148.9 0.49 

1219AOl8HOIW 10811 10 182.58 35.53 0.594 0.006 100.02 130.7 0.77 

1219A 018H OlW 110/ 112 182.6 35 .54 0.478 0.004 193.40 126.0 1.53 

I 2 I 9A 0 I 8H 0 I W 116/1 18 182.66 35.57 0.480 0.004 158.94 112.0 1.42 

1219A 018H OIW 122/1 24 182.72 35.59 0.501 0.004 87.03 108.5 0.80 

1219A 018H OIW 125/127 182.75 35.60 0.451 0.004 156.38 101.7 1.54 

1219A 018H OIW 125/127 182.75 35 .60 0.461 0.004 289.86 

1219A 18H lW 125-129 182.76 35 .61 0.512 0.000 84.00 103 .1 0.81 

1219A 018H OlW 135/ 137 182.85 35.64 0.505 0.005 68.03 109.6 0.62 

1219A 018H 01W135/ 137 
Rep 182.85 35.64 0.505 0.005 77.55 103 .5 0.75 

1219AOl8H OIW 142/ 144 182.92 35.67 0.510 0.004 171.44 99 .9 1.72 

1219A 018H 01W147/149 182.96 35 .69 102.3 

1219A 018H OlW 14711 49 182.96 35 .69 0.518 0.014 105.99 

1219A 018H 02W 4/6 183 .04 35 .70 0.495 0.006 128.78 114.3 1.13 

1219A 018H 02W 9/11 183 .09 35 .70 0.515 0.005 74.23 92.1 0.81 

1219A 018H 02W 9/ 11 Rep 183 .09 35.70 0.509 0.004 128.81 93.9 1.37 

1219A 018H 02W 15/ 17 183 .15 35 .71 0.535 0.003 57.96 109.6 0.53 

1219A 018H 02W 29/31 183 .29 35 .73 0.634 0.004 69.79 98.3 0.71 

1219A 018H 02W 37/39 183 .37 35 .75 0.515 0.006 86.08 96.8 0.89 

1219A 018H 02W 46/48 183.46 35.76 0.515 0.003 99.31 92.4 1.07 

1219A 018H 02W 55157 183.55 35 .77 0.504 0.003 254.13 98.4 2.58 

1219A 018H 02W 65167 183.65 35 .79 0.506 0.003 83.16 105.6 0.79 

1219A 018H 02W 75177 183.75 35 .80 0.511 0.007 509.44 205.9 2.47 

183.75 35.80 0.509 0.005 257 .81 98.8 2.61 
1219A 018H 02W 75177 
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Rep 

1219A 018H 02W 83/85 

1219A 18H 02W 100/ 102 

183.83 

184 

35.81 

35.84 

0.504 

0.504 

0.004 

0.008 

139.84 

183.51 

109.0 

106.4 

1.28 

1.73 
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CHAPTER 3: Variation in the Late Eocene marine osmium isotope record: results 
from the Massignano section and deep-sea cores. 

3.1 Abstract 

We report a reconstruction of seawater 1870s/' 880s ratios including the Late 

Eocene impact event during the time interval (,..36-35 Ma). This reconstruction is based 

upon bulk sediment analyses of deep-sea sediment sites from the Southern Atlantic 

Ocean (ODP Site 1090), Equatorial Pacific Ocean (ODP Sites 1218 and J 219) and 

uplifted (land-based) Tethyan sections (Massignano, Italy). This study confirms the 

previously reported decline from ""'0.5 to,.. 0.3 in the seawater 1870s/1880s ratio as a 

unique global feature, indicating that no other Os-rich impactor other than the Popigai 

impact occured during the 3 million year time investigated. In the Massignano section, 

the two iridium anomalies previously proposed to be related to alleged impact events 

show neither a decrease in the marine 1870s/ 1880s nor a shift to lower Os/Ir ratios , 

suggesting that these Ir anomalies were likely due to cosmic dust particles or natural 

authigenic Ir enrichment. Projectile size estimates based on Os isotope estimates are less 

variable that those derived from Ir fluences when data from multiple sites are compared. 

These new data also indicate that seawater 1870s/1880s begins to decline in advance of the 

Popigai impact event. This decline coincides with a previously reported episode of 

elevated extraterrestrial 3He flux suggesting a role for IDP dissolution in the late Eocene 

marine Os isotope budget. 

3.2 Introduction 

Towards the end of the Eocene epoch, roughly 1.5 million years before the 

prominent climatic Oil glaciation, multiple impact events occurred (Koeberl , 2009) 

concomitantly with an episode of increased accretion of interplanetary dust particles 

(IDP' s) (Farley, 2009; Farley et al. , 1998). The origin of the late Eocene cosmic events 

is controversial and is thought to be caused either by collisions in the asteroid belt (Tagle 

and Claeys, 2005) or by a comet shower (Farley et al., 1998; Tagle and Claeys, 2005). 

39 



In a previous study (Paquay et al., 2008b) we have used the impact-induced excursion in 

the late Eocene portion of the marine 1870s/1880s ratio record to calculate the amount of 

meteoritic Os that dissolved in seawater following the impact, and thus estimate a size of 

the projectile . Here, we report expanded late Eocene Os isotope records from five widely 

spaced sites (Fig. 1) , including deep ocean drilling sites and the uplifted (land-based) 

Massignano section (Odin and Montanari, 1988; Premoli Silva and Jenkins, 1993; Silva 

et al., J 993) . These records together with complementary Os, Ir and Pt concentrations 

allow us (1) To critically evaluate claims that multiple Ir anomalies in the Massignano 

section represent multiple impact horizons (Bodiselitsch et al., 2004). (2) To test 

assumptions required to make projectile size estimates using Os isotope data (Paquay et 

al., 2008b). (3) To examine the relationship between episodes of increased cosmic dust 

flux (Farley et al., 1998) and the marine Os record; (4) To critically evaluate the meaning 

of variable 1870s/1880s ratio in the impact horizon and the implications of our dataset in 

the interpretation of the latest Eocene post Popigai impact 1870s/1880s ratio decline 

(Ravizza and Peucker-Ehrenbrink, 2003). 

33 Sample Material 

The studied sites in this contribution include the Massignano section (Coccioni et 

al., 1988) (43°32' l 3"N; l 3°35'36" E), core RC9-58 (14°33.4'N, 70°48.6'W; 3548 m 

water depth) from the Venezuela Basin (SAITO et al., 1974); Ocean Drilling Program 

(ODP) Site 1218 from the Equatorial Pacific (8°53.378'N, 135°22.00' W; 4826m water 

depth) (LYLE et al., 2002), new samples from the Southern Atlantic Ocean Site 1090 

(42°54.8"S, 8°54.0"E; 3700m water depth) (GERSONDE et al., 1999); a comparison 

with published Os data from the Equatorial Pacific ODP Site 1219 (7°48 .019N, 

142°00.940 'W; 5063 m water depth) and four Popigai impact melts (TAGLE and CLAEYS, 

2005) (Fig. 1). These sites were selected primarly for their excellent age control allowing 

detailed comparison of Os records from different oceanic basins. 
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33.1 Massignano section 

Previously reported Os isotopes data from the Massignano section compares 

favorably with the Os records from multiple deep sea sediments records (RAVIZZA and 

PEUCKER-EHRENBRINK , 2003) but this original dataset lacks the temporal resolution 

required to compare with the different sites investigated previously for the Late Eocene 

impact (PAQUAY et al., 2008b). Here we report a high resolution Os isotope record in the 

Scaglia Variegata Formation from the base of the section designated at 0 msl (meters 

stratigraphic level) to about 12 msl (Table l). This interval spans the magnetochrons 

Cl6n.2n-Cl3r, planktonic foraminiferal Zones P15-P16 or El4-El5 (CoccIONI et al., 

2009; COCCIONI et al., 1988) and calcareous nannoplankton Zones NP18-NP19/20 

(COCCIONI et al., 1988; MONECHI et al., 2000). The studied sediments were deposited in 

an estimated paleodepth of I000-1500m (COCCIONI and GALEOTTI , 2003). They consist 

of marly limestone, with CaC03 content varying from 50 to 80 wt% (averages of 76 wt%, 

(JOVANE et al., 2009). Sediment color alternates from greenish to reddish, likely due to 

changes in redox conditions on the sea floor. Biotite-rich layers of volcanic origin at 2.04, 

5.25, 5.8, 6.5, 7.25, 7.75, 12.1and12.7 msl (JOVANE et al., 2009) were carefully avoided 

during sampling. 

33.2 ODP Site 1090 

Site 1090 (Hole B) consists of pale reddish-brown mud bearing diatom ooze and 

diatom-bearing nannofossil ooze. Over the studied interval the percentage of the 

carbonate and lithogenic sediment fraction averages 20% and 66% respectively 

(ANDERSON and DELANEY , 2005). Organic carbon content is very low (0.05-0.l %) 

throughout the studied interval (DIEKMANN et al., 2005). Magnetostratigraphy shows that 

the studied interval is complete (CHANNELL et al., 2003). Site 1090 has the highest 

sedimentation rate of all the sites investigated reaching up to 3.8 crn/ka in magnetochron 

cl 3r. Our sampling resolution at this site averages IO ka. In this study, we augment 

published data from (PAQUA Y et al., 2008b), with additional Site 1090 analyses from 
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magnetochrons C16r to C15n and a higher temporal resolution from a 20 cm interval 

across the impact layer (Table 2). 

3.3.3 ODP Sites 1218-1219 

Sites 1218 and 1219 in the Eastern Equatorial Pacific are separated by ~740 km . 

Site 1219 was deposited below the calcite compensation depth and Site 1218 slightly 

above. Os isotope data from both sites have been reported previously (DALAi et al., 2006; 

PAQUA Y et al., 2008b) illustrating that the difference in lithology did not affect the 

fidelity of the Os isotopes record. Sediments from both sites are clayey radiolarian ooze. 

At site 1218 , available data show that carbonate is variable (0.25-36 wt%). Total organic 

content is very low (~.02 %) (OLIVAREZ LYLE and LYLE, 2005). The average 

sedimentation rates vary between ~o .3 and 0 .8 cm/ka in magnetochrons C 16n .l r to C 1 Sn. 

Site 1218 was investigated because the recovery from the impact interval at Site 1219 

was not present due to a core and drilling disturbances immediately above the impact 

horizon (PAQUAY et al., 2008b). 

3.3.4 Core RC9-58 

Core RC9-58 reveals the connection of each tektites fields (the North Atlantic 

Tektite (NAT) strewnfield and clinopyroxene bearing (cpx) spherule layer) to their 

respective impact craters as each ejecta layers are clearly separated by 25 cm 

(GANAPATHY, 1982; GLASS et al., 1982). Due to depletion of the core material, only two 

samples were analyzed. The first sample analyzed (265 cm depth) is located close to the 

top of the NAT layer whereas the second sample (280 cm depth) occurs in the Cpx layer. 

This deeper layer contains a well-defined iridium anomaly with maximum values up to 4 

ng/g (GANAPATHY, 1982). 

3.3.5 Popigai impact melt 

We report Os isotope data from four Popigai impact melts (Pop 5-9-10-19) 

previously studied for Platinum Group Element (PGEs) (TAGLE and CLAEYS, 2005) 
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Figure 3.1. Locations of the studied ODP cores and uplifted sections (yellow circles) and 
impact craters (red circles)(CB: Chesapeake Bay) of late Eocene age in a 
paleogeographical reconstruction of 35 Ma 
(htt ://"an . ucc.nau .edu/~rcb7/ lobaltext2.html). The lowest 1870s/ 1880s measured in each 
site studied is also represented. 

3.4 Age models 

Supplementary Table l lists ages for each magnetostratigraphic datum used in this 

study (CAN DE and KENT, 1992; CANDE and KENT, 1995) together with corresponding 

depths in each core/section investigated (med stands for meters composite depth ; rmcd 

stands for revised meters composite depth). The age of each sample analyzed is then 

linearly interpolated between two age controls points, assuming that the sedimentation 

rate is constant between each age datum. 

For Site 1090, we chose to use an age model based on a magnetostratigraphy fit to 

the geomagnetic polarity scale (GPTS) (Cande and Kent , 1992, 1995). The 

magnetostratigraphy is derived from (Channell et al., 2003). The age model for Site 1219 

is based on multi-proxy stratigraphic analysis (Palike et al., 2005). When Os isotope 

data from Sites 1090 and 1219 are plotted against time, the lowest 1870s/1880s ratio 

matches reasonably well (~35.43 ma). Consequently, the age model of site 1219 was used 

to reconstruct an age model for Site 1218 , knowing that the two sites were correlated 

integrating physical property measurements such as multisensor track data (magnetic 
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susceptibility, gamma ray attenuation, bulk density, and color reflectance parameters , 

paleomagnetic properties measured shipboard, and additional postcruise discrete 

measurements of CaC03 content (Palike et al., 2005). Based on this detailed 

stratigraphic correlation, it is thought that the sedimentation at both sites are continuous. 

For the age model of Site 1218 , we did not use the 1218 rmcd equivalent and age given in 

(Palike et al. , 2005) because we noticed that at the time of the lowest 1870s/1880 s ratio 

there was an offset of - 1.7 m (in the rmcd domain), unlikely resulting from a hiatus but 

from a mismatch in stratigraphic correlation. Assigning an age model to these 1218 rrncd 

equivalent would have offset the age model by 500 ka as the lowest 1870s/1880 s ratio at 

Site 1219 is at 248.52 1218-rrncd equivalent, and at Site 1218 is at 250.16 rmcd. 

Therefore, we used new rmcd given by T. Westerhold (pers. comm.). To each 1219 rmcd 

depth an age was assigned following (Palike et al., 2005) (Supplemental datatable 1) and 

to each 1219 rmcd was assigned a 1218 rmcd equivalent allowing an age model in this 

site to be built. The high temporal resolution of this study allows matching the lowest 

1870s/1880s ratio of each site by subtracting 60 ka from Site I 218 and build a composite 

figure comparing the lowest 1870s/ 1880s. In this case, Os isotopes are used as a 

chemostratigraphic marker to refine the age models. 

Two age models are possible for the Massignano section: a magnetostratigraphy 

is available (JOVANE et al., 2007) and a constant sedimentation rate model (- 0 .7 cm/ka) 

throughout the studied interval in which has been employed in previous studies of He 

isotopes (FARLEY et al., 1998). However, in the case of the magnetostratigraphy case, it 

is unclear in the base of the section where the boundary between Chrons Cl 6n .2n and 

C16n.lr is defined (Jovane et al., 2007). Consequently I have adopted the constant 

sedimentation rate model in this study. No age model is available for core RC9-58 and 

therefore Os data are reported against depth. 
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3.5 Analytical Methods 

Each sample (20cm3
) was dried in an oven until constant weight was obtained . Samples 

were powdered using a glass mortar and a pestle , and cleaned in between with MQ water. 

Samples were stored in plastic vials until further processing. Each sample was weighed 

(5-lOg) and spiked with a tracer solution enriched in 105Pd, 1900s, 191 lr , and 198Pt before 

fusion for concentration determination by isotope dilution (Hassler et al. , 2000; Ravizza 

and Pyle, 1997) . 

An in-house standard is analyzed every five to six samples in each run to monitor the 

reproducibility. The average 1870s/ 880s of these standards was 0.1079 ± 0.0029 (2 SD; n 

= 51 ) . Twenty procedural fusion blanks were carried out during the course of this study . 

These blanks yielded an average of 0.64 ± 0.20 pg/g of reagents for Os and 1.5 ± 0.05 

pg/g for Ir for a total weight of 31.5 g used in the Fe-Ni fire assay method . Argon gas 

blanks were measured every set of five to six Os isotope analyses to monitor potential 

carryover of osmium between analyses. Iridium and platinum analyses are carried out on 

the same solution used for 1870s/ 1880s analysis. 

3.6 Results 

Tables 1 to 5 present 1870s/ 1880s ratios , Os , Ir and Pt concentrations from the 

Massignano section, Site 1090, Site 1218, Core RC9-58 and Popigai impact melt data , 

respectively. Os concentrations vary from 11 to 138 pg/g at Massignano; 17 to 780 pg/g 

at Site 1218 , 67 pg/gin core RC9-58 and 574toJ162 pg/gin Popigai impactites. These 

concentrations are in the range of previously published data from the same time interval 

at site 1090 (20 to 240 pg/g) and Site 1219: 41to786 pg/g (Paquay et al., 2008b). Ir 

concentrations vary from 25 to 462 pg/g at Massignano (Fig. 3.2); 24 to 3670 pg/g at Site 

1218; 12 to 1120 pg/g at Site 1090 , and 38 to 1600 pg/gin 1219 (Paquay et al., 2008b) . 

Pt concentrations vary from 56 to 3400 pg/gin Massignano; 431 to 6229 pg/g at Site 

1218; 80 to 1820 pg/g at Site 1090 and 919 to 2542 pg/g at Site 1219. The highest 

concentrations are associated with the Popigai impact interval. A Pt peak is observed 

solely at Site 1090 corresponding with the impact. Os/Ir and Pt/Ir abundance ratios shift 

to subchondritic ratios (---0.2) at the impact compared to the chondritic ratio of Os/Ir ~I 
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and Pt/Ir chondrites ~ 2.05 (Tagle and Berlin, 2008). Os isotope ratios pre-Popigai impact 

are simi lar to those previously reported for late Eocene seawater 1870s/' 880s ratios close 

to 0.5 (Figs. 3.2, 3.4, 3.5, 3.6, 3.7) . This is in agreement with late Eocene Os data from 

worldwide sites within different depositional setti ngs (Burton , 2006; Dalai et al., 2006; 

Pegram and Turekian , 1999; Ravizza and Paquay, 2008; Ravizza and Peucker

Ehrenbrink, 2003). We have measured the Re content of two samples from site 1090 

(samples 1090B-30X-1W-105/107; 1090B 31X lW 107/109) (see analytical procedure in 

Results show that the Re concentrations are 0.18 and 0.10 pg/g, respectively. 

These concentrations are too low for in situ decay of 187Re to have changed the Os 

isotopic composition of these samples . Low Re concentrations were also reported in 

Massignano section ( RAVIZZA and PEUCKER-EHRENBRINK , 2003). Moreover, there are 

no significant sediment color or lithological variations in the impact horizon, which could 

be indicative of changing redox conditions. Therefore I assume that Re concentrations are 

similarly low throughout site 1090. 
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Figure 3.2. Comparison of Ir concentrations in the Massignano section measured here 
and in previous studies (green: BODISELITSCH et al., 2004; blue: (Bodiselitsch et al., 
2004; Huber et al., 2002; Montanari et al. , 1993) red circles: MONTANARl et al. , J 993) 
and this study shown against ms! (black circles). Shaded bands indicate where high Ir 
concentrations were previously measured and attributed to known (Popigai impact at 5.66 
ms!) or unknown impact events. 



3.7 Contribution of non-hydrogenous Os phases on bulk analysis 

Previous studies have shown that the bulk sediment 1870s/ 1880s from Sites 1218 

and 1219 (Dalai et al., 2006) and from the Massignano section (Ravizza and Peucker

Ehrenbrink, 2003) closely approximate seawater 1870s/ 1880s. The multiple sites that 

have been studied here and the global coherence of the Os isotope records support this 

claim. High temporal resolution of the Equatorial Pacific (Sites 1218/1219), the Tethys 

(Massignano section) and the South Atlantic (Site 1090) reveal a similar pattern of Os 

variation. This pattern includes the following features, listed here in stratigraphic order: 

1) an abrupt decline to low 1870s/ 1880s ranging from 0.24 to 0.33; 2) a recovery to higher 

1870s/1880s . Such a strong coherence in Os records argues against a strong local influence 

of either lithogenic Os or particulate extraterrestrial (ET) matter. 

Comparison of 1870s/1880s ratio variations to previously reported measures of lithogenic 

content in the Massignano section and Sitse 1090 , 1218 and 1219 suggests that the 

influence of lithogenic matter on the Os isotope composition of the bulk sediment is very 

small. For the Equatorial Pacific Sites 1218 and 1219, the lack of correlated variations 

between measured 1870s/ 1880s and fraction lithogenic matter indicates that lithogenic 

matter contributes only very little to Os isotope variations. At the South Atlantic Site 

1090, Al concentration variations (Fig. 3.8) are uncorrelated with 1870s/1880s. Similarly in 

the Massignano section the non-carbonated fraction is uncorrelated with 1870s/1 880s (Fig. 

3.8). Although the sample resolution of our Os data is much higher than the lithogenic 

proxy data, it is clear that large changes in lithogenic content are not correlated by 

systematic changes in 1870s/1880s. 

Particulate ET matter may also influence the 1870s/ 1880s of bulk sediment 

analyses. The magnitude of this influence can be quantified if reliable measures of total 

Os burial flux and the particulate ET Os burial flux can be determined. Determining the 

former is complicated by potential age model errors that arise from linearly interpolating 

between stratigraphic datums. Determining the later is complicated by the fact that the 

late Eocene impact events occurred during an episode of increased IDP flux. As is 

discussed further in section 5.4 , we suspect that the late Eocene episode of increased IDP 
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flux is apparent in these sediment records , as a gradual decrease in the 1870 s/1880s but not 

necessarily in the form of particulate ET matter. 

3.8 Evaluating the number of late Eocene impacts in the Massignano section 

Evidence of one single abrupt decrease in seawater 1870 s/ 1880s ratio in late Eocene 

sediments of Sites 1090 and 1219 was attributed to the Popigai impact based on 

overlapping ages at both locations (PAQUA Yet al. , 2008) . Claims of two additional 

impact events were advocated based on Iridium data from the Massignano section 

(Bodiselitsch et al., 2004; Montanari et al., 1993). We evaluate these claims by reporting 

high temporal resolution seawater 1870s/ 1880s ratios and Ir concentrations across 

purported impact horizons in the Massignano section. Figure 3.2 shows a comparison of 

Ir concentrations from previous studies (Bodiselitsch et al. , 2004; Huber et al., 2002; 

Montanari et al., 1993) and the present study . Figure 3.3 shows an expanded portion of 
1870 s/1880s variations versus time for the 5 to 6.3 msl interval whereas figure 3 .4 includes 

a composite record combining this study with the few previously published Os data 

(Ravizza and Peucker-Ehrenbrink , 2003) and He isotope data (Farley et al., 1998) .. 

Our data show one single well-defined peak in the Ir concentration at 5.61 msl coinciding 

with the presence of shocked quartz (Clymer et al., 1996; Langenhorst , 1996), Ni-rich 

spinels and microcrystites (Pierrard et al. , 1998) found in the Massignano section . The Ir 

peak reaches up 461 pg/g compared to 199 ±19 pg/g at 5.6 ms! measured by (Montanari 

et al., 1993) and 280 ± 20 pg/g at 5.62-5.68 msl (Pierrard et al. , 1998). These dispari ti es 

may originate from analytical differences (Neutron activation versus mass spectrometry 

in this study). Alternatively powder heterogeneities resulting from variable proportions of 

Ir-rich cpx spherules may contribute to the observed offsets. 
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Elevated Ir concentrations were previously reported in intervals 6.17-6 .20 ms! and 

10.20-10.25 (Bodiselitsch et al., 2004; Montanari et al., 1993) and interpreted as evidence 

of additional impact events. In the 6.17-6 .20 msl interval , among our replicated analysis, 

we found one Ir concentration data point of 128 pg/g, a value lower than previous studies 

(~ 95 pg/g in MONTANARI et al., 1993; 259 ± 32 in BODISELITSCH et al., 2004;). However, 

in the 10 .0-10 .25 msl interval, Ir concentrations from the present study range from 56 to 

86 pg/g and do not show any particular increase in the 10.10-10.70 msl interval , as 

opposed to the previously reported Ir data (341 pg/g in (Montanari et al., 1993) 149 pg/g 

in (Bodiselitsch et al., 2004) (Fig. 3.2). 

Os isotope data also show one abrupt and prominent 1870s/1880s ratios decline in the 5.60-

5.75 msl ejecta layer (Glass et al., 2004; Whitehead et al., 2000) , coincident with high 

iridium (462 pg/g) and Os concentrations (132 pg/g) (Fig. 3.3-3.4). This decline is 
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attributed to the Popigai impact event based on similarities between Sr-Nd isotope 

signatures of the target rock and the Cpx spherules geochemical composition (Kettrup et 

al., 2003). 

From our Os and Ir data set from the Massignano section, and the Jack of findings 

of physical impact markers, we conclude that the claims of additional impact events in 

the studied interval are unfounded. Indeed, in the 6.17-6.19 msl interval, the 1870s/ 1880s 

ratios do not display a clear negative excursion and Platinum Group Element ratios are 

distinctly higher than chondritic ratios, implying that a large particulate ET contribution 

to these sediments is Jacking. 

BODISELITSCH et al. (2004) notes elevated concentrations of Ir coincide with 

enrichments of Ni and Cr at the 6.17-6 .19 msl interval. These workers argued argued that 

this minor enrichment is related to smaller late Eocene impact events (Mistatin, 

Wanapitei, Haughton and Logoisk craters). Ir concentrations also strongly covary with 

Co and U. These transition elements are almost entirely scavenged from seawater (Kyte 

et al., 1993). An enrichment of Th and Zr is also observed in that interval and may be 

associated with heavy mineral phases perhaps related to a distal turbidite. As Ir 

concentration inversely correlates with sedimentation rate (Barker and Anders , 1968; 

Kyte et al., 1993), it is equally possible that the small enrichment in siderophile elements 

results from scavenging from ambient seawater due to a minor sedimentation break. 

We also argue that the iridium anomaly reported from the 6.17-6.19 ms] interval 

at Massignano section and commonly cited as the ejecta layer of the Chesapeake Bay 

impact crater is not an impact horizon. Some sites in the Caribbean Sea show a clear 

distinction in peak abundance of both types of cpx spherules and North American tektites 

(NAT) whereas others overlap. For example, in core RC9-58, the distribution of cpx 

spherules and microtektites is separated by 25 cm in the depth domain (Glass et al., 

1982) estimated to represent 10-20 ka assuming a constant sedimentation rate. In this 

core, variations of iridium concentrations through time show only one iridium anomaly 

(Ganapathy, 1982) associated with the cpx spherules. This clear separation of NAT from 

the Cpx spherules and the positive Ir anomaly most likely suggests that all the Ir found in 

worldwide late Eocene sites is most likely derived from one single impact: Popigai. This 
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in turn implies that the Chesapeake Bay impactor was a PGE-poor projectile and did not 

produce a distinctive impact layer in the 6.17-6.19 msl interval. Two recent studies 

reporting measurements of siderophile element concentrations in Exmore impactites 

(magnetochron C16n.ln) from within the Eyreville cores (Goderis et al., 2009; 

McDonald et al. , 2009), each at different depths of the core, failed to detect any 

significant PGE enrichment. An earlier search for meteoritic contribution in another core 

of the Chesapeake Bay Crater impact melts (Lee et al., 2006) showed low osmium 

isotope ratios (0.151-0.512) but nonchondritic PGE patterns and averaged Os/Ir ratios of 

2.03 (Lee et al., 2006). The composition of the projectile that created the Chesapeake Bay 

Crater is not known but the results cited above indicate that both distal and proximal 

ejecta are not enriched in PGES. Finally, the massignano age model does not support the 

6.17 msl-Chesapeake Crater relationship . The 5 .66 msl ejecta layer is situated in normal 

magnetochron Cl6n.ln extending from 5.20 ms! to 6.22 msl (Jovane et al., 2007) and 

lasting 183 ka (Cande and Kent, 1995). Assuming a constant sedimentation rate during 

the normal magnetochron CI 6n.I n, the,.._, 60 cm, separating levels 5.61 to 6.17 msl, are,.._, 

120 ka in duration, which is significantly longer than the 25 ka indicated above . 

We investigated the possibility of additional smaller chondritic impact events in 

magnetochrons Cl 6n.J n to Cl5n (equivalent to the 5.20-11.95 msl interval in 

Massignano) in Sites 1090 (Fig. 3.5) and Site 1218 (Table 3, Fig. 3.6). However, at each 

site only one clear impact-induced 1870s/1880s decline in a >3 Ma time window was 

discovered across this interval (Fig. 3.10). Comparing variations in the seawater 

1870s/1880s ratios of the Massignano section with ODP site 1090 shows remarkable 

similarity, showing that uplift and exposure over millions of years did not affect the 

seawater Os isotopic composition as previously shown for the Cretaceous Paleogene 

boundary (KPB) section at Gubbio (central Italy) (Robinson et al., 2009). This is 

encouraging and may lead to further Os studies of other uplifted pelagic sections . 
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3.9 Variations in the estimates of impactor size 

An extended late Eocene marine Os record from four sections and Popigai impact 

melts allows Os-based estimates of chondritic impactor size to be refined (Paquay et al., 

2008b). 

In this study, the diameter of a projectile was estimated assuming a hypothetical 

spherical shape using this formula: diameter (km) = {2 x (mass Os impactor x 

3/{0s]impactor (ng/g) x p impactor (kg/m3
) x 4n] 113

} x 1E4. The magnitude of the 

decrease in seawater 1870s/1880s at the impact horizon allows estimating the mass of Os in 

the projectile by mass balance calculations such that fl 1-f x mass of Os in the oceans. The 

factor f represents the Os isotopic composition measured in similar types of meteorites 

found on Earth and identified in impact melts based on inter-element PGE ratios or by Cr 

and W isotopic method, and the 1870s/1880s ratios before and post impact. It is calculated 

as follows:/= (1 870s/1880s post-impact - 1870s/ 1880s pre-impact)/(1 870s/1880s impactor -
1870s/1880s pre-impact). 

In an initial effort, Os and Ir inventories post impact were compared (Paquay et 

al., 2008b). These two inventories are expected to be nearly equal because the Os/Ir in 

chondritic meteorites is close to 1 (Tagle and Berlin, 2008) and because in the impact 

horizon , the contribution of meteoritic Os and Ir strongly influences seawater inventories 

of Os and Ir. Results showed that the amount of impact-derived Os that dissolved in 

seawater is only 30-40% of the Ir fluence in two sites (Site 1090 and 1219) suggesting 

that the mass of projectile Os dissolved in the world ocean was not complete. In this 

work, we used the 1870s/1880s of chondrites (~0.13), assuming no contamination from the 

target rock (Dalai et al., 2006; Paquay et al., 2008b). 

New results show that the lowest 1870s/1880s ratios measured across the impact 

interval vary in each oceanic basin. The lowest 1870s/1880s ratios (0.24) is measured at 

Site 1218 in the Equatorial Pacific and is 0 .25 in the Southern Atlantic (Table 5) (Fig. 

3.10), with the highest 1870s/ 1880s ratio (0.33) in the Caribbean core. Non-hydrogenous 

Os phases were evaluated in a previous section suggesting that they are not shifting bulk 

sediment 1870s/1880s from the contemporaneous seawater 1870s/ 1880s suggesting that the 

ocean was heterogeneous with respect to Os following Popigai impact. 
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Popigai impactites impactites (melt rocks from the Popigai crater) have radiogenic 

1870s/ 1880s ratios averaging 0.187 (Table 6). The range of Os-based estimates is less than 

a factor of 2 whereas the range of Ir-based estimates varies by more than one order of 

magnitude (Table 5). 

Despite reporting additional data from multiple sites, the 1870s/ 1880s ratios 

decreases are less variable than the Ir fluence. The apparent deficit in Os relative to Ir 

could be explained in different ways. I) The meteoritic Os is not entirely dissolved in 

seawater and the ejecta horizon may be locally enriched in particulate ET matter rich in 

PGEs; 2) Terrestrial sections are significantly enriched in Os . Numerical modeling of 

ejection processes show that 10% or less of the projectile does not get vaporized upon 

impact (Pierrazzo and Melosh, 2000). This 10% of particulate ET matter potentially 

could be a reason of offsets between sites. The surface covered by our sites is extremely 

small compared to the size of the world ocean; therefore it remains still possible that 

some sites may show even lower than the current range in the 1870s/ 1880s ratios (--0.24-

0.33). 

Analyses of Popigai impact melts suggest that the 1870s/ 1880s of the projectile end 

member may be higher than the chondritic value, leading to slightly increased projectile 

size estimates. Using the more radiogenic endmember 1870s/1880s,...., 0.187) to calculate 

impactor size the size of the Popigai projectile increases compared with using a 

chondritic end-member (1 870s/ 1880s,...., 0.127). In this scenario, the total post-impact 

seawater Os inventory (the dissolved meteoritic Os and pre-impact ocean inventory) is 

similar to the averaged Ir inventory, meaning that most of the Os was dissolved in 

seawater and little sequestered on land and/or in coastal areas. However , this would need 

to be tested by finding well-dated terrestrial late Eocene impact horizons. If the previous 

assumption is correct, this implies that the late Eocene impact (LEI) 1870s/ 1880s ratios at 

the different studied sites truly reflects the seawater Os isotopic composition changes . 

Popigai impact melts show a homogenous Os isotopic composition of ,....,0.187 with very 

little isotopic variation between samples and Os concentrations close to 1 ppb . We 

interpret these Os data as representative of the time of deposition because the very low 

Re concentrations imply no correction from 187Re ingrowth is required (Table 6). These 

Os isotope ratios differ greatly from those measured in Chixculub impact melts where 
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1870s/1880s ratios shows a large range of isotopic composition, generally more radiogenic 

(0.190-0.766) (Gelinas et al., 2004; Koeberl et al., 1994) and of low PGEs abundances 

(Tagle et al., 2004). These differences could result from a larger impactor at the KPB and 

factors such as the angle of impact and entry velocity, which determine the fate of the 

projectile (Pierrazzo and Melosh, 2000). It appears surprising that the impact melts are 

homogeneous with respect to Os since the target rock was highly heterogeneous as shown 

by Sr-Nd isotopic variability (Kettrup et al., 2003). The Popigai projectile excavated 1.7 

km thick sedimentary rocks of Cambrian to Cretaceous age (including carbonates), late 

Proterozoic quartzite, the gneiss basement from the Anbar shield and up to 230 m thick 

Siberian Trap flood basalts (Kettrup et al. , 2003; Whitehead et al., 2000). It is known that 

Precambrian rocks are much more radiogenic than the overlying sedimentary rocks 

because 187Re decays into 1870s, increasing the amount of 1870 s in the rock over time. No 

target rocks have been analyzed for Os isotopes , but we argue that it is entirely possible 

that highly radiogenic target rocks shifted shifted the Os isotope composition of global 

ejecta plume that dissolved in seawater from ~ 0 .13 to ~ 0 .19. 

Despite global consistency of Os isotope-based projectile sizes estimates among multiple 

sites, and relatively good agreement between Ir fluence and Os isotope-based estimates of 

projectile size, PGE-based estimates of projectile size (3 .8-5 km diameter) are still 

significantly lower (8 km diameter) than those derived from numerical simulation of 

impact crater formation (Ivanov, 2005). This discrepancy was noted in our initial study 

(Paquay et al., 2008b) and commented upon (Morgan, 2008; Paquay et al., 2008a). 

Neither high-resolution sampling across the impact horizons at Massignano and Site 1218 

as well as additional analyses from Site 1090, nor the inclusion of radiogenic Os from 

target rock modify our projectile size estimates enough to eliminate the significant 

difference in size estimates from the numerical modeling. 

A comparable discrepancy between Os-based (Paquay et al., 2008b) and numerical 

modeling approaches was observed in estimates of the size of the KPB projectile (Ivanov, 

2005). The 1870 s/ 1880s ratios also vary in the KP boundary clay layer in deep-sea 

sequences and Western Interior sections (Luck and Turekian , J 983; Meisel et al., J 995 ; 

Paquay et al., 2008b; Pegram and Turekian , 1999; Peucker-Ehrenbrink, 1996; Quitte 

et al., 2007; Robinson et al., 2009). For the KPB event, a 14 to 19 km diameter projectile 
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is needed to match the 200 km diameter crater (Ivanov, 2005) . 

In the geochemical method to estimate projectile size it is assumed that for projectiles 

larger than 2 km all the meteoritic material is vaporized upon impact and dispersed 

uniformly on Earth's surface in a matter of hours/days (Toon et al., 1997). Focusing on 

the KPB event, (Artemieva and Morgan, 2008) explain the data-simulation discrepancy 

by arguing that most of the vaporized projectile remains close to the impact site, and/or is 

ejected out of the Earth's atmosphere. The former possibility is not supported by low 

PGE abundances and various Os isotopic compositions from the Chixculub impact melt 

and from proximal ejecta layers (Koeberl et al., 1994; Tagle et al., 2004). The second 

hypothesis in which only 22% of ET PG Es is di stributed worldwide (a remaining 

unknown percentage being ejected out of the atmosphere) is originally based upon a 

single volcanic eruption (Alvarez et al., 1980) . However, if the energies released from 

volcanic eruptions and upon impact are directly comparable deserves further inquiry. 

Artemieva and Morgan (2008) argue in their calculations that the KPB projectile is a 

stony chondrite ([Ir]-[Os] ~ 500 ng/g). However , recent studies have shown that the KPB 

culprit is well constrained by meteorite remains (Kyte, 1998) and from tungsten and 

chromium isotope analysis in the boundary clay (Quitte et al., 2007; Trinquier et al., 

2006) and has been identified as a carbonaceous chondrite with averaged Ir and Os 

concentrations higher(> 790 ng/g) than averaged ordinary chondrites (~ 500 ng/g) (Tagle 

and Berlin , 2008). In this case, the size of the projectile estimated from the geochemical 

methods reduced the size of the projectile even more. To this day , there is no universally 

accepted explanation for the discrepancy . 

It is noteworthy that similarly to the late Eocene, the KPB Os isotope composition of 

ejecta from the Chicxulub impact may have been shifted to radiogenic values after 

collision with a larger reservoir of hydrocarbons (Belcher et al., 2009). However, it is 

remains speculative at this point because detailed analyzes are lacking. 

3.10 The pre-impact decline in the marine Os record 

High temporal resolution Os isotope data in three sections reveal a pre-impact 

decline in bulk sediment 1870s/1880s. We attribute this decline to an episode of increased 

IDP's that began a few hundred thousand year sbefore the Popigai impact event (Farley 
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et al., 1998). Available Os data from Sites 1090 and 1219 and the Massignano section 

show unequivocally that the 1870s/1880s starts declining before the large positive Ir 

anomaly related to the Popigai impact. In the remainder of this section, the causal link 

suggested above is discussed in detail. 

In bulk sediment analysis, two types of Os delivered by accretion of unradiogenic ET 

matter to the Earth ' s system can be identified: discrete extraterrestrial particles that have 

survived intensive heating upon atmospheric entry, and a fraction soluble in seawater 

(Fig. 3 .9) . ET particles contribute to the budget of the bulk Os and decrease bulk 

sediment 1870s/1880s from the contemporaneous seawater isotopic composition . In 

contrast , the soluble ET matter fraction becomes part of the ocean 's Os inventory, also 

potentially influencing the hydrogenous Os component. The role of particulate ET matter 

has been show to be important in sites with low total Os burial fluxes (Esser and 

Turekian, 1988; Peucker-Ehrenbrink, 1996; Ravizza and McMurtry , 1993) whi le the 

role of soluble ET Os (e.g . the background flux of particulate ET matter) is regarded as 

insignificant in a steady state marine Os budget ((Levasseur et al., 1999; Peucker

Ehrenbrink and Ravizza, 2000b; Sharma et al. , 2007), but plays a major one during 

large meteorite impact events such as the Chixculub (Peucker-Ehrenbrink, 1996) and 

the Popigai impacts (Paquay et al. , 2008b) . 

The late Eocene is characterized by a large chondrite impact (Popigai) and increased 

cosmic dust as shown by He isotope evidence of a 5-fold increase in IDP flux over a 2 

Ma time interval (Fig. 3.4) (Farley, 2009; Farley et al. , 1998). This renders challenging 

the interpretation of the marine Os isotope record in differentiating the influence of either 

the particulate ET matter or the soluble ET fraction during this time interval. At five 

widely spaced sites , we have considered how the vaporization 
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Figure 3.9. Simplified pathways for He and Os isotopes from outer space to 
incorporation in sediments. Extraterrestrial Os can be incorporated into the bulk sediment 
as I) insoluble particulate matter , shifting the seawater isotopic composition to 
unradiogenic values and as 2) vaporized particles in the atmosphere soluble in seawater. 
Most of the extraterrestrial He is vaporized upon atmospheric entrance, and later may be 
subject to diagenetic and diffusive loss as sediments age. 
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Figure 3.10. Theoretical (a) and observed (b, c) Os records from the studied sites. A) 
Close up ofmagnetochron Cl6n.ln. B) : 33-36 Ma Os record: empty black triangles (Site 
1090); empty orange circles (Sites 1218-1219); empty blue losanges (Massignano); filled 
orange circles (RC9-58); C) a 3 Ma 1870s/ 1880s record of the late Eocene from published 
(Dalai et al. , 2006; Ravizza and Peucker-Ehrenbrink, 2003) and this study. 
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Figure 3.11. Close-up of the ET 3He (black circles) (Farley et al., 1998) and 1870s/1880s 
(empty squares) against msl at Massignano. 

of large projectiles translates into abrupt decreases in the seawater 1870s/1880s (Paquay et 

al., 2008b) that are highly localized in the sediment record. In contrast, IDP input is 

thought to contribute a small percentage to the modem marine Os budget. However, it 

has not been evaluated how the late Eocene increased flux of IDPs translates into 

variations of the seawater 1870 s/ 1880s ratios, despite speculation that the pronounced 

1870s/1880s minimum in the latest Eocene, lagging the He isotope anomaly by one million 

years might be related to the increased IDP flux (Dalai et al., 2006; Ravizza and 

Peucker-Ehrenbrink, 2003). In thi s section, we evaluate if the IDP flux decreased the 

contemporaneous seawater 1870s/1880s, from either particulate or dissolved ET Os. 

The contribution of particulate ET Os during the late Eocene is estimated using a 

relationship developed to relate the present-day background ET 3He flux and Os: 

Os cosmic= Os chondrites x (3He measured/3He IDP/0.005) (Dalai and Ravizza, 2006; 

Marcantonio et al., 1999) where averaged chondritic Os concentration is 492 ng/g (Tagle 
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and Berlin, 2008), the measured 3He is from the Massignano section (Farley et al., 1998) 

and 3He concentration in IDP is 1.9 x 10-5 cc STP/g (Nier and Schlutter, 1992). The factor 

0 .005 is the estimated fraction of ET He (0 .5% of total mass) that survives upon 

atmospheric entry (Farley et al., J 997; Marcantonio et al. , 1995). 

Results from the equation above show that the contribution of particulate Os in the 

Massignano section varies from - 0.2 to 3 pg/g. The particulate Os burial flux is then 

calculated from the dry bulk density of 2.5 g/cm3 (Farley et al., 1998) and an averaged 

sedimentation rate over the studied interval (0.7 cm/ka). The particulate Os burial flux 

varies from 0.39 to 5.1 pg/cm2/ka. This calculated particulate ET flux is within error of 

Late Cretaceous values (- 1.4 ± 0 .6 pg/cm2/ka) (Ravizza, 2007), of early Pleistocene 

values (1.21±0.47 pg/cm2/ka) (Dalai and Ravizza, 2010) and of recent sediment (4 

pg/cm2/ka) (Esser and Turekian , 1988). 

The applied formula requires some assumptions (MARCANTONIO et al., 1999) that are 

important for our interpretation of the pre-impact Os decline: 1) All particulate ET matter 

accreted carries a unique 3He/Os 
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Figure 3. 12 . 1870 s/1880 s and Os concentrations against meters composite depth from site 
1090. Data according to this study after and from (Paquay et al., 2008b). 
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ratios, constant in space and time , regardless of increased collisions in the asteroid belts , 

an important source of IDPs; 2) particles Os-bearing (mainly in the size fraction 100-

200µm) are not subject to significant loss of Os upon ablation as observed from near 

chondritic Os/Ir ratios in melted , unmelted and metamorphosed Antarctic 

micrometeorites (Os/Ir 0.95-0.96) suggesting that particles undergo little fractionation 

upon atmospheric entry due to their refractory nature (Kurat et al., 1994). These 

assumptions may be valid during the late Eocene episode of increased IDP flux. 

However, our calculated ET particulate fluxes are of too low values to influence the bulk 

sediment Os budget during the studied interval and decrease the seawater 1870s/1880s 

ratios such as observed in high temporal resolution at Massignano and at Sites 1090 and 

1219 (Fig. 3.11, Fig. 3.12, Fig. 3.13). 

Importantly, direct comparison of 3He and Os isotope variations from the 

Massignano section show specific features: the impact-Os decline (5.61-5.75 msl, 

1870s/1880s - 0.45) shows a gradual recovery within 70 cm (Fig. 3.11 ). Before the 

impact, 1870s/1880s ratios seem to fluctuate in parallel with the ET 3He flux . In detail, the 

onset of the declining 1870s/1880s approximately at 4.5 msl coincides with rising 3He/4He 

to a maximum just below 5 msl. The timing of this decrease is synchronous at other sites 

where it occurs within magnetochron Cl6n.Jr. Indeed , at Site 1090, 1870s/1880s ratios 

starts declining at - 35.63 Ma (- 295.3 meters composite depth) (MCD) in parallel with 

gradual increases in Os , Ir concentrations (Fig. 3.12) and total Os burial fluxes (not 

shown). In the depth domain, this feature occurs 3.5 MCD before the impact-decline at 

291.7 MCD. At Site 1219 (Fig. 3.6 , Fig. 3.13) 1870s/ 1880s ratios shows a moderate 

decrease at - 35.61 Ma , and a clear feature is defined as 1870s/1880s ratios declines to 0 .34 

and is associated with high Ir concentrations . In the age domain, 1870s/1880s ratios decline 

at 35.68, 35 .63 and 35.61 Ma at Massignano, and at Sites 1090 and 1219, respectively. 

Minor differences in the age models between sites are possibilities to account for the 

small offset. In summary, the pre-impact Os decline occurs over a 4 m depth interval at 

Site 1090, a 1-2 m interval at Massignano, and an approximately I m interval at Site 

1219. 
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We therefore argue that this feature is synchronous globally, and causally linked to the 

ET 3He flux . There is a better coherence between Os records in the time domain than in 

the depth domain, suggesting that the pre-impact decline is more likely to be a primary 

depositional feature than a diagenetic feature (downward diffusion or physical mixing of 

impact-derived Os). 

The chemical form of Os that was supplied to the sediments during the cosmic dust event, 

either particulate or of hydrogenous form and caused by the pre-impact decline is 

difficult to constrain with certainty. Previous studies have argued that the particulate ET 

flux is globally homogenous (Esser and Turekian, 1988; Peucker-Ehrenbrink, 1996; 

Peucker-Ehrenbrink and Ravizza, 2000a; Ravizza, 2007; Ravizza and McMurtry, 1993). 

If this assumption is correct and the particulate ET Os flux across the pre-impact interval 

is a significant fraction of total Os burial flux, then bulk sediment 1870s/ 1880s ratios is 

expected to be lowest in sediments with the lowest total Os burial flux. This is observed 

at Site 1219 where the lowest 1870s/ 1880s ratios (0.34) of the three sites having the highest 

temporal resolution were measured. Calculations of the fraction of ET particulate Os 

using the formula described in MARCANTONIO et al. (1999) assumes that the He/Os ratio 

in incoming IDPs is constant with time. However, these calculations show that particulate 

Os burial fluxes are very low. This may suggest that using constant He/Os ratios, in space 

and time (DALAi and RAVIZZA, 2006; DALAi and RAVIZZA, 2010; MARCANTONIO et al., 

1999; PEGRAM and TUREKIAN, 1999; RA VIZZA, 2007) may be an incorrect assumption, 

especially during the late Eocene cosmic event. The Os/Ir ratios pre-impact may also 

support this view. Indeed, the Os/Ir is close to~ 1, which is the chondritic ratio. 

Therefore, previous assumptions of constant He/Os ratios in IDPs may be invalid during 

a cosmic dust shower event suggestive instead of a strong decoupling in the size fraction 

ofIDPs supplied to sediments. In this scenario, because the He method records the IDPs 

size portions 35µm (~0.5% of the total ET flux) (Farley et al., 1997; Mukhopadhyay and 

Farley, 2006) and the Os bulk method integrates the entire range of ET particle sizes, a 

significant temporal variation in the IDP 3He/Os ratio, translates into a larger flux of 

particles (smaller He/Os ratios) accreted concomitantly with the input of ET He 

regardless of an asteroid or comet origin. 
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If the second chemical form (hydrogenous) is favored, this points to a significant input of 

small IDPs, vaporized upon atmospheric entry and subsequently soluble in seawater. 

However, this input is inconsistent with the prevailing view based on mass balance 

calculations of the present day marine Os isotope record (Sharma et al., 2007), and from 

measurements of soluble Ir in Greenland ice cores (Gabrielli et al., 2004), this input is 

negligible ("the meteoritic smoke") (Hunten et al., 1980). 

It is extremely difficult to assess which one of the two inputs is responsible for the pre

impact Os decline because even modern day estimates of accretion rate are still highly 

uncertain and in conflict with each other according to methods used . 

A final possibility, which produce low 3He/Os ratios in IDPs from the late Eocene 

episode, would be a loss of 3He with time from the studied sediments through diffusion. 

This He loss would strongly bias our interpretation. However, (Mukhopadhyay and 

Farley , 2006) show that during stepped heating experiment 80% of the 3He might be 

retained after 50 Ma and about 75% after 100 Ma, minimizing the loss of He with time 

and therefore suggesting that 3He truly represent the 0.5% of the IDP flux at the time of 

deposition on the seafloor. 

3.11 Implications 

We presented Os isotope data that have several implications regarding the 

asteroid versus comet shower debate (Farley, 2009; Goderis et al., 2009; Schmitz et al., 

2009; Tagle and Claeys, 2005), which ultimately allows narrowing down the triggering 

mechanism of the pronounced late Eocene 1870s/ 1880s minimum reported in (Dalai et al., 

2006; Ravizza and Peucker-Ehrenbrink , 2003) as of being of terrestrial origin. 

First, as an alternative to the asteroid and comet shower scenarios, (Fritz et al., 2007) 

proposed that the origin of the He enrichment in sediments was caused by lunar impacts, 

whose regolith is enriched in ET 3He (5-50 ng/g) (Cameron, 1992). In contrast, the lunar 

anorthositic crust and soils have extremely depleted PGE concentrations relative to CI 

chondrites (less than 20 pg/g) (Day et al., 2010; Snyder et al., 1997; Warren and Wasson, 

1978). Roughly 10% of the Moon's surface is made of impact melts with an average Os 
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concentration of 15 ng/g (Day et al., 2010), making this total source with a He/Os ratios 

of 1.66 x 10-14 STP/pg significantly too low to change the seawater 1870s/1880s before the 

impact. We therefore favor an asteroid or comet origin for the post-impact Os decline 

reported in (Dalai et al., 2006; Ravizza and Peucker-Ehrenbrink, 2003). 

We here use three different approaches to estimate that the amount of total cosmic Os 

delivered globally to decrease the pre-impact 1870s/ 1880s of seawater from 0.6 to 0.5 has 

increased 6 ± 2-fold, indicative of a shift in the steady state extraterrestrial inputs in He 

and Os. First, we use a steady state approach as representative of the late Eocene pre

impact, the expanded Site 1090 because of its high sedimentation rate , is most likely to 

reflect the sequence of events. To make the calculation, we reconstruct a late Eocene 

osmium ocean budget using similar assumptions as those used in (Ravizza and 

Peucker-Ehrenbrink, 2003). Specifically, the hydrothermal Os flux is assumed similar 

to that estimated for the present-day ocean. The riverine 1870s/ 1880s end-member is 

shifted down to 0.75 to match a pre-impact steady state of 0.6 and does not vary during 

the roughly 120 ka of the 1870s/ 1880s decrease. This first exercise shows that a flux of 535 

mol/yr (6.4 x 107 mol/120 ka) of extraterrestrial input is required which corresponds to a 

total flux of 28 pg/cm2/ka or 8-fold increase in background ET particles. This figure is 

still extremely small in comparison with the mass of dissolved Os estimated from the 

Popigai impact (1.94 x 1014 mol), delivered in a geological instant. 

The second approach is based on mass balance calculations using the seawater 1870s/ 1880s 

decrease from 0.6 to 0.5. We can estimate the fraction of hydrogenous Os (Fhy) and ET 

Os (Fet) from this formula: 1870s/1880s final (0.5) = 1870s/1880s pre-decline (0.6) x Fhy + 
1870s/1880s et x (1 - Fhy). This calculation shows that the hydrogenous fraction in the 

bulk sediment shifts from more than > 90% based on the known percentage of non

hydrogenous phases before the pre-impact decline to 78% at the end of the pre-impact 

decline. Consequently , the ET fraction increases to 22% or a 6-fold increase. The third 

approach is based on modeling a linear increase of ET matter (' 870 s/1880s,..., 0.13) from an 

initial 1870sl' 880s of 0.6 to 0.5, yielding an accretion rate of 1.5 x 105 tons/yr or,..., 4-fold 

increase, compared to present-day 40 x 103 tons/yr. Therefore, we argue that the pre

impact decline in 1870s/188 was caused by a 6 ± 2-fold increase in ET matter. 
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Differentiation between the vaporized form and the particulate form is not possible at this 

stage, but if as in the present-day, the vaporized form is negligible in the Os ocean 

budget, it could be similar in the late Eocene case. The increase in ET matter we report 

could be even higher if the ET particulate flux of present-day (3 pg/cm2/ka) was lower. 

Indeed, if Os and He isotopes are decoupled proxies in terms of size distribution, higher 

He fluxes could indicate higher ET Os fluxes. 

In closing , the fact that a large portion of large ET particles was accreted concomitantly 

with the increase in ET He fluxes may indicate that the extraterrestrial origin postulated 

by (Ravizza and Peucker-Ehrenbrink, 2003) for the prominent latest Eocene 

1870s/1880s decline using the P-R drag mechanism is not consistent with the data 

presented here . 

3.12 Conclusions 

We measured Os isotopes in bulk sediment in five late Eocene sites to better constrain the 

changes in the Os isotopic composition of seawater during a large meteoritic impact 

event and increased inputs of cosmic dust. 

The dataset presented here differs from a previous publication (Paquay et al., 2008b) in 

these aspects: 1) contribution of detrital and cosmic input are minimal and should not 

divert the bulk analysis from the true 1870sl' 880s of seawater by more than a few percent; 

2) high temporal resolution of Os isotopes across the late Eocene covers now five sites 

showing different impact 1870s/1880s minima; 3) A composite record reveals clear 

evidence for long-term offsets between the oceanic basins; 4) Estimating impact size 

based on one site remains highly valuable to get a rough idea of the impactor size but 

adding more sites may yield information that deserves further inquiries; 5) The temporal 

resolution of He isotopes and Os isotopes in the Massignano section allows us to exactly 

determine that the 1870 s/ 1880s starts declining prior to the Popigai impact, suggesting a 

causal link with large Os-rich particles being accreted concomitantly with the cosmic 

3He-rich dust. This Os decline is more or less synchronous with the He peak; 6) No other 

impact than Popigai left a chondritic signature during a 3 Ma time interval implying that 

it is difficult to reconcile the observations made here with the well-known asteroid 
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shower of the Mid-Ordovician (Schmitz et al., 2008) .; 7) Popigai impact melts show 

higher than the chondritic ratios of 1870s/ 1880s; 8) Ir fluences vary among sites but less 

variability is shown in impact minimum 1870s/1880s therefore the impactor size 

determined using the Os method is less variable than the Ir method. 
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Table 3.1. Osmium isotope, Os, Ir and Pt elemental data for bulk sediments, Massignano 

section (Ancona, Italy). 

Age 
Samples Depth (Ma) 1s1o s/'sso s 2SD Os (pg/g) Ir (pg/g) Pt (pg/g) 

MAS 0 .50 0 .5 36.23 0 .5243 0.0035 35 44 272 

MAS 1.00 1.00 36. 15 0.4853 0 .0027 37 39 242 

MAS 1.10 I. JO 36. 14 0.5272 O.Ql 17 3 I 46 303 

MAS 1.20 
REPF l.20 36 .1 2 0.589 0.0064 24 33 240 

MAS I .30 1.30 36. 11 0.5242 0.0046 1 I 33 197 

MAS I .40 1.40 36.09 0.5 123 0 .0047 3 1 99 699 

MAS 1.50 1.50 36.08 0 .0000 40 333 

MAS 1.50 
REP 1.50 36.08 0 .5496 0.0076 124 

MAS 1.50 
REP2 1.50 36.08 0 .5469 0 .0045 37 39 368 

MAS 1.70 
REP 1.70 36.05 0.52 14 0.0039 30 56 377 

MAS I .80 1.80 36.03 0.5199 0 .0086 37 

MAS 1.90 1.90 36.02 0.5264 0.0034 67 81 I ,268 

MAS 2.00 2.00 36.0 1 0.528 1 0.0133 33 69 531 

MAS 2.40 2.40 35 .95 0.537 0.0046 27 56 302 

MAS 2.70 2.70 35.90 0.50 1 0.0064 30 239 1,370 

MAS 2.70 rep 
f 2.70 35.90 0.5 152 0.0035 39 .33 42 489 

MAS 2 .75 2.75 35.89 0 .5 175 0 .0048 27 60 4 18 

MAS 2.75 rep 
f 2.75 35.89 0 .5 119 0 .0067 49.8 66 700 

MAS 3.00 rep 
F 3.00 35.86 0.5089 0.0025 34 .97 

MAS 3.20 rep 
F 3.20 35.83 0.5602 0.00 15 30 .8 

MAS 3.35 rep 
F 3.35 35.80 0.5525 0 .0077 22.99 3 1 440 

MAS 3.45 3.45 35.79 0.526 0.0050 38 98 I ,24 1 
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MAS 3.45 rep 
F 3.45 35.79 0.537 0.0051 32.43 47 1,604 

MAS 3.50 
REPF 3.50 35.78 0.5228 0.0042 39 48 378 

MAS 3.50 rep 
F 3.50 35.78 0.5293 0 .0053 26.26 

MAS 3.55 3.55 35 .77 0.47 0.0030 27 92 999 

MAS 3.60 3.60 35.77 0.5323 0.0070 29 73 552 

MAS 3.60 rep 
F 3.60 35.77 0.5687 0 .0124 43.08 

MAS 3.60 
REP2 3.60 35.77 0.5184 0.0021 36 

MAS 3.80 3.80 35.74 0.2565 0.0019 84 127 393 

MAS 3.80 
REP 3.80 35.74 0.5082 0 .0081 29 49 370 

MAS 4.00 4.00 35.71 0.495 0.0083 35 75 647 

MAS 4.10 4.10 35.69 0.5214 0 .0054 23 75 368 

MAS 4.20 
REPF 4.20 35.68 0.5524 0.0043 38 44 390 

MAS 4.50 4 .50 35.63 0.5107 0.0031 33 46 332 

MAS 4.50 
REP 4.50 35.63 0 .5325 0.0048 25 72 392 

MAS 4.98-
5.02 5.00 35.56 0 .5026 0 .0078 58 67 549 

MAS 5.00 5.00 35.56 0.481 0.0099 49 108 157 

MAS 5.02-
5.06 5.04 35.55 0.5196 0.0035 49 85 396 

MAS 5.05-
5.10 5.08 35.55 0.5103 0.0055 43 77 459 

MAS 5.10-
5 .1 4 5.12 35.54 0.4569 0 .0038 44 95 623 

MAS 5.10-
5.1 4 REP 5.12 35.54 0.5034 0.0040 37 49 584 

MAS 5.14-
5.1 8 5.16 35.53 0.5076 0.0039 39 55 535 

MAS 5.18-
5.22 5.20 35.53 0.4922 0.0050 43 50 572 

MAS 5.22-
5.26 5.24 35.52 0.4905 0.9320 46 77 415 
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MAS 5.26-
5.30 5.28 35.52 0.5094 0.0032 34 52 257 

MAS 5.30 5 .30 35.5 1 0.4861 0.0031 20 57 358 

MAS 5.30-
5.34 5.32 35.51 0.4968 0.0054 68 137 922 

MAS 5.30-
5.34 REP 5.32 35.51 0.507 0.0070 55 169 1,076 

MAS 5.34-
5.38 5.36 35.50 0.4835 0.0036 62 54 596 

MAS 5.34-
5.38 REP 5 .36 35.50 0.5009 0.0044 60 74 606 

MAS 5.38-
5.42 5.40 35.50 0.4659 0.0036 37 57 467 

MAS 5.42-
5 .46 5.44 35.49 0.4065 0.0032 51 59 516 

MAS 5.46-
5.50 5.48 35.49 0.424 0.0015 58 62 461 

MAS 5.50-
5 .54 5.52 35.48 0.458 O.oJ 17 71 70 868 

MAS 5.50-
5.54 REP 5.52 35.48 0.4772 0.0005 59 98 705 

MAS 5.50-
5.54 REP2 5.52 35.48 0.4663 0.0039 32 46 339 

MAS 5.54-
5.58 5.56 35.48 0.3866 0.0011 71 67 288 

MAS 5.58-
5 .62 rep 5.56 35.48 0.4519 0.0023 47 112 262 

MAS 5.60-
5.62 5.61 35.47 0.0000 88 945 

MAS 5.60-
5.62 5.61 35.47 0.0000 87 939 

MAS 5.60-
5.62rep2 5.61 35.47 0.453 0.0017 88 

MAS 5.60-
5.62rep2 5.61 35.47 0.0000 86 871 

MAS 5.60-
5.62 REPF 5.61 35.47 0.4321 0.0035 56 69 488 

MAS 5.62-
5.64 5.63 35.46 0.0000 102 1,178 

MAS 5.62-
5.64rep2 5.63 35.46 0.4426 0.0012 108 129 1,300 
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MAS 5.64-
5.66 5.65 35.46 0 .3209 0.0051 98 415 854 

MAS 5.64-
5.66 5 .65 35.46 0.0000 400 809 

MAS 5.64-
5.66 REP 5 .65 35.46 0.3568 0.0063 96 401 930 

MAS 5.64-
5.66 REP 5.65 35.46 0.0000 462 760 

MAS 5.64-
5 .66 REPF 5.65 35 .46 0.3114 0.0014 138 415 1,080 

MAS 5.66-
5.67 5.66 35.46 0.3426 0.0028 96 351 772 

MAS 5,67-
5,69 5.68 35.46 0.3239 0.0031 92 424 884 

MAS 5,69-
5,71 5.70 35.45 0.3092 0.0014 92 244 468 

MAS 5.71-
5.73 5.72 35.45 0.0000 198 380 

MAS 5.71-
5.73 5.72 35.45 0 .0000 199 396 

MAS 5.73-
5.75 5.74 35.45 0.3321 0.0016 63 134 255 

MAS 5.75-
5.77 5.76 35.45 0.3089 0.0013 89 142 363 

MAS 5.75-
5 .77 REP 5.76 35.45 0.3283 0.0083 77 

MAS 5.75-
5.77 REP 2 5.76 35.45 0.3953 0 .0049 69 

MAS 5.75-
5.77 REP 3 5.76 35.45 0 .0000 137 659 

MAS 5.77-
5.78 5.78 35.44 0.3733 0 .0044 69 178 698 

MAS 5.78-
5.80 5.79 35.44 0 .3921 0.0011 11 0 162 872 

MAS 5.80-
5,82 5.81 35.44 0.3888 0 .0157 93 125 958 

MAS 5.82-
5.84 5 .83 35.43 0.0000 82 270 

MAS 5.82-
5.84 REP 5.83 35.43 0.3965 0.0064 64 108 357 

MAS 5.84-
5.85 5.85 35.43 0.4234 0.0075 53 97 260 
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MAS 5.85-
5.87 5.86 35.43 0.4143 0.0046 46 58 331 

MAS 5,87-
5,89 5.88 35.43 0.0000 187 2 ,284 

MAS 5,89-
5,91 5.90 35.42 0.0000 86 I ,039 

MAS 5.91-
5 .93 5.92 35.42 0.4126 0 .0040 42 51 333 

MAS 5.93-
5 .95 5.94 35.42 0.3902 0 .0028 54 70 423 

MAS 5.95-
5.97 5.96 35.42 0.4209 0.0046 56 89 567 

MAS 5,97-
5,99 5.98 35.41 0.4339 0.0027 57 58 452 

MAS 5,97-
5,99 5.98 35.41 0.0000 58 472 

MAS 5.99-
6.01 6.00 35.4 I 0.43 I 2 0.0019 67 85 592 

MAS 6.01-
6.03 6 .02 35.4 I 0.4323 0.0013 60 56 320 

MAS 6.01-
6.03 REP 6.02 35.4 I 0.4283 0.0041 55 59 421 

MAS 6.03-
6.05 6 .04 35.40 0.3236 0.0054 67 76 197 

MAS 6.03-
6.05 REP 6.04 35.40 0.447 0 .0043 60 59 474 

MAS 6,05-
6,06 6.05 35.40 0.4189 0 .0024 60 69 801 

MAS 6.06-
6 .08 6.07 35.40 0.0000 64 540 

MAS 6.06-
6.08 REP 6.07 35.40 0.4091 0.0036 75 97 682 

MAS 6.08-
6.10 6.09 35.40 0 .0000 200 3,450 

MAS 6.10-
6.12 6.1 I 35.39 0 .4404 0 .0023 72 65 574 

MAS 6.12-
6.14 6.13 35.39 0.4313 0 .0014 86 71 800 

MAS 6.14-
6.16 6.15 35.39 0.4541 0.0017 65 72 544 

MAS 6.16-
6.18 6 .17 35.38 0.4419 0 .0044 58 59 429 
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MAS 6.16-
6.18 REP 6.17 35.38 0.4732 0.0106 55 128 566 

MAS 6.16-
6.18 REPF 6.17 35 .38 0.4623 0.0038 57 57 724 

MAS 6.18-
6.22 REP 6.20 35.38 0.4138 0.0014 63 25 155 

MAS 6. 18-
6.22 REP2 6 .20 35.38 0.4598 0 .0029 60 56 

MAS 6.22-
6.26 6.24 35.37 0.4452 0.0130 48 62 401 

MAS 6.26-
6.30 6.28 35.37 0.4588 0 .0057 47 98 1,093 

MAS 6.26-
6 .30 6.28 35.37 0.0000 53 337 

MAS 6.30-
6.34 6.32 35.36 0.4605 0.0034 66 67 62 1 

MAS 6.30-
6.34 6.32 35.36 0.0000 64 638 

MAS 6.34-
6.38 6.36 35.36 0.4597 0.0039 50 67 481 

MAS 6.38-
6.42 6.40 35.35 0.4487 0 .0040 38 43 343 

MAS 10.00 10.00 34.81 0.4282 0.0024 47 62 402 

MAS 10.10 10.10 34 .80 0.38 0.0048 46 48 471 

MAS 10.20 10.20 34.78 0.3506 0.0041 59 86 734 

MAS 10.25 10.25 34 .78 0.4585 0.0053 48 69 597 

MAS 10.25 
REPF 10.25 34.78 0.4423 0.0031 63 55 885 

MAS 10.30 10.30 34.77 0.4185 0.0026 64 56 332 

MAS 10.40 10.40 34 .75 0.4264 0.0067 59 70 379 

MAS 10.50 10.50 34.74 0.4002 0.0044 60 62 491 

MAS 10.70 10.70 34.71 0.0000 75 946 

MAS 10.70 
REPF 10 .70 34.71 0.4324 0.0020 82 56 565 

MAS 10.80 10.80 34.69 0.2662 0.0021 113 145 317 

MAS 10.80 
REPF 10.80 34.69 0.4421 0.0037 57 52 489 

MAS 10 .90 10 .90 34.68 0.408 0.0053 50 40 262 
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MAS 11 .00 11 .00 34.67 0.349 0.0011 IOI 

Table 3.2. Osmium isotope, Os, Ir and Pt elemental data for bulk sediments, ODP Site 
1090 (Southern Atlantic Ocean). 

samples 

10908 30X IW 15-
17 

10908 30X IW 25-
27 

10908 30X IW 
34/36 

10908 30X IW 
45/47 

10908 30X IW 
45/47 rep 

10908 30X IW 
55/57 

10908 30X IW 
65/67 

I 0908 30X I W 83-
85 

10908 30X IW 
95/97 

10908 30X IW 
I 05/107 

10908 30X IW 
115111 7 

10908 30X IW 
136- 137 

10908 30X IW 
145/ 147 

10908 30X 2W 
14/16 

10908 30X 2W 
24/26 

10908 30X 2W 

Depth 
(med) 

284. 14 

284.24 

284.33 

284.44 

284 .44 

284.54 

284.64 

284.82 

284.94 

285.04 

285 .14 

285.34 

285.44 

285.63 

285.73 

285.83 

Age 

Ma 

34 .67 0.4898 

34.68 0.4902 

34 .69 0.5104 

34.70 0.5006 

34.70 

34.7 1 0.5940 

34.72 0.4811 

34.73 0.4565 

34.74 0.4650 

34.75 0.4698 

34.76 0.4517 

34.78 0.4500 

34 .79 0.5643 

34.81 0.4430 

34.82 0.4449 

34.83 0.4364 

Os Ir Pt 

2sd pg/g pg/g pg/g 

0.0032 64 46 252 

0.0054 51 

0.0076 49 

0.0050 77 60 208 

0 .0045 93 30 226 

0.0027 64 35 232 

0.0023 37 17 174 

0.0017 54 12 141 

0.0106 33 7 82 

0 .0032 27 94 24 1 

0.0037 42 

0.0202 64 420 

0 .0057 42 

0 .0084 42 IOI 709 

0.0065 49 34 258 
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34/36 

10908 30X 2W 
44/46 285.94 34.84 0.4432 0.0023 54 30 273 

10908 30X 2W 
55/57 286.05 34.85 0.4446 0 .0024 60 

10908 30X 2W 
74/76 286.23 34.87 0.4444 0.0036 52 54 342 

10908 30X 2W 
84/86 286.33 34.88 0.4129 0 .0039 66 84 305 

10908 30X 2W 
94/96 286.45 34.89 0.4407 0.0046 66 37 253 

10908 30X 2W 
104/ 106 286.54 34 .90 0.3798 0.0043 66 95 341 

10908 30X 2W 
114/116 286.64 34.91 0.4381 0.0027 91 138 238 

10908 30X 2W 
114/116 Rep 286.64 34.91 0.4335 0.0028 72 62 331 

10908 30X 2W 
134/136 286 .84 34.92 0.4428 0.0030 108 

10908 30X 3W 6-
7.5 287.05 34.95 0.4285 0.0060 41 130 275 

10908 30X 3W 
24/26 287 .23 34.99 0.4424 0.0046 84 

10908 30X 3W 43-
45 287.42 35 .02 0.4493 0 .0075 64 37 234 

I 0908 30 3W 64-66 287 .63 35.07 0.4336 0.0013 60 316 

10908 30X 3W 93-
95 287 .92 35.13 0.4657 0.0066 77 114 325 

10908 30X 3W 
1051107 288 .04 35 .15 0.4274 0.0033 93 99 34 1 

10908 30 3W 
114/116 288 .13 35.17 0.4152 0.0040 71 59 242 

10908 30X 3W 
124/126 288.23 35.19 0.4134 0 .0028 69 86 254 

10908 30X 3W 
144-146 288.43 35.23 0.4072 0.0026 72 

177-10908-030-
05W-97/98 290.95 35.42 0.2829 0.0019 150 715 1820 

177-10908-030-
05W-103/ 104 290.99 35.42 0.2734 0.0010 185 767 1459 

291 .04 35.43 0.2704 0.0015 177 814 1490 
177-10908-030-
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OSW-IOS/106 

177-1090B-030-
0SW- l 07/J09 

I 77- 1090B-030-
0SW-I 13.S/I 14.S 

291.06 

291.12 

3S.43 0.249S 

3S.43 0.272S 

0.00 14 240 I I 18 1S89 

0 .0010 1S2 

Table 33. Bulk osmium isotope , Os, Ir and Pt elemental data for bulk sediments, ODP 
Site 1218 (Equatorial Pacific Ocean). 

Age 

Sample rmcd (M y) 2SD Os (pg/g) Ir (pg/g) Pt (pg/g) 

1218B 24X I W 
30-32 239.92 33.S7 28 4S l4 

1218B-24X-IW-
106/108 240 .62 33.68 0.4063 0.002 46 

I 2 I 88-24X-1 W-
120/ 122 240.76 33.71 0.4022 0.002 4S 

12188 24X 4W 
106-108 24S. 12 34.40 

12188-24X-SW-
4/6 24S.60 34.47 0.3286 0.004 68 

12188 24X SW 
10/12 24S .66 34.48 0.341 I 0 .002 107 

1218B 24X SW 
I0/12REP 24S.66 34.48 0 .000 107 21S7 

1218B 24X SW 
16- 18 Tubes 24S.72 34.49 0.3703 0.003 49 

12188 24X SW 
16-18 24S .72 34.49 387 ISS7 

1218B-24X-SW-
24/26 24S.80 34.SO 0.3793 0.006 66 1S8 1930 

1218B-24X-SW-
30/32 24S .86 34.SI 0.3676 0 .003 70 

12 188 24X SW 
36-38 24S .92 34 .S2 316 1673 

12188 24X SW 
36-38 TUBES 24S.92 34.S2 0.4174 0.006 48 
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I 2 I 88-24X-SW-
44/46 246.00 34.S4 0.394 0.004 S8 

12188 24X SW 
SO-S2 246.06 34.SS 0.4S42 0.006 S4 216 2228 

12188 24X SW 
S6-S8 246.12 34.SS 222 2243 

12188 24X SW 
S6-S8 REP 246.12 34.SS 149 2133 

12188 24X SW 
64-66 246 .20 34.S7 0.3973 0.008 SS 778 13078 

1218824XSW 
64-66 REP 246.20 34.S7 0.4168 0.009 7S 233 3382 

12188 24X SW 
70-72 246.26 34.S8 0.4S02 0.009 6S 146 2326 

12188 24X SW 
7S-77 246.31 34 .S8 370 2282 

12188 24X SW 
80-82 246.36 34.S9 0.5186 0.007 S4 302 2162 

12188 24X SW 
86-88 246.42 34.62 0.404S 0.001 S8 142 2267 

12188 24X SW 
94/96 246.SO 34.6S 0.4S72 0.003 79 

1218824XSW 
94/96 REP 246.SO 34.6S IS8 2S77 

12188-24X-SW-
100/102 246.S6 34.67 0.4S36 0.002 S9 I 13 2221 

I 2188-24X-SW-
106/108 246 .62 34.70 0.4603 0 .008 37 

I 2 I 88-24X-SW-
I 14/116 246.62 34.70 0.4996 0.004 32 

12188-24X-SW-
114/116 REP 246.70 34.73 0.490S O.OOS 64 143 2831 

I 2 I 88-24X-SW-
1201122 246.76 34.7S 0.482S 0.004 S2 132 2219 

12188 24X SW 
126-128 246.82 34.77 

I 2 I 8B-24X-SW-
1321134 246.88 34.80 0.4813 0.003 34 

12188 24X SW 
140-142 246.96 34.83 0.4832 0.012 lOS na 2318 

1218B24XSW 
140-142 REP 246.96 34.83 192 2608 
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12188 24X SW 
148-150 247.04 34.86 0.4767 0.003 33 37 486 

1218B 24X 6W 
4/6 247.10 34.89 0.5023 0.004 84 192 3236 

1218B 24X 6W 
10/ 12 247.16 34.93 0.534 O.D15 45 142 1878 

1218B 24X 6W 
16/ 18 247.22 34.96 0.505 0 .006 45 235 2579 

1218B 24X 6W 
24-26 247.30 35.01 206 1994 

121 8B 24X 6W 
24-26 REP 247.30 35.01 214 1742 

1218B24X6W 
30-32 247.36 35.05 0.5031 0 .002 68 

12188 24X 6W 
36-38 247.42 35.09 

1218824X6W 
40-42 247.46 35 .11 0.4865 0.007 80 165 1583 

1218B 24X 6W 
44-46 247.50 35.14 0.49 0.010 66 

1218B 24X 6W 
50/52 247.56 35.18 0.5007 0.009 62 188 1948 

1218B 24X 6W 
50/52 REP 247.56 35.18 0.4966 0.005 150 117 1835 

121 8B 24X 6W 
56-58 247.62 35.21 0.5422 0.013 36 333 1814 

121 8824X6W 
64-66 247.70 35 .26 0.4081 0 .002 74 

1218824X6W 
70-72 247.76 35.28 0.49 0.003 65 241 2335 

1218B 24X 6W 
74176 247.80 35.28 0.4493 0.002 36 139 2157 

12188 24X 6W 
80/82 247.86 35 .29 0.4874 0.005 34 150 2573 

1218B 24X 6W 
86-88 247.92 35.30 

1218B 24X 6W 
99/102 248.05 35 .31 161 2712 

1218B 24X 6W 
106/107 248.12 35.32 0.47 0.456 39 

12188 24X 6W 
114/116 248 .20 35.33 24 422 
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1218B 24X 6W 
120/122 248 .26 35 .34 387 2786 

1218B 24X 6W 
126/127 248.32 35.35 0.4846 0.006 47 258 3154 

12188 24X 6W 
1321134 248.38 35.35 287 2672 

12 I 8B-24X-6W-
1401142 248.46 35 .36 0.4511 0.003 35 

1218B-24X-7W-
4/6 248.60 35.38 0.4495 0.005 41 285 3036 

1218B-24X-7W-
10/ 12 248 .66 35.39 0 .4747 0.003 103 279 2368 

1218B-24X-7W-
16/ 18 248.72 35.40 0.4239 0.005 40 80 3823 

1218B-24X-7W-
24/26 248.80 35.41 0 .36 0.004 261 1454 3405 

1218B-24X-7W-
24/26 REP 248.80 35.41 1058 3551 

1218B-24X-7W-
30-32 248 .86 35.41 0.312 0.002 73 1789 3562 

12 l 8B-24X-7W-
36/38 248.92 35.42 0.24 0.002 302 2828 5803 

I 2 l 8B-24X-7W-
36/38 rep 248.92 35.42 0 .2511 0.003 780 2735 5432 

1218B-24X-7W-
40/42 248 .96 35.43 0 .245 0.003 162 3670 6229 

1218B-24X-7W-
43/44 248.99 35.43 0.3252 0.003 26 551 1994 

1218B-25X-IW-
14116 251.03 36.02 941 865 

1218B-25X-IW-
25/27 251.14 36.05 264 727 

1218B-25X-IW-
30132 251.19 36.06 349 1508 

1218B-25X-IW-
52.5154.5 251.42 36.11 356 1321 

1218B-25X-IW-
57159 251.47 36.12 0.5222 0.004 17 128 2121 

1218B-25X-IW-
60/62 251.49 36 .12 0.5456 0 .007 22 99 1708 

1218B-25X-IW-
72174 251.61 36 .14 0.5022 0.013 25 494 3573 
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1218B-25X- IW-
78/80 251 .67 36.14 497 2 108 

1218B-25X-IW-
94/96 251 .83 36 .17 0 .5481 0.004 29 IOI 204 1 

1218B-25X-IW-
101/103 251 .90 36 .17 156 1799 

1218B-25X-IW-
11 2/5/1 14.5 252 .02 36.19 189 1812 

1218B-25X-IW-
125/ 127 252 .14 36.21 0 .57 11 0 .020 24 172 1664 
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Table 3.4. Bulk osmium isotopes , Os, Ir and Pt concentration from Caribbean core RC9-
58 . 

Depth (cm) 2SD Os (pg/g) 

265cm 0.3227 0.004 65 

280cm 0.3319 0.004 67 

Ir 
(ppt) 

na 

801 

Pt (ppt) 

na 

785 

Table 3.5. Lowest 1870s/1880s data from the six sections investigated in this study, 
associated Ir fluence and a comparison of Os-based and Ir-based impactor sizes 
estimates. 

1 ~1051 1R110s 1810s/11t1tos Mass of Os using Mass of Os us ing Mass of Ir assuming Projectile 
chondrite 1

K
10s/1880s Popigai melt rock fluence is diameter ass umin g 

Preimpact Post impact (d issolved from the '"'Osi'"'Os (d issolved representat ive o f L-chondrite (Os-
impact)* from the impact)** g lobal fa llout based)(chondritic 

Seawater Minimum '" Osi '" Os/ Popigai 
11t10 511sso s 

1090 
0.45 0.25 4.09E+l 9 l.91E+20 4.6/5.42 

2 .33E+ l9 

1218/1219 0 .5 0.24/0.28 3.3 1E+l9/2.05E+ 19 
6 .37E+ 19/3.03E+ 19 3.3 1 E+20/2.04E+20 5.2-6.3/4.4-4.9 

Massignano 0.45 0.3 1.24E+ 19 
l.66E+ 19 2.40E+19 3.75-4.3 

RC9-58 
2.14E+20*** 3.70-3 .9 1 na 0 .33 12 na na 

* Assuming 100% of Os-impact-derived dissolution in seawater 
**Assuming that 94% of the mass of the Popigai projectile was dissolved in the ocean 
using a target rock with a 1870s/1880s of 1.2 (average continental crust). 
** Ir fluence from (Ganapathy, 1982). 
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Projectile 
diameter 
(km) 
based on 
impact 
simulation 

8 

8 

8 



Table 3.6. Bulk osmium isotopes, Os and Re concentration from Popigai impact melts, 
Siberia measured with the NiS fire assay method or as indicated using the carius tubes 
method digestion (CT). 

Samples 1870 s/1880s 2SD Os (pg/g) Re (pg/g) 

Pop 10 0.1849 0.002 1036 

Pop 19 0. 1857 0.004 959 

Pop 19 0. 1865 0.004 1013 

Pop 19 REP 0. 1855 0.008 1015 

Pop 9 0. 1977 0.006 574 

Pop 9 CT 0.206 1 0.001 676 0 .27 1 

Pop 5' 0 .1810 0.005 11 62 
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Table 3.7. Age control for ODP Site 1090 , 1218 , 1219 and Massignano GSSP 

ODP Site 1090B 
Depth Ma 
med (m) Age control* 
284.00 34 .655 
287.00 34.940 
289.00 35.343 
293 .50 35 .526 
296.00 35.685 
* Cande and Kent, 1995 
** Channell et al. , 2003 

polarity chrons** 
Top cl5n 
Top cl5r 
Top cJ 6n.ln 
Top c16n.lr 
Top cl6n.2n 

ODP Site 1219A-ODP Site 1218B 
1219 rmcd Age (Ma)* 1218 rmcd** magnetochron*** 
161.9 32 .37 225.85 
169.80 33 .058 233.21 Top C13n 
173.36 33.545 239.34 Top Cl3r 
179.96 34.655 246 .35 Top c15n 
180.56 34.94 247.07 Top c15r 
181.08 35.343 247.71 Top cl6n.1 n 
182.56 35 .526 249.24 Top c16n.lr 
182.96 35 .685 249.52 Top cl6n.2n 
J 85.91 36.125 251.48 
187.36 36.341 253.16 Top cl 7n.ln 
* Cande and Kent, 1995 
** New rmcd assigned (Thomas Westerhold pers. Comm.) 
*** Palike et al. , 2005 

Massignano Section, GSS (Italy) 
Depth Ma 
med (m) Age control* 
21 33.545 
11.05 34.655 
9.27 34.94 
6.22 35 .343 
5.20 35 .526 
4.15 35 .685 
0.00 ? 
* Cande and Kent, 1995 
** Jovane et al. , 2007 

polarity chrons** 

Top c13r 
Top c15n 
Top cl5r 
Top cl 6n.ln 
Top cl 6n.lr 
Top c16n.2n 
c16n.2n 

Citations can be found in the published list of citations. 

91 



Table 3.8. Estimates of the fractional contributions of lithogenic and cosmic Os to the 
total Os inventory of studied sections 

Os101al 

Si tes Al method CaCO, method Al method CaCO, method burial flux ' Fraction of 

F lithogenic F lithogenic 
matter matter F li thogenic Os F lithogenic Os pg/cm'/ka cosmic Os' 

Al,m/Al 1-CaCO,-SiO,- F li th•ros ]uccd/!Os l F lith• fOs ]uccd/fOs l Os ET bu ri al 
UCC' TOC avg sm avg sm flux= 

3 .0 pg/cm21ka' 

0. 16 to 
ODP 1090 0.50h 0 .39-0.75' 0 .05to0.17 0.14 to 0 .27 12 to 276 0.0 13 to0.19 

ODP 12 18 0.28 to 0.63' 0.10 to 0.24 5 to 138 0.02 to 0.60 

ODP 1219 0 .32-0.45' 0.04 to 0.06 7 to 246 0.0 12 to 0.45 

Massignano na 0.0 13 to0 .0354 na 0.007 to 0.0 19 19 to 2 17 0 .013to0. 15 

a [Al]ucc=8 wt.%, (McLennan, 1995) 

b Range of Al concentrations throughout the studied interval: 1090: (Anderson and 
Delaney, 2005) 

c Wt. fraction CaC03, Si02, TOC: 1090 (Anderson and Delaney, 2005); 1218-1219: 
(Vanden Berg and Jarrard, 2004); Massignano (non-carbonate fraction: (Farley et al. , 
1998). 

d[Os]ucc=30 ppt, (Peucker-Ehrenbrink and Jahn, 2001) 

e 0Stotal burial flux = dry bulk density*sedimentation rate*[Os]total 

f fETos=OsET burial flux/Os101a1 burial flux 

g (Peucker-Ehrenbrink and Ravizza, 2000b). 
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Chapter 4. Absence of geochemical evidence for an impact event at the Bolling

Allerod/Younger Dryas transition 

Published in its present form as Paquay, F.S., Goderis, S., Ravizza, G.E, Vanhaeck, F., 
Boyd, M., Surovell, T.A., Holliday, V.T., Haynes C. V. Jr., Claeys, P. 2010. Absence of 
geochemical evidence for an impact event at the Bolling-Allerod/Younger Dryas 
transition. Proceedings of the National Academy of Science of America, 106, 21505-
21510 

4.1. Abstract 

High concentrations of iridium have been reported in terrestrial sediments dated at 

12.9 ka and are interpreted to support an extraterrestrial impact event as the cause of the 

observed extinction in the Rancholabrean fauna , changes in the Paleoindian cultures, and 

the onset of the Younger Dryas cooling [Firestone RB, et al. (2007) Proc Natl Acad Sci 

USA 104:16016- 16021). Here, we report platinum group element (PGE: Os, Ir, Ru, Rh, 

Pt, Pd), gold (Au) concentrations, and 1870s/ 1880s ratios in time-equivalent terrestrial , 

lacustrine, and marine sections to seek robust evidence of an extraterrestrial contribution. 

First, our results do not reproduce the previously reported elevated Ir concentrations. 

Second, 1870s/ 1880s isotopic ratios in the sediment layers investigated are similar to 

average crustal values, indicating the absence of a significant meteoritic Os contribution 

to these sediments. Third, no PGE anomalies distinct from crustal signatures are present 

in the marine record in either the Gulf of California (DSDP 480, Guaymas Basin) or the 

Cariaco Basin (ODP I 002C). Our data show no evidence of an extraterrestrial (ET)-PGE 

enrichment anomaly in any of the investigated depositional settings investigated across 

North America and in one section in Belgium. The Jack of a clear ET-PGE signature in 

this sample suite is inconsistent with the impact of a large chondritic projectile at the 

B0lling- Allernd/Y ounger Dryas transition 
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4.2 Introduction 

Proxy records of millennial-scale climate variations during the most recent 

deglaciation from polar ice cores (1- 3) as well as deep-sea and lacustrine sediments (4-

10) display abrupt changes that are typically attributed to internal forcing of Earth ' s 

climate system. A striking example is the Younger Dryas (YD) cooling episode from 

12.896 ± 0.138 thousand years (ka) to 11.703 ± 0.099 ka calendar years before AD 2000 

(11) after the interstadial warming event B0lling- Allernd (BA) (14.692 ± 0.186- 14.075 ± 

0.169 ka). High-resolution stable 6180 and bD in H20 and the glaciochemical record 

from Greenland ice cores show that both the onset and the termination of the YD 

occurred abruptly, the former lasting slightly more than two centuries, whereas the latter 

transitioned into a new state in a few years (12). The most widely accepted interpretations 

of Earth ' s recent climate history place the origin and termination of the YD within 

Earth ' s complex network of feedback mechanisms (13- 15). Proxies and model results 

favor a significant freshwater input into the North Atlantic reducing the formation of 

deep waters and weakening or shutting down of the meridional overturning circulation 

( 16) as the primary cause of the YD cooling regardless of its source, timing, duration, 

volume, and path of melt water (17- 21 ). The view that the YD event originated from 

within Earth's climate system has recently been challenged by the proposition of an 

extraterrestrial trigger for the BA/YD transition (22-24). The theory invokes either a 

large meteoritic impact or several violent airbursts of fragmented carbonaceous 

chondritic meteorites or (long period) comets (22- 24) that are claimed to be the culprits 

for the sudden Rancholabrean termination, the trigger for the Northern hemisphere 

cooling of the YD, and the cause of the termination of the Clovis culture in North 

America. The alleged projectile(s) is/are supposed to have hit somewhere on the 

Laurentide Ice sheet, creating a melt water surge toward the North Atlantic through the 

Hudson and St Lawrence estuaries, subsequently slowing down the meridional 

overturning circulation and inducing a sustained cold interval for _ 1,200 years. The other 

twist of this hypothesis claims that explosions of numerous projectiles in the atmosphere 

destabilized the Laurentian ice sheet and triggered the observed cooling. To provide 

support for this hypothesis, 14 markers, advocated to be of extraterrestrial origin, are 

documented as concentrated beneath a carbon-rich black layer (the black mat) at various 
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sites across North America and Europe (22-24). Among the identified markers are 

magnetic grains and microspherules, charcoal, soot, carbon spherules containing 

nanodiamonds, fullerenes with extraterrestrial He, and elevated concentrations of iridium 

(Ir) (_ 0.1 - 117 ppb Ir). In impact-related studies, highly elevated concentrations of Ir 

together with enrichments of the other platinum group elements in nearly chondritic 

ratios are considered clear indicators of a meteoritic contribution delivered when an 

extraterrestrial object impacts the Earth (25). At the Cretaceous/Tertiary (KT) boundary, 

a positive Ir anomaly is documented at 112 sites worldwide (26). The elevated Ir 

concentrations reported in magnetic grains and in bulk sediments of YD age could then 

be considered as evidence of a chondritic or an iron meteoritic impact event at or close to 

the end at the onset YD. The other markers found (soot, charcoal, carbon spherules) are 

not direct indicators of a collision but could be generated by subsequent wildfires. Other 

claimed extraterrestrial (ET) markers such as fullerenes and their extraterrestrial He 

signature have been proposed as impact indicators, for example at the Permo-Triassic 

boundary (27). However, so far other laboratories have failed to duplicate these result 

(28, 29). Consequently, they cannot be reliably used as impact evidence. Nanodiamonds 

with cubic structures are also found within this black layer. However, their mode of 

formation is unclear, and their descriptions lack conclusive evidence of a meteoritic or 

shock origin (23 , 24). The postulated impact layer below the YD black mat layers and its 

interpretation as a distal ejecta layer are rather difficult to reconcile with the current 

knowledge of impact events because no other typical impact indicators characteristic of 

ejecta layers, such as shocked minerals, spherules composed of glass (or its alteration 

products), or Ni-rich spinels (30), have been reported. Therefore, the elevated Ir 

concentrations (measured in numerous locations containing this carbon-rich black layer 

(22) should be considered the most reliable indicator of a meteoritic component 

associated with the YD. However, elevated Ir concentrations alone are insufficient to 

demonstrate a significant extraterrestrial component. As described below, the relative 

abundances of platinum group elements and 187 Os/1880s ratio provide a more robust test 

of the presence or absence of extraterrestrial matter in BA/YD samples. To further 

explore claims of an impact at the BA/YD transition, we present detailed PG Es (Os, Ir, 

Ru, Rh, Pt, Pd) and gold (Au) analyses from continental YD sections (the "black mat"), 
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including some of the same sites where Firestone et al. (22) reported anomalously high Ir 

values and two additional continental margin cores spanning the YD. PGE concentration 

data are complemented with new Os isotope data on the same suite of samples using a 

different analytical approach (ICP-MS, Ni fire assay) than Firestone et al. (22). This 

isotope system is a sensitive indicator of an extraterrestrial component (except for 

basaltic achondrites that lack high PGE concentrations) in terrestrial and marine 

sediments (31- 33). The Os isotopic tracer is valuable provided that the target lithology 

does not contain recently mantle-derived or ultramafic components (34) a prerequisite 

that is certainly fulfilled by all terrestrial sections investigated here . Two marine cores 

with high accumulation rates were analyzed for Os isotopes, accompanied by Ir 

concentrations measured on the same powder split. In both cores, the BA/YD transition 

was clearly defined by excellent age control and confirmed by changes in several other 

proxies (35 , 36). 

4.3 Materials and Methods 

Exposures of the YD black mats with reliable l 4C dates were sampled and 

analyzed for PGE content and Os isotopic composition. For example, the Gainey Site that 

showed high concentrations of magnetic spherules and therefore high Ir concentration 

was not studied here because the age model from this section is poorly defined. Allen 

West provided samples of the black mat layer from Howard Bay, NC (level HB-11D2) 

and Blackwater Draw (NM) (levels BW-DT, DIC and BW-B/A) (l), similar to those 

measured in Firestone et al. (2). The Lommel, Maatheide section (Belgium), where the 

Usselo paleosoil horizon is well defined, yielded by far the highest Ir concentration [117 

ng/g in the separated magnetic fraction (2)). The sand and black mat layer at this site was 

resampled in detail. The Lubbock Lake (TX), Topper section (SC) and a set of samples 

from Murray Springs from different trenches and profiles (Trench 22-Profile B l - B3) 

were also analyzed. Dolores Hill provided the Murray Springs samples that are splits of 

those used in the Firestone et al. study (2). The age model for these samples is 

constrained by multiple l 4C dates (3). These sediments are mostly fine to coarse, fluvial 

to lacustrine sands, clays or muds with an organic rich black mat layer. Two sets of 
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samples from glacial Lake Hind (Flintstone Hill section, Manitoba, Canada) were also 

sampled on two separate occasions. Each set is from the same location and no lithological 

differences were observed between the two sets of samples. One of the sample sets 

yielded several elevated iridium concentrations ( ~4 ng/g) (2 , 4) distributed over a _ 6-cm 

interval with a background level of _ l ng/g Ir. Such high background values are clear 

example of the analytical issues from (2), knowing that Ir concentration is (22 pg/g) for 

the average upper continental crust (5). The BA/YD transition at Lake Hind is derived by 

the linear extrapolation of the sedimentation rate from an AMS radiocarbon date of 

10,420 ± 70 years BP (12,677-11 ,991 cal BP (6). Additionally, this age estimate is 

supported by a radiocarbon date of 12.76 ka BP from the base of the peat, as reported in 

Firestone et al. (2) . The BA/YD is thought to occur within the lithologic change from 

massive carbonate-rich clay to silty clay onto a peat with alternating silty clay and 

organic laminae, coinciding with a decrease in water level ( 6). The two marine sediments 

records, DSDP 480 (Deep Sea Drilling Project) (Gulf of California, (27°54.lO_N, 

111 °39.34_ W) and ODP (Ocean Drilling Program) 1002C (Cariaco Basin, 10°40 _N, 

65°00_ W) (Fig. Sl) have high organic carbon content and high accumulation rate (7, 8) 

ideal to reconstruct the seawater Os isotopic composition at high resolution (9). The age 

control of the YD interval in DSDP Site 480-core 3H is well constrained by 14C dates 

[with a reservoir correction of 750 years (10)) on planktonic foraminifera at the onset, 

during and at the end of the YD (7, 11 ). At this site, the BA/YD transition shows a 

change in the oxygenation of the seafloor from laminated, biogenic silica-rich and 

carbonate-poor (2% CaC03) to nonlaminated and more carbonate-rich sediments (~13% 

CaC03). The YD/Holocene transition is marked by an abrupt return to laminated 

sediments. Sediments are organic-rich (2.2-4.9% TOC). The sedimentation accumulation 

rate throughout the YD averages 75 cm ka. ODP Site 1002C sediments consist of anoxic 

and laminated organic-rich silts during the YD interval ( 4-5% TOC). The age model is 

derived from a correlation to the GISP2 core time scale (12). The sedimentation rate 

through the interval studied averages 35 cm ka. Each bulk sample (20 cm3) represents an 

integrated time of ± 20 years for Site 480 and ± 60 years for Site I 002C. Each sample 

was oven-dried at 60 °C for several days until constant sample weight was obtained. 

Samples were carefully isolated to avoid any contamination between potentially high and 
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low-iridium concentration samples. Sediments were disaggregated with a mortar and 

pestle. Homogenized powders were stored in a plastic beaker and isolated until further 

analysis . The determination of Os isotope ratios and Pt, Ir, and Os concentrations was 

carried out at the University of Hawaii . The same sediment powder was analyzed for all 

of the PG Es (Ir, Ru, Rh, Pt, Pd, Au) except Os at Ghent University. 

4.4 Analytical Methodology for PGE (Ghent University) 

The PGEs (except for Os that volatilizes during the applied procedure) and Au 

concentrations were determined by using a nickel-sulfide fireassay preconcentration 

method in combination with subsequent analysis using an ELAN DRCplus quadrupole

based ICP-MS instrument following the procedure described by Plessen and Erzinger 

(13) and Tagle and Claeys (14). A flux of30 g of sodium carbonate, 60 g of sodium 

tetraborate, 5 g of calcium fluoride, 5 g of sulfur, and 5 g of nickel powder was added to 

the powdered samples, weighing between 13 and 70 g (pure Si02 powder was added 

when necessary). All reagents were of analytical grade and have been tested for PGE 

content. These mixtures were homogenized with an agate pestle, transferred into clay 

crucibles, and heated in a furnace at 1, 150 °C for 1 h. After cooling, the nickel sulfide 

beads were separated from the slag by breaking the crucibles, subsequently ground, and 

dissolved in concentrated HCl in a hot water bath at 90 °C for 14 h. The residues 

were separated by filtration through glass micro filter devices (Schott, porosity 4), 

dissolved with a mixture of2 parts of HCl (32 vol %, doubly distilled) and one part of 

H20 2 (30 vol%, analytical grade) in two subsequent steps, passed through a filter paper, 

and evaporated on a hotplate to a volume of 1- 2 mL. After adding a fina l 5 mL of HCI 

and 2 mL of H202, the solution was evaporated to 1-2 mL, cooled, and diluted with 2 

vol% HCI to a volume of J 0 mL. Once In and Tl had been added as internal monitors, 

each solution was measured twice on separate measuring days for their 99Ru, 101Ru, 

102Ru, 103Rh, 105Pd, 106Pd, 108Pd, 19 llr, 1931r, 194Pt, 195Pt, 196Pt, and 197 Au 

concentrations by using external calibration solutions. Mathematical corrections were 

applied for isobaric interferences where necessary. The results obtained for international 

reference materials, a diabase TDB-1 with low PGE abundances and an altered peridotite 
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WPR-1 with high PGE concentrations (Canadian Certified Reference Materials Project, 

CCRMP), are consistent with the certified data ( 15) and the recommended values of 

Meisel and Moser (16) (Table Sl). These authors propose to compare new PGE data not 

only with the original certified values, but also with their compiled literature values until 

the certified values are up to date. Additionally, the precision and accuracy of the method 

are regularly tested by the analyses of a set of laboratory working standards (Popigai 

impact melt material, KT boundary clays, and meteorites). To determine the procedural 

detection limits (the instrumental detection limits are significantly lower), procedural 

PGE blank are determined by substituting the real samples with Si02 powder; omission 

of such a PGE-low substitute would result in a destruction of the clay crucibles by the 

aggressive fire assay flux. In this work, limit of detection (LOD) and limit of 

quantification (LOQ) are calculated as respectively 3 and I 0 times the standard deviation 

(3 SD and 10 SD o) on 10 reagent blanks. The measured values below the LOD are 

reported as ND, not detected, whereas concentrations below the LOQ are indicated as 

numeral value of the LOQ in Table S 1. 

4.5 Analytical Methodology for 1870s/1880s Ratio, Ir, Pt, and Os Concentrations 

(University of Hawaii) 

Os, Pt, and Ir were preconcentrated from bulk sediment samples by using a NiS 

fire assay. The amount of chemical fluxes was adjusted as a function of organic matter 

content. Each sample powder was accurately weighted ( 6- 10 g) and spiked with a tracer 

solution enriched in 105Pd, 1900s, 19 1 Ir, and 198Pt before fusion for concentration 

determination by isotope dilution. Isotope ratio measurements were made by using a 

magnetic-sector inductively coupled plasma mass spectrometer (ELEMENT2) according 

to a procedure slightly modified from that of Hassler et al. (17) where the Os04 becomes 

volatile after gassing into the vial by an argon stream into a torch and then transferred 

directly into the plasma. An in-house standard is analyzed every five to six samples in 

each run to monitor the reproducibility. The average 1870s/1880s of these standards is 

0.1082 ± 0.0028 (2 SD; n = 20). Ten procedural fusion blanks are carried out during the 

course of this study. The fusion blanks yielded an average of 0.64 ± 0.20 pg/g ofreagents 
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for Os and 1.5 ± 0.05 pg/g for Ir for a total weight of 31.5 g. Argon gas blanks are 

measured every set of five to six Os isotope analyses to monitor potential carryover of 

osmium between analyses . Iridium and platinum analyses are carried out on the same 

aliquot of powder split after 1870s/1880s analysis . 

Analytical uncertainties in Os concentration from the terrestrial sections are based on 

counting's statistics and are all < 2%. We estimate that the 187Re in situ decay into 1870s 

is unimportant because the sediments studied are recent. Therefore, no age correction was 

applied to the sediments. 

4.6 Results 

4.6.1 Platinum Group Elements and 1870s/1880s in the continental sections. 

The PGE abundances for Murray Springs (AZ), Blackwater Draw (NM), Howard Bay 

(NC), Lake Lubbock (TX), Topper (SC), and Lommel (Belgium) sections are presented 

in Table S 1. From these same sections, but on a different powder split, a comparison of 
1870s/1880s, Os concentrations and Os/Ir ratios in different depositional settings is also 

given (Table Sl). Firestone et al. (22) have reported 169 measurements oflr at 14 sites up 

to ± 9,200 km apart in the 14C-dated BA/YD (see Fig. Sl) bulk sediments, magnetic 

fraction, and beneath the black mat, but not in the over- and underlying layers. In 5 of the 

12 sites reported in table 1 of ref. 22, the Ir concentrations in the bulk sediment are _0.5 

ng/g, and the concentrations in four sites (Murray Springs, Blackwater Draw, Lake Hind, 

and Carolina Bays, Max) reach 2.3- 3.8 ng/g Ir. These values are comparable to those 

obtained at a number of KT boundary sites (e.g. , 3.7 ng/g in Petriccio, Italy; 0.85 ng/g in 

Brazos River, TX; 5.7 ng/g in Beloc, Haiti; 2.9 ng/g in Frenchman River, Canada; and 

1.4 ng/g in Hell Creek, MT (3 7). The Ir concentrations in the magnetic fractions of four 

samples (22) (Blackwater Draw, Wally's Beach, Lommel, and Carolina Bay, Max) show 

concentrations between 15 and 117 ng/g [i.e.,± 25% of Cl chondrites, Ir - 460--472 ng/g; 

(38, 39)]. The data presented by Firestone et al. (22) also show a clear inverse correlation 

between Ni and Ir (Fig. S2A). This is rather unusual as Ni and Ir are both siderophile 
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elements, enriched in meteorites compared to the terrestrial crust. Both elements typically 

show the same geochemical behavior during a meteorite impact on the terrestrial crust. ln 

numerous crater impactites such as Popigai ( 40) Lapparja .. vi ( 41 ), Morokweng ( 42), 

Clearwater East (43) and at the KT boundary (25), Ir and Ni display a positive correlation 

(Fig. S2B).Table S l shows that the new analyses do not to confirm the elevated Ir values 

published by Firestone et al. (22) . The PGE concentrations measured in bulk sediments 

are lower by at least an order of magnitude. Nugget effects, which cause small-scale 

inhomogeneities in PGE distribution and account for a variability of concentrations in 

geological samples ( 44-46), can be fully discarded here. The use of samples ± 10 g 

precludes any nugget effect and has been demonstrated to lead to good sample 

reproducibility ( 40), confirmed by repeated analyses in this study. Table S2 presents the 

Ir and Pt concentration data for Rock Standard TDB-1 between different laboratories . 

The PGEs concentrations obtained in this study are similar to or only slightly higher than 

the average continental crust (Table S 1; Os - 0.031 ng/g; Ir - 0.022 ng/g, Ru 0.210 ng/g, 

Rh - 0.060 ng/g, Pt - 0.510 ng/g, Pd - 0.520 ng/g, and Au - 2.500 ng/g; Rh and Au 

values from ref. 47; other PGEs from ref. 48). In Fig. 1 we show the Cl-normalized, PGE 

patterns on a logarithmic scale for each section analyzed compared with the almost flat 

patterns obtained for KT boundary samples and impactites from the Clearwater East 

crater, used as representative of terrestrial material clearly contaminated by a meteoritic 

component. The sloping patterns obtained for all samples of the YD black layer strongly 

resemble the pattern typical of average continental crust ( 42, 48- 51 ). The Blackwater 

Draw and Murray Springs sections display slightly elevated values of Os and Ir 

concentrations compared with average crustal values ( 48). The widely distributed 

depositions of the carbon-rich black mat in North America in some of these sections have 

been interpreted as the result ofreducing conditions and a shallower water table (52). It is 

therefore possible that variations in the reduction-oxidation (redox) conditions during the 

black mat formation played a role in moderately concentrating these trace metals, 

especially ifthe black mat layer is of algal origin (53) . We suggest that as the redoxcline 

formed, sulfide and organometallic complexes concentrated chalcophile elements and 

PG Es. The high concentrations of U reported in Firestone et al. (22) can also be 

explained in a similar manner. Black mat samples from the Murray Springs and 
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Blackwater sections yield bulk 1870s/ 1880s ratios slightly more radiogenic than the 

eroding continental crust [1.26; (48, 54, 55)]. Although the purpose of this study was not 

to leach the black mat samples, the data agree well with previous leachates on rivers 

sediments (54, 56) that have shown that the soluble river load delivered to the world 

ocean is more radiogenic than the currently eroding continental crust. The 1870s/ 880s 

data presented here show very radiogenic values, typical for continental runoff (57) and 

do not allow for a significant extraterrestrial component in these samples. The black mat 

may indicate the averaged Os isotopic composition of freshwater because the Os 

hydrogenous budget likely dominates the bulk sediment. Sediments from Lake Hind 

(Manitoba, Canada) were reanalyzed because this site yielded high Ir concentration in the 

bulk (3 .8 ng/g) (22) . For the two samples batches, the upper end of the range of measured 

Os (15-104 pg/g) and Ir concentrations (25- 117 pg/g) exceed the average continental 

crustal values ofrespectively 31 and 22 pg/g ( 48) (Table S3, Fig. S3). However, these 

slightly elevated values are not outside the range known to result from natural authigenic 

enrichment of Os and Ir, and can be attributed to processes like those described above. 

The high 1870s/1880s precludes any significant extraterrestrial contribution to these 

sediments, and demonstrates a terrestrial origin for the Os in Lake Hind sediments (Fig. 

S3). In summary, the PGE and Os isotope values obtained from samples of the carbon 

rich black layer associated with the YD do not confirm the presence of an elevated 

meteoritic contribution. Terrestrial sequences could fail to record an impact event if 

sedimentation is discontinuous. However, we show below that this possibility is unlikely 

based on results from the marine 1870s/1880s record. 

111 



o; 
0 -

10
1 

10 2 

10 

- - Clearwater East impact melt rock 
KfT boundary at Fonte D'Olio. Italy (n = 3) 

• Average continental crust 

<' --n-
L [ --'l 

u-~-c --

• 

Os 

() 

I .. 

Ir 

- -- ---- ---

Ru 

. ----- ........... , 

Rh Pt Pd Au 

Firestone et al. 2007 
Blackwater Draw 

' Wally's Beach 
~ Topper 
c Lommel 
• Carolina Bays, Max 

This study 
" Howard Bay 

Blackwater Draw 
• Lommel 
l Lubbock Lake 
' Murray Springs 

Topper 

Fig. 4.1. Logarithmic scale plot of the PGE and Au concentrations in the black mat from 
the studied sections, normalized to CI-chondrite (39) and compared with the averaged 
values for the continental crust, the KT boundary at Fonte d 'Olio section (Italy) and the 
melt rock from the Clearwater East impact structure. The PGEs are plotted from left to 
right in order of decreasing melting temperature. Os, Ir, Ru, Pt, and Pd values of the 
continental crust from (47), Rh and Au values from ref. 47; Os, Ir, Ru, Pt, and Pd values 
of the continental crust from ref. 48. 

112 



4.6.2 The marine 1870s/1880s record 

The present-day seawater 1870s/ 1880s ratios of 1.05- 1.06 (58- 61) reflect a flux 

weighed average of soluble Os inputs to the world ocean, dominated by radiogenic Os 

from continental sources (1870s/1880s - 1.2 to 1.4) (54, 55) and unradiogenic Os inputs 

from extraterrestrial and mantle 

sources (1870s/ 1880s - 0.13) (62). Large chondritic impact events (33, 63) such as 

Chicxulub at the KT boundary (64) and Popigai at the Late Eocene ( 40) added significant 

quantities of soluble ET Os to seawater shifting the Os isotopic composition to lower 
1870s/1880s (33). If a sizeable chondritic impact occurred at the onset of the YD, it is 

reasonable to expect that seawater 1870s/1880s would also shift to lower values after 

vaporization of the incoming projectile and subsequent incorporation of unradiogenic Os 

to the marine sediments. We have investigated the possibility of a marine 1870s/1880s 

excursion across the YD in two high-resolution records, DSDP 480 and 1002C (Fig. 2, 

Table S4). There is a clear offset in the 1870s/ 1880s ratios between both sites, with the 

Gulf of California consistently displaying higher 1870s/1880s ratios (- 1.08) compared 

with Cariaco Basin ( 1.01- 1.05). Although this offset is suggestive ofregional variations 

in the 1870s/1 880s of dissolved Os in the ocean, for the purposes of this work it is 

sufficient to note the overall similarity of both records to present-day seawater 
1870s/1880s (1.05-1.06). The single point to lower 1870s/1880s in DSDP 480 does not 

coincide with the onset of the YD and most likely represents the influence of 

unradiogenic Os derived from weathering of mantle-derived rocks or a particle of cosmic 

dust (not plotted for clarity purposes). It does not constitute evidence of an impact. We 

interpret our bulk data from both sites as records of seawater 1870s/ 1880s variations for 

the following reasons. First, the measured 1870s/ 1880s is close to the modem value of 

1.05- 1.06. Second, reducing sediments efficiently scavenge hydrogenous Os (seawater

derived). This is supported by the elevated Os burial fluxes in each of these sections 

(average 4,440 pg/cm2/ka), allowing us to neglect the influence of ET cosmic 
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Fig. 4.2. 1870s/1880s ratios (black squares) and Ir concentrations (open red circles) in 
DSDP 480 (Gulf of California) and 1002C (Cariaco Basin) compared with the present 
seawater 1870s/1880s ratio (black vertical line on they axis) (58-61). These age data are 
expressed as thousands of calendar years before present. The gray area represents the YD 
interval. 
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dust flux that typically has an average Os burial flux of 4 pg/cm2/ka (54). Third, the Os 

and Pt concentrations are above average eroding crustal values ( 48), typical of organic

rich sediments from other continental margin settings (65, 66). Fourth, the range in the 

Os/Ir ratios (1.6-12.8) indicates a minimal terrigenous influence (Os/Ir_l) supporting 

authigenic enrichment of Os relative to Ir. These two high-resolution marine Os isotope 

and PG Es records lack a spike of soluble or particulate unradiogenic extraterrestrial Os 

and Ir at the onset of the YD and across the whole interval studied. 

4. 7 Discussion 

For an extraterrestrial body to produce continent-wide ecologic and climatologic 

consequences, recorded in a myriad of depositional settings in North America and 

Europe, the projectile size must have been at least a few kilometers in diameter. 

However, our data fail s to detect an impact signature. Therefore, the sensitivity of the 

marine Os isotope record is further discussed below to argue that a prominent ET 

signature is unlikely to have been missed. One of the fundamental uncertainties in using 

Os isotopes to detect meteorite impact events in marine sediments and to estimate their 

sizes is to constrain the fraction of projectile derived Os that is dissolved in seawater and 

removed to sediments (33). The data documenting seawater Os isotope variation 

across the YD do not allow for an excursion larger than 0.05 1870s/ 1880s units. Therefore, 

we have adopted an excursion of 0.05 as means of calculating an upper limit on the size 

of a chondritic projectile, which could have potentially impacted Earth at the BA/YD 

transition. Considering that a large fraction of meteoritic Os is soluble in seawater, 

chondritic projectiles 1 km and larger should be easily detectable in the marine Os 

isotope record. To illustrate the sensitivity of the Os isotope system, we have chosen a 

wide range in fractional dissolution (1- 5-50- 100%) of projectile-derived Os in seawater. 

We show the potential influence of the alleged YD projectile on the Os isotope 

composition of seawater for a complete (100%) to a partial (1-5-50%) dissolution of Os 

carried by a carbonaceous chondritic projectile (Fig. S4). The calculations show that if 

50-100% of a 1-km projectile-derived Os dissolved in seawater, the 1870s/1880s ratio 
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should decrease by - 0.05. Second, if only 1-5% of a 2.5- to 4.5-km projectile is 

dissolved, a similar - 0.05 decrease is expected. If this latter scenario is representative of 

the BA/YD situation, this would imply that a remaining 95- 99% of undissolved PGE

rich ET matter is unrecognized in Earth's crust and missed in analyses . This is unlikely 

because no welldated crater, no impact-melts, nor particle-rich layers have been 

described in any of the Greenland and Antarctica ice cores dated at the YD onset ( 67), 

and none of the YD black mat layers show significantly enriched quantities of this 

extraterrestrial matter based on our results . In other words, if 50% of the projectile 

dissolves in seawater, our record is likely to detect an excursion, but if 50% remains 

insoluble in seawater, terrestrial YD sections are expected to record ET PGE enrichment. 

Finally, applying simple model calculations (see supporting text in ref. 33, the modern 
1870s/1880s of seawater should still be recovering from a soluble extraterrestrial Os- Ir 

spike because the residence time of Os in seawater (10- 50 ka) (62) is comparable with 

the time between the YD and the present day. Complete flushing of a pulse of ET Os 

from the global ocean would require several residence times before a complete recovery. 

Therefore combined data from proximal marine and terrestrial sections reported 

here and Ir data from Greenland ice cores (67) provide no evidence of a sizable 

chondritic impact at the BA/YD transition. An alternative impactor type could be a 

carbon-rich, nickel/iron-poor impactor, most likely a comet (22, 24). It is inferred that the 

best candidates for cometary meteorites are now thought to be the type-1 (and maybe 

type-2) carbonaceous chondrites (68) . Type-1 chondrites include the members of the CI 

group, whereas type-2 chondrites encompass all CM and CR chondrites (and some 

ungrouped carbonaceous chondrites). In terms of siderophile element content, these 

groups do not differ strongly [Cl: Ir - 472 ng/g, Ni - 10,863 µg/g, Cr _ 2,796 µg/g; 

CM: Ir - 605 ng/g, Ni - 12,396 µg/g, Cr - 3,059 µg/g; CR: Ir - 622 ng/g, Ni- 13,794 

µg/g, Cr - 3,8 10 µg/g; (38)]. The Chicxulub impact structure was formed by an asteroidal 

CM carbonaceous chondrite, compositionally similar to comets without an icy 

component (64, 69). It is also worth mentioning that comets have never been analyzed for 

their PGE-composition, but cometary interplanetary dust particles thought to have 

originated from comets lack nanodiamonds (70). There is now a situation where the 

BA/YD horizon is greatly enriched in nanodiamonds but depleted in PG Es. Indeed, if the 
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origin of the nanodiamonds is extraterrestrial, then the projectile that delivered this 

material must be unlike any known meteoritic material because all meteorites known to 

contain nanodiamonds are also enriched in PGEs. There are three known diamond 

allotropes: n-diamonds, cubic diamonds, and hexagonal diamonds (lonsdaleite). 

Diamonds found in impact melts and breccias are predominately cubic diamonds, likely 

produced by shock metamorphism of preexisting graphite (71, 72). Cubic diamonds have 

also been found in some KTB horizons (73) and are the most common type of diamonds 

found in meteoritic material (74). Lonsdaleite occurrences in meteoritic material are rare 

and limited to a few chondritic meteorites (74), but its occurrence in any know impact 

craters is open to debate (74). Consequently, we consider the presence of the lonsdaleite 

diamond polymorph at Arlington to be enigmatic and not readily attributable to formation 

by shock metamorphism. Results presented here suggest that it is unlikely that the 

nanodiamonds were derived from any known meteoritic projectile, in contrast to 

suggestions of a swarm of comets or carbonaceous chondrite (24). Specifically, mass 

balance calculations show that if all of the nanodiamonds in the BA/YD sections are 

primary meteoritic material (1,500 ppm of the bulk; (74) (covering a fluence of ~ 30% of 

Earth's surface) (Fig. S 1 ), and were not formed upon surface impact, a chondritic 

projectile of 1.2 km in diameter should produce an Ir fluence of ~ 1 ng/cm2 that is clearly 

missing based on our results. For clarity, we emphasize that PGE and Os isotope data are 

sensitive indicators of undifferentiated meteoritic material. Alternatively, to avoid PGE 

enrichment, it is possible to invoke the impact of one or several differentiated, PGEs

poor, possibly still unknown type of achondritic meteorites that vaporized in Earth's 

atmosphere at the BA/YD transition is one possibility. However, the probabilities of the 

arrival of this type of projectile to Earth is low (www.unb.ca/passc/lmpactDatabase/), and 

this type of bolide lacks all allotropes of nanodiamonds. In the case of one or several 

surface impact(s) of achondritic projectile(s), which could explain the absence of PG Es in 

the studied BA/YD sections, it becomes difficult to explain the formation of 

nanodiamonds without a well-dated surface expression of one or several craters. So far, 

no BN YD craters are yet known. Based on the existing distribution of terrestrial craters 

(75), one or several large craters of this very young age cannot be eroded, filled with 

younger sediments or erased by subduction. Most likely such fresh impact crater(s) 
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would have been found and confirmed many years ago. In the scenario of a 1- to 2-krn 

diameter achondritic, PGEs-poor projectile exploding into the atmosphere or hitting only 

the Laurentide Ice Sheet, a crater would possibly not have been formed. However, in this 

case, a source of carbon is required to form the recovered lonsdaleite crystals, and the 

concentration of carbon in this type of meteorites is extremely low. It is possible that the 

nanodiamonds were formed during an airburst, but it does not explain the absence of a 

geochemical anomaly. Therefore, a strong decoupling of PG Es and nanodiamonds exists 

which differs from other known impact events. The occurrence of high concentrations of 

cubic diamonds and ndiamonds (- 1,340 ppb) (24) in multiple BA/YD sections, found 

within carbon spherules without an associated defined geochemical anomaly, is therefore 

not a robust diagnostic of an impact event. Cubic and n-diamonds have been reported to 

occur in the inner structures of similar carbon spherules, found in upper soils in Belgium 

and Germany (76). The n-diamonds allotrope requires high temperatures, low oxygen 

levels and a source of carbon. Such conditions can also be found in wildfires, in topsoils, 

once the oxygen required fueling the fire has been exhausted. This leads us to speculate 

that then-diamonds observed at multiple BA/YD sections were formed in situ after 

intense wildfires. The association of cubic diamonds and lonsdaleite remains enigmatic. 

Clearly more work is needed to the understanding of the presence of the nanodiamonds at 

12.9-ka sections, and it seems to us equally likely that there may be mechanisms for 

nanodiamond formation that are wholly terrestrial and do not require an impact. 

118 



Fig. 4.3. Locations of the terrestrial and marine BA/YD sections analyzed in this study 
(red stars). The shaded area represents the approximated geographical extent of the 
nanodiamond fluence based on the report of nanodiamonds findings ( 4, 18). 
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alleged carbonaceous chondritic impactor (1870s/ 1880s ~ 0.13; averaged Os concentration 
of 650 ng/g (19) and density of 3.0 g cm _3 (http ://meteorites.wustl.edu/id/density.htm), 
as a function of varying projectile diameters and varying fraction of Os vaporized (1 - 5-
50-100% of projectile Os inventory) and soluble in seawater. These averaged 
concentrations and density values are based on the type of suggested projectiles (2). The 
calculations assume a global distribution of the extraterrestrial PGE fallout subsequently 
mixed to deep-sea sediments. Dissolution of projectile-derived Os over only a restricted 
region of the ocean would amplify the magnitude of the Os isotope excursion. 
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Table 4.1. 1870s/1880s ratios, and PGE's concentrations from the sections studied here 
(Howard Bay, Blackwater Draw, Murray Springs, Lubbock Lake, Topper, Lommel) 
compared with the averaged crustal material, the KT boundary at Fonte D'Olio (Italy) 
and the Clearwater East impact 

Os, lr(UH), pt (UH), lrVUB, Ru VUB, RhVUB, pt VUB, PdVUB, Au VUB, 
Sample m Qs11&1Qs 2 SD pglg pglg pglg pg/g pglg pglg pglg pglg pg/g 

Howard Bay 1102 1 010 0.029 148 < 42 200 38 < 107 180 150 
Howard Bay 1102 REP 0.901 0.019 ND ND < 42 < 60 36 <' 107 lSO 190 
Blackwater Draw OT 1 343 0.004 435 41 1151 60 44 400 1300 1120 
Blackwater Draw OT REP 1347 0.002 99 16 1874 

Blackwater Draw DC 1 343 0.003 298 11 194 60 42 31 930 420 
Blackwater Draw DC REP 1.334 0.003 80 10 446 
Blackwater Draw BW BA 1 353 0.007 45 47 388 . 60 36 390 160 - 140 
Blackwater Draw BW BA REP 1.385 0.004 
Lubbock Lake ND ND < 42 . 60 <' 36 107 290 564 
Topper ND ND 46 239 < 36 173 196 264 
Lommel, Belg ium ND 20 47 < 42 • 60 36 120 170 280 
MS 16MSOB/f2bi+ 1 606 0.008 25 
MS16MS08 RE P/f2b2• 1.593 0.003 49 15 149 
MS26 MS07/f2-F1a• 1.611 0.014 111 17 472 72 60 36 570 880 1600 
MS5MS08/f1a1 • 1.378 0.009 100 49 435 
MS5M508 REP/fl a P 1.365 0.005 90 31 320 
MS7aMS08 REP/f2-D• 1.539 0.011 317 77 182 
MS6M508/f1 • 1.677 0.039 6 25 74 
MS6MS08 REP/fl• 1.648 0.017 6 19 58 
M54MSOB/f2a1a• 1.652 0.011 88 25 429 48 < 60 36 400 860 2100 
M54MS08 REP/f2a 1 a• 1.649 0.009 109 71 484 
Average continental crust' 1.260 31 22 210 60 510 520 2500 
KT Fonte D'olio, Ita ly (n - 3) 6.93E+03 7.30E + 03 1.74E- 03 5.66E - 03 6.24E + 03 1.66E+ 03 
Clearwater East impact melt' 2.BOE - 04 2.90E +04 4.70E + 04 1.40E + 04 1 53E +05 1.24E - 05 3.50E + 04 
Cl (Tagle and Berlin, 2008) 4.72E- 05 7.17E + 05 USE - 05 9.59E +05 5.63E + 05 1.39E +05 
LOO 13 18 11 32 40 42 
LOQ 42 60 36 107 133 140 

ND, not determined. 

*Murray Springs section (AZ). The symbols associated to each sample stand for the 

following: from Murray Springs, Profile Bl (North of Areal); From Murray 

Springs Profile B3 (3mWest of Profile Bl), from bottom to top: Fl (arkosic sand); Fla 

(grayish brown sandy clay); F2 (black mat); F2b (white marl). From Murray 

Springs Profile Bl , from bottom to top: Fl (arkosic sand); F2ala: black clay; Fial: sandy 

clay; F2b2: white marl from Murray Springs right bank at Curry Draw 

at North end Trench 22: F2/D, Lower YD Boundary/olive green sandy mudstone. 

tOs, Ir, Ru, Pt, and Pd values of the continental crust are from ref. 1; Rh and Au values 

are from ref. 2. 

tTo cover the entire suite of PG Es and Au in the Clearwater East impact melt, the values 

reported here are those of sample DWC-2-63-1045 analyzed by ref. 3 

This is the only PGE enriched impact melt sample of the Clearwater East impact structure 

that was measured for Pt. To obtain a workable value for the Os 

concentration, the Os/Ir ratio obtained by ref. 4 was multiplied with the corresponding Ir 

concentration. 
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Table 4.2. Comparison of Ir and Pt concentration from International Rock Standard 

Reference material (TDB-1) between UH, VUB, and WHOI 

TDB-1 UH (n= 6) 

TDB-1 VUB (n = 3) 

TDB-1 WHOI (n = 8) 

Ir, ng/g 
0.086 ± 0.012 
0.12 ± 0.004 
0.078± 0.05 

Pt, ng/g 
5.4 ± 0.3 

4.8 ± 1.0 
4.4 ± 0.2 

Table 4.3. 1870s/1 880s, Ir, and Pt concentrations from two samples batches, Lake Hind, 

Manitoba, Canada 

Sample 1110s11aaos 2 SD 05. pgig Ir, pgig Pl. pgig 

FSH 16118 cm• ND ND 38 1,268 

FSH 30f32 cm• 1.833 O.Q18 22 75 918 
FSH 30f32 cm REP· 1.933 0.011 104 49 381 
FSH 32134 cm• 2.072 0.021 16 48 921 
FHl 2312S cm' 1.940 0.007 90 69 S84 
FHl 27129 cm • 1.864 0.020 114 ND ND 
Fhl 29/31 cm• 1.977 0.008 96 117 474 
FHl 31-33 cm ' 2.016 0.004 77 25 623 
FH 1 33-35 cm• 2.039 0.003 77 33 447 
FHl 3S/37 cm • 1.998 O.OOS 72 32 457 
FHl 37/39 cm ' 1.763 0.003 73 43 435 

FSH 39/41 cm ' 1.738 0.004 73 28 455 

ND, not determined 
•Batch 1 
"Batch 2 

133 



Table 4.4. 1870s/1880s, Ir, and Pt concentrations from DSDP 480 (Gulf of California) and 

ODP I 002C (Cariaco Basin) 

480-2H-3W-79/8 
480-3H·1W-719 
480-3H·1W-23125 
480-3H-1W-54156 

480-3H-1W-78/80 
480-3H-1W-82/84 
480-3'i· 1W-89191 
480-3~-lW-89191 REP 
480-3"1-1W-981100 
480-3>i-1W-103/105 

480-3 -lW-107/109 

480-3'i·1W·1121114 
480-3H- 1W-123/125 
480-3H-1W-132/134 
480-3H-1W·l41 /143 

480-3H-2W·17/ 19 
480-3H-2W-37/39 
480-3H-2W-51153 

480-3H-2W-78/80 
480-3H·2W-98/IOO 
480-3H-2W-1311133 
480-3H·2W-139/14 1 

480-3H·3W-17/19 
480-3H-3W-33/36 
480-3H-3W-41/44 
1002C· 1H- 3W·40 0/42 0 
1002C· 1H-3W-46 0/48 O 
1002C· 1H-3W-59 ~1 . 0 

1002C· 1H-3W-70.0/72 0 

1002C·1H-3W-80 0/82.0 
1002C·1H·3W-89 0/91 .0 
1002C·1H-3W·99 0/100 0 
1002C·1H-3W-110 .0/112 0 
1002C-1H·3W·120 0/122.0 
1002C· 1 H-3W-130/132 
1002C· IH-3W-132 01134 0 

1002C-1H-4W-8 0/10 0 
1002C-1H-4W-15 0/17 0 
1002C-1H-4W-27 5129 5 
1002C-1H-4W-35 0/37 0 
1002C-1H-4W-55 0/57 0 
1002C-1H-4W-64 0/66 0 
1002C-1H-4W-75 0/77 0 

Depth, mbsf 

8 59 
9.57 
9 73 

10 .04 

10.28 
10 32 
10 39 

10 39 
10 48 

10 53 
10 57 

10 62 
10.73 
10 82 
10 91 
11 .17 
11.37 
11.51 

1178 
11 .98 
12 31 
12 39 

12 67 
12 83 
12 91 
34 
3 46 
3 59 
3 .7 

3.8 
3 89 
3 99 
4 1 

42 
4.3 
4.3 

4 58 
4 65 
4 775 
4 85 
5 05 
5 14 
5 25 

Age, a 

9 32 
10 55 
10 76 
11 15 

11 45 
11 50 
11 59 
11 59 
11 77 
11 86 
11 93 

12 02 
12.20 
12 .36 
12 .50 
12 .91 
13 03 
13 12 

13 .28 
13 41 
13 .61 
13 66 

13 83 
13 93 
13 97 
9 19 
9 34 
9 67 
9 .95 

10.20 
10 43 
1069 
10 .97 
11.22 
11 47 
11 47 

12.30 
12.50 
12 .80 
13 .01 
13 59 
13.78 
1406 

I 073 
1 077 
1 071 
1 082 

1 086 
1 090 
0 726 

1 044 
1 079 
1 078 

1 082 

1.081 
1 081 
1.082 
1 081 

1 082 
1.085 
1 084 

ND 
1 086 
1 090 
1 087 

1 090 
I 089 
1 092 

I 036 
1 034 
I 022 
1 035 

1 026 
1 005 
1 035 
1 032 
1 011 
1 020 
I 0<:5 
1 047 
I 034 
1 025 
1 044 

1 048 
1.039 
1 031 

.... he Qmpie in ruhc type 1s from ref 1 mbsf, meters. below sea floor, ND not determmoo 

2 50 

0 007 
0007 
00 4 
0007 

0 .007 
0016 
0028 
0014 
0003 
0.006 
0002 

0004 
0005 
0 .003 
0006 
0005 
0011 

0006 

0009 
0024 
0008 
0008 
0012 
0 .009 

0005 
0004 
0005 
0006 
0 003 
0004 
0009 
0009 
0006 
0004 

0010 
0 003 
0004 
0 005 
0006 
0004 
0003 

°'· pg/9 

148 
158 
166 
132 

129 
140 
138 
160 
128 

138 
153 

135 
138 
116 
133 
122 
130 
110 

D 
117 
106 
106 

123 
121 
110 
111 
185 
172 
167 

171 
150 
169 
128 
133 
127 
165 

105 
196 
97 

124 
100 
105 
121 

Ir, pg/g 

ND 
23 

ND 
38 

ND 
17 
74 

54 
15 
16 
16 

17 
14 
14 
13 
14 
10 
17 

19 
ND 
17 
67 

ND 
32 

ND 
26 
44 
49 
44 

39 
43 
32 
31 
51 
27 

ND 
49 
22 
30 
41 
33 
30 

Pt. pg/g 

ND 
565 
ND 
ND 
ND 

574 
ND 

686 
595 
639 

808 

717 
658 
574 
706 
644 
381 
517 

627 
ND 

625 
506 
ND 

618 
ND 

553 
939 

1151 
746 

868 
753 

1222 
588 
862 
727 

ND 
861 
705 
633 
963 
982 
832 

1. Oxburgh R, Pierson-Wickma A-C, Reisberg L, Hemming S (2007) Climate-correlated 

variations in seawater l 870s/l 880s over the past 200,000 yr: Evidence from the Cariaco 

Basin, Venezuela. Earth Planet Sci Lett 263:246- 258. 
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CHAPTER 5: Evaluation of the marine osmium isotopes as a paleo-weathering 

proxy during the Late Pleistocene glaciations 

5.1 Abstract 

We report high temporal resolution osmium isotopes (Os) records of bulk 

sediment and sediment leachates in DSDP Site 480 (Gulf of California) over the last 30 

ka; in ODP Site 849 (Eastern equatorial Pacific) from the last 200 ka and from ODP Site 

1002 (Cariaco Basin) across the 9-17 ka time interval. The objective of this study is to 

critically evaluate the claims of a 10% shift in the 1870s/1880s of seawater from glacia l to 

interglacial intervals (Burton et al., 20 IO; Ox burgh et al., 2007), suggested as an evidence 

of a silicate weathering feedback on time scales of 104-105 years and implying shorter Os 

residence time than river-based estimates. We use bulk and leachate data from organic

rich sediments and open ocean sites far from any riverine terrigenous inputs to isolate the 

temporal variations of the osmium seawater isotopic composition. To a first order, our 

results reveal that variations in the 1870s/ 1880s ratios do not correlate with global changes 

in temperature across glacials/interglacials cycles as previously claimed. Instead, these 

results indicate a few percent differences in the measured 1870s/ 1880s between each 

oceanic basin. We argue that these differences strongly suggest an ocean that is not well 

homogeneized with respect to Os. 

5.2 Introduction 

Assuming steady state time, and using the measured flux of dissolved riverine Os 

to the ocean, the marine residence of Os is (25-54 ka) (Levasseur et al., 1999) , 

substantially longer than the mixing time of the oceans (1500 yr). Reconstruction of the 

seawater 1870s/ 1880s in marine archives from one single site commonly assumes that 

fluxes of continental, mantle-derived and extraterrestrial (ET) Os are globally 

homogenized into the world ocean. On time scales of 104-105 years, the seawater 

1870s/1880 s is dominated by changes in continental chemical weathering rates because 
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unradiogenic mantle-derived , are considered constant. Similarly , accreted ET Os fluxes 

into the marine reservoir are also constant (MARCANTONIO et al., 1999; MUKHOPADHYA Y 

et al., 2001; WINCKLER, 2006) . Some studies claim that seawater 1870 s/1880 s correlates 

with glacial/interglacials cycles due to worldwide variations of continental Os fluxes 

and/or source of eroded material (Burton et al., 2010; Oxburgh et al., 2007). This finding 

would indicate that 1) globally the hydrological cycle , temperature , runoff and seawater 

1870s/1880s are positively correlated across glacials/interglacials time scales; 2) the marine 

Os residence time is much shorter (<I 2 ka) which is at odds with the estimates derived 

from riverine data (Levasseur et al., 1999), suggesting that the ocean may not be in steady 

state with respect to Os; 3) the silicate weathering acts as an active negative feedback 

during glacial terminations by decreasing atmospheric C02 concentrations at glacial 

maxima. Specifically, to account for the variations in the seawater 1870 s/1880 s, the 

mechanism of waxing and waning of glaciers on Precambrian shields is hypothesized to 

globally provide constant supply of freshly weathered material , further enhancing the 

consumption of atmospheric consumption of carbon dioxide (Blum and Erel, 1995; 

Peucker-Ehrenbrink and Blum, 1998). If the Os excursions are observed worldwide, mass 

balance calculations using present-day Os fluxes to the ocean show that a - 40% increase 

in riverine fluxes with a -30% shift to more radiogenic values or a 75% increase in 

radiogenic Os from river inputs (1 870 s/ 1880 s - 3.5) are likely to have been associated with 

transition from ful I glacial to interglacial conditions (BURTON et al., 2010). However, 

previous studies are located in semi-enclosed anoxic basins (Dalai et al., 2005 ; Ox burgh 

et al., 2007; Williams and Turekian , 2004) and restricted exchange of water masses and 

sea level variations may have lead to difficulties in interpreting the marine Os record. 

The main objective of thi s contribution is to critically evaluate claims of whole ocean 

1870s/1880s shifts across Quaternary Pleistocene glacial/interglacial cycles. In this 

purpose , here we present two new marine Os records from open ocean sites from the Gulf 

of California (DSDP 480) and from the East Pacific Rise (ODP Site 849). We also report 

Os data at a high temporal resolution across the most recent oxic-anox ic transition of the 

Cariaco Basin 17 ,000 years ago (Peterson et al., 1991 ). This site was previously studied 

(Ox burgh et al., 2007) but lacked adequate sampling resolution in the past 20 ,000 years. 
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Figure 5.1. Location of studied sites (red circles) and previous studied sites as discussed 
in the text (black circles). ODP 893 (Santa Barbara Basin) (Williams and Turekian, 
2004); Vl9-54-55 (Oxburgh, 1998); KT94-15 PC-5 (Dalai et al., 2005); ODP 758 
(Burton et al. , 20 I 0). 
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These newly studied sites show limited influence of detrital Os and cosmic Os , which 

could offset the measured 1870s/' 880s from the contemporaneous seawater 1870s/1880s. 

Our investigation fails to provide evidence supportive of globally diminished weathering 

flux, during glacials but supports the idea that the ocean is not well mixed with respect to 

Os. 

5.3 Sample material 

We studied bulk sediment (n = 94) and leachates sediment (n = 46) from DSDP 

core 480 located in the Gulf of California (30 ka interval) , bulk sediment from ODP Site 

849 (n=50) from the west flank of the East Pacific Rise (200 ka interval) and a high 

temporal resolution interval of the past 15 ka in ODP 1002 from the Cariaco Basin (n= 

34) (Fig. I). The interval from I 4 ka to 9 ka in Site 1002 and Site 480 was previously 

reported (Paquay et al., 2009) showing a clear offset in bulk sediment 1870s/ 1880 s 

between sites. 

Site 480 was originally selected because a preliminary study by (Peucker-Ehrenbrink and 

Ravizza, 2000b) reported three bulk sediment analyses showing low 1870s/1880s at the 

LGM whereas Holocene samples were (1 870s/1880s ~ 1.03) were similar to modern 

seawater 1870s/1880s data (Levasseur et al., 1998; Woodhouse et al., 1999). These few 

data were consistent with the interpretation that the seawater 1870 s/ 1880s shifted during 

glacial/interglacial cycles . 

DSDP Site 480 (27°54.lON, I I I 0 39.34W) was cored from a water depth of 655 m 

in the eastern Guaymas Basin. The site is situated within the North Pacific Intermediate 

Water mass (NPIW), characterized by an OMZ, resulting from high export production 

and poor intermediate-water ventilation (Barron et al., 2004). Consequently, sediments 

consist mostly of biogenic silica, terrigenous debris, organic-rich sediments (TOC~2-4%; 

(Barron et al., 2004), and show a sequence of alternation from a non

laminated/bioturbated glacial interval to non-laminated (Younger Dryas), and a return to 

continuously laminated intervals during the Bolling-Allerod and the Holocene), 

suggesting changes in primary productivity due to upwelling and wind-strength change 
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and potentially variations m dissolved oxygen content of intermediate waters, which 

occupy these water depths. These alternations seen in the Gulf are not fully understood. 

The Santa Barbara Basin shows similar alternations with climatic events and has been 

suggested to be linked to the pattern of oxygen isotope variations seen in Greenland ice 

cores by atmospheric teleconnection (Behl and Kennett , 1996) . Terrigenous inputs into 

the Gulf are derived from a series of Sierra Madre Rivers and the Colorado River and 

eolian desert dust inputs (Baumgartner et al., 1991 ). The sedimentation rate in that part of 

the Gulf is about 114 cm/ka in core section 1-2 (Holocene interval) and is lower in core 

section 3 (55-60 cm/ka) during the YD and the last glacial (BARRON et al., 2004). The 

climate in the Northern Pacific Basin is modulated on centennial to millennial timescales 

by shifts in the intertropical convergence zone (ITCZ) and on orbital time scales by shifts 

in the Polar Jet Stream (Asmerom et al., 2010). It is suggested that the ITCZ was shifted 

south of its winter location during the glacial interval making this time interval wetter in 

the Gulf of California region (Betancourt et al., 2001; Metcalfe et al., 2002). 

ODP Site 849 located within 20 km of the Equator (0° 11 'N, 110°3 l'W) was cored at a 

depth of 3851 m at 860 km west of the East Pacific Rise on 11-12 Ma oceanic crust. Site 

849 is presently bathed by Pacific Deep Water within the highly productive waters of the 

equatorial divergence . The dominant lithology is white to light gray diatom nannofossil 

ooze interbedded with slightly darker diatom-rich intervals. Carbonate percentage varies 

from 60 to 82%. Sedimentation rate averages 3-4 cm/ka. 

ODP Site 1002C was drilled in the Cariaco Basin (10°40N, 65°00W, water depth 

893 m). The basin is 1400 m deep, consisting of two subbasins, which are restricted from 

the open Caribbean by a series of 300 m deep sills. In the present-day, well-oxygenated 

water is limited to the upper 300 m (Peterson et al., 2000) , underlain by anoxic to euxinic 

conditions prevailing at the bottom of the basin. As a result, sediments are organic-rich 

for the past 15 ka. Glacial sediments are oxic and bioturbated. We sampled a gray layer, 

(6.5-7 .3 mbsf; ~ 14.73-16.51 ka) located in the middle of the Mystery interval (Denton et 

al., 2006), that is related to a warming event during the Mystery interval and is 

characterized by a depletion of 0.9 %0 in the 0180 in four taxa of planktonic foraminifera 

(LIN et al., I 997). The cause of this layer is attributed to an event of increased 

precipitation , with high freshwater and detrital inputs into the basin (Lin et al., 1997; 

139 



Peterson et al., 2000), possibly related to Heinrich event 1. The lithologic variability of 

the Cariaco record is linked to changing sea level and complicated by water mass 

exchange between the basins influencing the primary productivity. 

Lowstand sea level usually coincides with oxygenation of the entire water column in the 

Cariaco because because nutrient-rich water from the Caribbean does not enter the basin, 

limiting primary productivity. Sea level increase brings nutrient-rich waters stimulating 

the productivity and the stratification of the water column. The basin is strongly 

influenced by seasonal and orbital variations in the intertropical convergence zone, 

resulting in variable terrigenous inputs in the basin correlated with the climatic oscillation 

of the high latitude of the northern hemisphere (Haug et al., 2001; Peterson et al., 2000). 

The site was originally studied for Os isotopes by (Oxburgh et al., 2007). We increased 

the temporal resolution across the last oxic/anoxic transition at - 15 ka. 

5.4 Age model 

For DSDP 480, the age model of (Barron et al., 2004) was used for the last 15 ka. 

For the remaining section (30-15 ka) , no radiocarbon ages are available therefore we used 

a linear constant sedimentation rate based on an equation given in a depth-age plot of the 

last 15 ka samples. The last 15 ka age model is based on AMS dates from planktonic 

foraminifera (Keigwin and Jones, 1990) and a detailed correlation of the magnetic secular 

variation from ODP Site 1033 (Verosub et al., 2001) to the inclination record of Site 480. 

The Age model of Site 849 is based on benthic 0180 stratigraphy (Mix et al., 1995). 

The age model of Site 1002C was derived from (Peterson et al., 2000) which is based on 

AMS 14 C ages on planktonic foraminifera G. bulloides originally measured in core 

1002D. These obtained AMS dates from this hole were transferred to 1002C by 

correlating color and physical property (Peterson et al., 2000). This age model is different 

than the one used by (Oxburgh et al., 2007) where ages were assigned using a correlation 

of the planktonic oxygen isotope record (Peterson et al., 2000) to the global benthic 0180 

stack from (Lisiecki and Raymo, 2005). 
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5.5 Analytical method 

Osmium isotopes were measured on bulk sediment and on sediment leachates (see 

below for details) digestion followed by carius tubes cooking . The bulk method is 

routinely used at the University of Hawaii. Each sample was weighed (5-IOg) and spiked 

with a tracer solution enriched in 105Pd, 1900s , 191lr, and 198Pt before fusion for 

concentration determination by isotope dilution. Procedural blanks averages 0.45 ± 0.12 

pg/g for Os , and 2 ± 0.5 pg/g for Ir during the course of this study. Previous studies have 

considered that bulk sediment 1870s/ 1880 s on organic-rich sediments is the most likely 

candidate to to record the seawater 1870s/ 1880 s with minimal influence of detrital Os 

and/or negligible cosmic Os (Ravizza and Turekian, 1992). 

A subset of sediment powder from sites 480 and 1002C was partially digested in order to 

remove into solution the hydrogenous Os phase. About lg of sediment powder was 

heated at ~ 100°C overnight in a mixture solution of 4 N HN03 and 30% hydrogen 

peroxide in a 15 ml vial. After digestion , the remaining solution was separated from the 

undissolved mud and trasnfered into a carius tube, spiked with 1900s and 185Re spike. The 

carius tube treatment was adopted in order to fully oxidize the Os to the volative osmium 

tetraoxide species . This approach resulted in greatly improving sensitivity compared to 

our initial attempt to sparge leach solutions without carius tube treatment. Os was 

analyzed by directly sparging Os into an Element2 magnetic sector inductively coupled 

plasma-mass spectrometry (ICPMS) (Hassler et al., 2000) from the nitric acid/peroxide 

solutions. As this study progressed it became clear that discerning between analyses that 

differed by only a few percent in 1870s/ 1880s was imperative. The initial leach analyses 

were spiked with a 1900s solution with an unnaturally low 1870s/ 1880 s ratio, and as a result 

of over-spiking unmixing corrections to the measured 1870s/ 1880s ratios were very large, 

sometimes as much as 30%. In order to ensure that small errors in the spike Os 

composition did not give rise to systematic error in leachable 1870 s/ 1880s ratio a subset of 

leach analyses was performed unspiked . These analyses did reveal a small systematic 

bias of spiked samples toward higher 1870s/1880s . For this reason we consider unspiked 

leach analyses to give the most reliable indication of the true hydrogenous 1870s/1880s. 

Carius tube blanks range from 0.7 to 0 .2 pg Os, while total analyte in leach solution was 
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typical tens of pg Os. 

5.6 Results 

Os concentrations and isotopic composition are given in Table I (bulk sediment), 

Table 2 (leachates unspiked sediment), and Table 3 (leachates spiked with 1900s) for Site 

480; in table 4 for Site 849 (bulk sediment), and table S for Site 1002C (combined bulk 

sediment and leachates analyses). 

5.6.1 Bulk sediment 

Osmium concentrations range from 95 to 207 pg/g at Site 480; 40 to 106 pg/g at 

Site 849 and 72 to J 96 pg/g at Site 1002C. Os concentrations are typically higher in 

organic-rich sediments from Sites 480 and I 002C than in pelagic carbonates (Site 849) 

because Os is scavenged more efficiently in reducing conditions (Ravizza and Turekian, 

1992) and because of the smaller influence of carbonate dilution. At site 1002C, Os 

concentrations are correlated to total organic matter content, which is a proxy to primary 

productivity. At site 849, concentrations show a pattern of increasing values (73 to 182 

pg/ g) from 16 .SO ka to the onset of the Bolling/ Alie rod, then decreasing to the middle of 

the Younger Dryas (100 pg/g) (-12.40 ka) and increasing again until - 9.4 ka (185 pg/g). 

Ir concentrations range from 10 to 188 pg/g at Site 480, 10 to 46 pg/g at Site 849; and 

from 21 to S 1 pg/g at Site 1002C. Pt concentrations range from 338 to 1350 pg/g at Site 

480; 121 to 715 pg/g in Site 849 and 553 to 3588 pg/g in Site 1002. At site 480, most of 

the 1870s/ 1880s ratios fall in a range from 1.05 to 1.12, with occasionally some lower 

values. At Site 480, each of these low 1870s/1880s ratios is associated with high Ir 

concentrations and Os/Ir close to - I suggesting that these horizons contain increased 

unradiogenic terrigenous matter (Peucker-Ehrenbrink and Jahn, 2001; Ravizza, 1998; 

Ravizza and Pyle , J 997). It is possible that these terrigenous components are likely 

derived form the Sierra Madre rivers , which drains ultramafic lithologies. The Os/Ir ratio 

at site 480 is high (-10) and typical of organic-rich sediments, suggesting a strong 

enrichment of authigenic Os, scavenged more efficiently during the reducing conditions 

at the site of deposition . In Site 849, 1870s/1880s ratios range from 1.00 to 1.04, and from 
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0.76 to 1.04 in Site l002C (Table 1, 2). 

New 1870s/ 1880s from the three studied sites are close to the average seawater Os isotopic 

composition reported from the Eastern Pacific Ocean (1 .067 ± 0.011) (Woodhouse et al., 

1999) and the Indian Ocean ( 1.055 ± 0 .008) (Levasseur et al., 1998) but site 480 shows 

1870s/1880s values systematically higher (Fig. 5.2) than the modern Pacific Intermediate 

Water (PIW) (Woodhouse et al., 1999) whereas bulk 1870s/ 1880s from Site 849 (Fig. 5.3) 

are systematically lower than the modern PIW. The bulk 1870s/1880s from site 849 are in 

good agreement with the bulk data measured in other East Pacific Rise sites 

(V l 9054/55)(0xburgh, l 998)(see discussion 5 .3 and figure 9) over most of the 200 ka 

record . Os data from Site l002C show a feature which was not observed in a previous 

study (Oxburgh et al., 2007) with very low 1870s/ 1880s ratios (0.75) in the oxic portion of 

the studied sequence and a gradual recovery towards present-day Deep Atlantic seawater 

(J .05) (Chen et al., 2009) (Fig. 5 .4). 
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5.6.2 Leachates 

Os concentrations obtained from the spiked leachates are useful in a number of 

ways. A comparison of Os concentrations between the NiS fire assay and the leachates 

(spiked) reveal that between 30 and 75% of the bulk sediment was dissolved during the 

partial digestion. The phases dissolved are thought to be vulnerable to oxidation are 

organic matter and authigenic sulfides. Such a difference in Os concentrations suggests to 

us that the authigenic Os is not fully liberated during the digestion. However, the fact that 

the Os isotopes ratio measured are very similar in both bulk and leaches analyses, and 

very similar to modern seawater suggests to us that leachates analyze provide a reliable 

measure of the hydrogenous 1870s/1880s and a negligible dissolution of terrigenous Os is 

assumed. Unspiked leachates from Site 480 show very similar 1870s!' 880s and are within 
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error bars of bulk sediment 1870s/ 1880s except for a few samples (Fig. 5). Some unspiked 

leachates samples do not match well with bulk data revealing smoother 1870s/1880s ratio 

variations compared to the featureless bulk Os data . The feature in the Jeachates data 

shows higher 1870s/1880s ratios (1 .09-1 .JO) at the Mystery interval than during the glacial 

and during the Holocene intervals. This feature is not seen in any other record studied so 

far across the same time interval (Burton et al., 20 JO; Dalai and Ravizza, 2006; Dalai et 

al., 2005; Oxburgh, 1998; Oxburgh et al., 2007). The younger (core-top) 1870s/1880s ratios 

are within errors of the modern seawater 1870s/ 1880 s reported in the Eastern Pacific 

(Woodhouse et al., 1999). 

In the Cariaco Basin record, core-top bulk sediment 1870s/1880s show similar measured 

Holocene values (1.05) and present-day seawater as measured in deep Atlantic water 

(Chen et al., 2009). As explained in the method section, spiked leachates are only 

reported but not included in the interpretation of results. 
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.. terrigenous %) compared with Ti % from x-ray fluorescence (Haug et al., 2001 ) . 
Terrigenous % covaries with glacial/interglacial cycles, meaning that at low sea level, 
local rivers dominate the input of terrigenous matter to the Cariaco Basin. Ti is useful 
proxy because it is not sensitive to paleo-redox variations in the water column, which are 
numerous at this particular site. Age model of color reflectance, Os data, terrigenous % 
from the same age model (Peterson et al., 2000) . The age model for Ti % data is slightly 
different and derived from multiple 14C dates on planktic foraminifera (Haug et al., 2001). 
Following this age model, the oxic/anoxic transition is at 16.5 ka instead of 15ka from 
(Lyons et al. , 2003; Yarincik et al., 2000a). 

5.63 The marine Os record of the past 200,000 years 

A composite Os record from the last 200 ka clearly illustrates that not all available 

records display low 1870s/1880 s during glacial episodes (Fig. 5.6). Previous studies claim 

that the 10% increase in seawater 1870s/ 1880s from the LGM to present-day was caused by 

an increased flux of radiogenic Os to the oceans and or a change in the source of 

weathered material (Burton et al. , 2010; Oxburgh, 1998; Oxburgh et al., 2007). These 

studies assume that the 10% shift is a global feature. These interpretations are significant 

because they imply diminished flux of radiogenic Os to the ocean during glacial episodes, 

consistent with the rapid action of a climate-stabilizing negative feedback between 

average global temperature and weathering rates. Our data from the Gulf of California 

and the Equatorial Pacific, contradicts these claims failing to show a similar 10% shift. 

5.63.1 Gulf of California record 

Sediments from the Gulf of California are rich in organic matter, with very high 

Os/Ir ratios (~10) , meaning that the hydrogenous Os (seawater) should in principle 

dominate the bulk sediment Os budget and most likely record the seawater 1870s/1880s. 

The fraction of particulate extraterrestrial Os is negligible . For the modern, the global 

average of particulate Os burial fluxe is estimated at ~3 .5 pg/cm2/ka (Esser and Turekian, 

1988), a value which is insignificant compared to total Os burial fluxes calculated at Site 

480 as 2208 to 9525 pg/cm2/ka (using dry bulk density of adjacent core JPC 56) (Dean, 

2006). 
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A high percentage of lithogenic contribution may shift the bulk sediment and , perhaps, 

leachable 1870s/1880s to either radiogenic or unradiogenic depending on the source of 

lithogenic matter. This may mask the effects of changing seawater 1870s/ 1880s in sediment 
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records. We suspect that the terrigenous fraction does not influence the bulk significantly 

for the following reasons. At Site 480 , using percent Al data of the last 15 ka (Barron et 

al., 2004), normalized to Al concentration found in average crust material (3113 

µmol/g)(Taylor and McLennan, 1985); the fraction of terrigenous matter varies during 

the entire record from 15 to 85%. Knowing that the average concentrations of Os from 

the upper continental crust is 3 I pg/g (Peucker-Ehrenbrink and Jahn, 2001) and the 

average Os concentration across the studied interval is 140 pg/g yields a range of 

lithogenic Os from 3 to 18% for the entire record . Note that the fraction of lithogenic Os 

is here a rough estimate because trace elements data do not match perfectly the Os data in 

the depth domain (Fig. 5 .7 A). Trace elements data shows a secular trend from a 

maximum at - 15 ka then decreasing over the Younger Dryas and Holocene. This feature 

could be related to increasing aridity in the Mexico area (Metcalfe et al., 2000) or result 

from dilution by increasing biogenic silica concentration (Barron et al., 2004). The Al/Ti 

ratio , a proxy for the source of the terrigenous material delivered to the site of deposition, 

show a decreasing trend from -22-23 to J 9-20 in core top sediment. The Al/Ti ratio from 

mafic rocks is low (Al/Ti - 10). Therefore the Al/Ti decrease record may be related to an 

increased contribution of more mafic components . These components could be derived 

from the weathering of ultramafic lithologies drained by Sierra Madre Mountain Rivers . 

In either case, we reason that bulk 1870s/ 1880s is not influenced by the decreasing 

abundance of terrigenous and A/Ti ratios otherwise we would expect a co variation, 

which is here not observed (Fig. 5.7A). Nonetheless, small differences are observed 

between sediment leachates 1870s/ 1880s and bulk sediment 1870s/1880s, which could be 

attributed to the infuence of terrigenous matter. 
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Fig. 5.6: A: Comparison of Os isotopes records from this study and published Late 
Pleistocene sections. Acronyms for each sections indicate the following: 098_1/2: sites 
V19 54/55, respectively, East Pacific Rise, bulk method (Oxburgh, 1998); 005: Site KT 
94-15 PCS; Sea of Japan, bulk method (Dalai et al., 2005); DR06: ODP 806 western 
equatorial Pacific, bulk method (Dalai and Ravizza, 2006); 007: Cariaco Basin 
(Oxburgh et al., 2007); B 10: ODP 758, Sea of Bengal , mixed foraminifera (Burton et al., 
2010); This study: DSDP 480; Gulf of California, bulk method; ODP 849, Easter Pacific 
Rise, bulk method. Missing on this plot include Os data from (Williams and Turekian, 
2004); Bulk and Fe-Mn leachates from (Burton et al., 2010). Present-day seawater 
1870 s/1880 s from the core of the PIW averaged from samples at 459-462 m water depth 
(Woodhouse et al., 1999) . 8: blow-up of the Os isotopes record of the last 40 ka. The age 
model for each site is referred to the related contribution. 

Leachate 1870s/1880s from the Gulf of California show the highest ratios so far 

measured for the last 200 ka. A transient 1870s/1880s increase is observed during the 

deglacial interval (Fig . 5.2) . The younger sediment (-1.5 ka) compares well with the 

seawater 1870s/1880 s taken from the present-day Eastern Pacific OMZ 1870s/1880 s of 1.06 

± 0 .038 (Woodhouse et al., 1999) . We argue that a long-term decrease in the percentage 

of terrigenous material (Fig. 5.7 A) is unlikely to explain the - 0.04 increase in the 

leachates 1870s/1880s at the LGM unless a radiogenic lithogenic component is dissolved 

during the leach procedure. 

At Site 480 , several processes may be intertwining together to explain the sudden 

- 0.04 1870s/1880s units increase at the end of the LGM. The first possibility is that the 

proportion of more radiogenic detrital grains increases rapidly at that time and that gentle 

leachates dissolves a small but sufficient portion of these grains resulting in an increase in 

the is1os11 ssos . 

In an adjacent core (Site MD02-25 l 5) (Cheshire et al., 2005) , using XRF Titanium as 

terrigneous proxy and magnetic susceptibility as a qualitative strength of the OMZ, data 

reveal an abrupt and long term decrease in both proxies at - 15 mbsf, dated at the LGM 

based on oxygen isotopes stratigraphy. This decrease could be interpreted to an increase 

in aridity on the mainland Mexico (Metcalfe et al., 2000). The average Os isotopic 

composition of riverine input is unknown but may be qualitatively inferred. Indeed , 

(Keigwin and Jones, 1990) convincingly show that the water mass bathing Site 480 is not 

under the influence of the Colorado River inputs during the last 30 ka , suggesting that at 
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the site of deposition of Site 480, all terrigenous material is derived from rivers draining 

the Sierra Madre Occidental Mountain range. According to (Baba et al., 1991), the 

mineralogy of the sediments draining the Colorado River reflect felsic sedimentary, 

plutonic and metamorphic sources, meaning very radiogenic sources, especially that since 

the River drains Precambrian Schists in the Grand Canyon. In contrast, the rivers draining 

the Sierra Madre in the central Gulf reflect relatively young mafic volcanic sources 

(Barron et al., 2004), indicative of very unradiogenic inputs or more radiogenic 

depending if the Re/Os ratios in these rocks is high or not. Rivers draining the Baja 

California peninsula are of low discharge and not a major important source of terrigenous 

material (Barron et al., 2004). Understanding these Os sources to the site of deposition 

may explain why the leachate 1870s/1880s ratios are is slightly more radiogenic than the 

bulk sediment 1870s/ 1880s, due to a minor influence of terrigenous material derived from 

unradiogenic Sierra Madre Rivers. In summary, a long-term decrease in the percentage of 

unradiogenic terrigenous material cannot explain the ~ 0.04 increase in the leachates 

1870s/1880s at the end of the LGM. 

Second, considering now that our leachate 1870s/1880s ratios represent the closest 

1870s/1880s to contemporaneous seawater, a very localized and transient pulse in riverine 

fluxes or a shift in the source of eroded material could be called upon to explain the 0.04 

units 1870s/1880s increase. We do not retain this possibility because it would imply that 

the residence time of Os is very short. 

A third possibility is a freshening of some part of the Gulf as a result of 

precipitation and sudden deglacial freshwater inputs from the Rocky Mountains drained 

by the Colorado River. Following a similar approach as in (McArthur et al., 2008), figure 

8 shows modeled 1870s/1880s as a function of percent freshwater in the mixture and 

salinity. 1870s/ 1880s of seawater and river end-members were chosen as 1.06 and ranging 

from 1.4 to 2.0, respectively. This suite was chosen because the Colorado River end

member is not yet known. A value of 1870s/ 1880s of 1.10 was taken for the top of the 

positive excursion. Os concentration in seawater and world average rivers were chosen as 

48 fM/L and 53 fM/L, respectively (Levasseur et al., 1999). This exercise shows that the 
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excursion to I. I 0 may be explained if the salinity of the Gulf decreased by I .5 psu if the 

Colorado has a value of 1870s/ 1880s of 2.0. Nonetheless , this is a tentative explanation 

because none of the Os isotopic composition of the rivers discharging into the Gulf is 

known. Moreover, (Keigwin and Jones, 1990) argues that benthic oxygen isotopes lack 

evidence of a change in salinity at the paleodepth of Site 480 at glacial maxima (535 m) 

at the time of the - 0 .04 increase in the leachate 1870s/ 1880s. 

Finally, a speculative alternative is to invoke a switch in the contribution of water masses 

during a certain time of the deglaciation and a return to modern PIW contribution at 

around - 10 ka. Our reported 1870s/ 1880s from widely spaced sites supports the notion that 

the ocean is not well homogenized. As a consequence, this could result in isotopically 

different water masses. This would attribute to the marine Os isotope variations a 

geochemical behavior similar to Nd isotopes that capture their Os isotopic composition 

from the local chemical weathering of continents of variable age and lithologies. 

Studying this possibility in the modem ocean could however be hampered by 

contamination of anthropogenic Os into the world ocean surface layers (Chen et al., 

2009). However, because Site 480 is situated in a continental margin, it may be not be 

representative of Pacific Ocean Os isotopic signature . 

5.63.2 The Cariaco Basin record 

In site 1002C, sediments are also organic-rich and therefore mostly consist of a 

mixture of hydrogenous and lithogenic Os. Indeed , the fraction of particulate ET matter is 

3.5 pg/cm2/ka, significantly smaller than the measured burial flux ranging from I858 to 

5000 pg/cm2/ka as calculated by the product of sedimentation rate, dry bulk density and 

total Os concentrations. 

In Site 1002C, terrigenous percentage vanes from 42 to 99% (Fig. 5.4). A similar 

assumption to that made when interpreting Site 480 is here made that these organic-rich 

sediments are dominated by seawater Os, and the detrital matter is unimportant. 

However, the feature at - 17 ka showing low 1870s/ 1880s and a recovery match more or 

less the highest percentage of terrigenous matter (99%) and low Al/Ti ratio (Y arincik et 
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al., 2000b). This informs us that across this interval the bulk Os method may not 

represent the seawater Os isotopic composition but more likely the averaged end-member 

of the terrigenous matter supplied by rivers to the Cariaco Basin. However, two spiked 

leachates 1870s/1880s of these same samples show 1870s/1880s ratios of 0.83. Although 

these samples were over-spiked, it appears that the low 1870s/1880s ratio in this interval is 

confirmed by leachates. This means that either the Os isotopic composition of dissolved 

Os is low or that a fraction of lithogenic fraction is released during the leaching 

procedure. 

Variations in the bulk sediment 1870s/1880s of the Cariaco Basin (Fig. 5.4) show a 

different profile than Site 480 (Fig. 5 .2). Downcore variations in bulk sediment and 
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Fig. 5.7: A: DSDP Site 480: 1870s/ 1880s from bulk (red circles) and leachates (black 
circles) compared with estimates of lithogenic Os contributions to the bulk sediment Os. 
Contribution from particulate ET matter is negligible (see text) . B: ODP Site 849: 
measured 1870s/ 1880 and fraction of non hydrogenous Os ; fraction of detrital Os (0.66-
2.06% of total bulk sediment Os)(triangles) estimated from: [Fraction of lithogenic x 
[Os] upper continental crust (31 pg/g; (Peucker-Ehrenbrink and Jahn, 2001)]/0s total 
concentration; Fraction lithogenic was estimated from measured 230Th/232Th upper 
continental crust (10.7 µg/g)(Winckler et al., 2008b); fraction of particulate ET Os (filled 
circles) calculated from: Fraction ET Os = [Os BF ET/Mass accumulation Rate estimated 
from 230Th (Winckler et al., 2008b)]/ Os total concentration1• 1, where Os BF ET is the 
particulate ET Os burial flux= 3.5 pg/cm2/ka) ((Esser and Turekian , 1988). 
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1870s/' 880s reported in (Oxburgh et al., 2007) were interpreted in terms of global changes 

in chemical weathering fluxes correlated with terrestrial temperature changes. Despite 

restricted water mass exchange during the last glacial interval, these workers argue that 

Site 1002C represents an open ocean setting, with negligible influence from the local 

geology and hydrological setting. Their argument is based on: I) the good agreement 

between core-top 1870s/1880s ratios (1.0458) (Oxburgh et al., 2007) with modern Deep 

Atlantic averaged seawater 1870s/ 1880s ratios (1.051 ± 0.006) (Chen et al. , 2009) at a time 

when the restriction between the basin and the open ocean is minima. They also argue 

that the good agreement between gentle leaches and bulk sediment 1870s/1880s supports 

the notion that the hydrogenous Os dominates the bulk sediment 1870s/1880s. 

We tested this interpretation by increasing the temporal resolution across the recent 

oxic/anoxic transition (-14.7ka) . We argue that the Cariaco Os record is more 

representative of local conditions than being a global record of temporal variations in the 

seawater 1870s/ 1880s reported. 

Figure 4 shows a feature at 16-15 ka in the variations of bulk sediment 1870s/1880s ratios 

of our study (red dots) that originally was not observed in (Oxburgh et al. , 2007) (orange 

dots). If we only consider the data from the past 30,000 years to the present-day reported 

in the OXBURGH et al. (2007) record, the increase in bulk sediment 1870s/1880s from 0.98 

at the last glacial maximum to 1.04 in the core-top samples was argued as evidence of an 

influence of climate on the seawater Os isotopic composition (Oxburgh et al., 2007). Our 

data show a very low bulk 1870s/1880s ratio (0.75) and leachate ratios (0.83) at age 16.52 

ka, associated with a close sample (7 .57 mbsf; 17 .70 ka) with high terrigenous content 

and low Al/Ti ratio (Yarincik et al., 2000b). This low 1870s/1880s probably does not 

record seawater 1870s/1880s due to high terrigenous content (-99% ), and lowered Al/Ti 

possibly indicating a change in the source geochemistry towards more mafic 

compositions. The variations in the 1870s/1880s ratio are followed by bulk sediment 
1870s/1880s ratios (0.89-0.93) during the grey layer interval (6.5-7.3 mbsf; 16.5-14.71 ka) . 

The bulk sediment 1870s/1880s during the grey layer are lower (0 .89-0 .93) than previously 

younger and older 1870s/1880s reported in (Oxburgh et al. , 2007). 

At the end of the grey layer (-14.71 ka), 1870s/1880s ratios remain the same and only 

increase to a ratio of 0.99 in only a 6 cm-interval whereas terrigenous percentage 
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decreases. It is likely that as stated in (Oxburgh et al. , 2007), the influence of terrigenous 

material on bulk 1870s/1880s is small during the Holocene but it might not be the case 

during the gray layer interval. This layer consists of fine-grained, foraminifera-poor and 

clay-rich sediments, deposited between the oxic glacial and the onset of the anoxic 

Bolling/Allerod interval (14.7 ka) (Lyons et al., 2003; Peterson et al., 2000). According 

to the age model (Peterson et al., 2000), the layer's deposition extends from - 16.5 to 

-14.71 ka. The grey layer is associated with a shift to northern position of the ITCZ, as 

seen from reflectance data (Peterson et al., 2000) , implying an episode of increased 

precipitation which indirectly translates into more input of terrigenous matter. In the 

layer, organic concentrations are lower than in the anoxic portion of the record and 

decline from 1.4% to a low 0.13 % TOC (Lyons et al., 2003), meaning that the 

hydrogenous Os fraction is lower than in organic-rich portion. The low-resolution 

terrigenous matter content shows a decreasing trend from a peak (99%) at 17 .70 ka 

C·· 7 .57 mbsf) (Y arincik et al., 2000b) down to 60% at the end of the gray layer and during 

the anoxic portion of the record. The lowest bulk sediment 1870s/ 1880s measured in the 

grey layer are 0 .89, corresponding to still significant terrigenous content (90%). As the 

terrigenous content decreases to 68%, bulk sediment 1870s/ 1880s increases to 0.93 during 

the grey layer interval. This co variation of bulk sediment 1870s/ 1880s and terrigenous 

matter could be directly related. This is better illustrated if we consider that the high 

resolution of reflectance percentage is an indirect proxy for the percentage of terrigenous 

matter. In this record a significant increase in the reflectance percentage is observed at 

the grey layer. This could suggest that the bulk sediment 1870s/ 1880s are shifted to more 

unradiogenic values than the contemporaneous seawater because of an imprint of 

unradiogenic terrigenous Os. It is difficult to exactly know to which extent the detrital Os 

fraction may shift the seawater 1870s/1880s. In the anoxic portion of the last 15 ka, the 

terrigenous portion averages 50% but the hydrogenous Os fraction dominates over the 

detrital Os fraction, suggesting that during at least the last 15 ka, bulk sediment more 

likely record the seawater 1870s/1880s. In the 15-20 ka interval, and in the remaining oxic 

portion of the Cariaco record, reflectance percent are usually lower than during 

interglacial and terrigenous percentage higher. We observe that in the oxic portion, when 

the terrigenous matter is in the 70-90% range, bulk sediment 1870s/ 880s becomes more 
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unradiogenic. This suggests to us that the oxic portion of the Cariaco basin record does 

not record open ocean conditions because of an imprint of terrigenous matter in the bulk 

sediment data. 

The results of our Cariaco study show that the variations m 1870s/1880s are 

significant and different than previously reported. In particular , we point to the rise of 
1870s/1880s of 0.06 units in a - 90 year interval. Two closely spaced samples , one in the 

gray layer (6.36 mbsf) and one in the organic-rich portion of the Bolling-Allerod (6.43 

mbsf) showing similar bulk sediment 1870s/1880s ratios in a 90-year interval. Such a short 

time is difficult to reconcile as a record of whole ocean shift in the seawater 1870s/ 1880s. 

We favor an alternative interpretation of the Os record that is directly influenced by sea 

level variations. During glacial times , the sea level was 120 m lower and only a 20 m 

water layer of the Caribbean Sea was infringing on the Basin. If we assume that similar to 

open ocean records that do not record any change with glacial/interglacial cycles (Site 

480, Site 806 and Site 849), and if we infer that the seawater 1870s/1880s of the Caribbean 

sea was close to present-day deep Atlantic seawater (1.04-1.05) (Chen et al., 2009), it 

means that Os isotopic composition of the Cariaco basin was less radiogenic than the 

surrounding open ocean, implying a significant contribution of an unradiogenic riverine 

inputs. The 1870s/1880s of the gray layer is lower than the 1870s/ 1880s reported in the 

glacial interval by (Oxburgh et al. , 2007) which was deposited during a time of high 

water mass restriction. 

We propose that the rise in 1870s/1880s by 0.06 units in -90 years from 14.61 to 

14.52 ka is due to an increase in sea level rise, with incoming open ocean waters with a 

higher 1870s/1880s than the basin, dominating the Os budget of the Cariaco Basin. 

This scenario is consistent with a sudden increase in authigenic Mo concentration at the 

beginning of the Allerod (Dean et al., 1999; Lyons et al., 2003) , which is evidence of 

initiation of sulfidic anoxia in bottom waters, possibly linked to the sudden 20 m sea level 

rise at the meltwater Pulse la (Carlson, 2009) dated at roughly 14.60 ka. 

In closing the Cariaco record, high-resolution bulk 1870s/1880s analyses across the 9 -17 

ka interval suggest that terrigenous inputs delivered to Site 1002C are characterized by 

relatively unradiogenic Os. Consequently low 1870s/1880s during glacial episodes at this 
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site need not reflect an open ocean signature. Instead the variations in the 1870s/ 880s can 

plausibly be complicated by poor ventilation during low sea level. At this time , we cannot 

confidently discern between the influence of dissolved and particulate riverine inputs. 
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Fig. 5.8: Modeled 1870s/1880s as a function of freshwater input in the Gulf of California. 
Data inputs are discussed in the text. 
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5.633 Equatorial Pacific Site 849 record 

Site 849 shows bulk sediment 1870s/1880s that agrees relatively well with the data 

reported in (Ox burgh , 1998) from the Southern Pacific sites (Fig. 5 .9) but lacks a 10% 

shift in the 1870s/ 1880 s at glacial maxima reported from this previous study. 

We here evaluate the importance of non-hydrogenous Os phases on the bulk sediment 
1870 s/1880 s. Site 849 received terrigenous matter as eolian material originating from 

central and South America (Mix et al. , 1995) and varies from 0 .44 to 3 .10% of the total 

sediment (Fig. 5.7B). In order to estimate the lithogenic fraction , a subset of samples of 

our study was matched closely with samples reporting 232Th , a proxy for lithogenic 

material in isolated sites (Winckler et al., 2008b) . The lithogenic fraction is estimated at 

2.80 ± 0 .87%. Assuming that this fraction is entirely made of an averaged concentration 

of crustal Os (31 pg/g; (Peucker-Ehrenbrink and Jahn, 2001 ), the lithogenic Os 

contribution to the total Os inventory is calculated as: (Fraction lithogenic from 232Th* 

[Os] upper continental crust)/ [Os] sample and yields a range from 0 .66 to 1.52% 

throughout the studied interval , value which is negligible , and argue convincingly for an 

influence of detrital Os on seawater 1870s/1880s . 

The fraction of particulate ET Os was calculated as follows: (extraterrestrial particulate 

burial flux /sediment mass accumulation rate estimated from 232Th 

measurements)/measured Os concentration in the sample. The 232Th measurements are 

from (Winckler et al. , 2008a). The fraction of cosmic Os range from 3.3 to 10.3% of the 

total sediment budget. If this fraction is corrected from the total Os inventory, the 

seawater 1870s/ 1880s (Fig. 5.7B) will shift to substantially more radiogenic values. This is 

a critical calculation and multiple scenarios are possible. First, if we choose to correct the 

measured 1870s/1880s using a cosmic Os flux of 3.5 pg/cm2/ka , as assumed to be in the 

modem and globally distributed , then the corrected 1870s/ 1880s is shifted towards similar 

values as Site 480 (Fig. 5 .7B , hypothesis A) . Second, if we use the cosmic Os flux 

reported for early Pleistocene values (1.2 pg/cm2/ka; hypothesis B; (Dalai and Ravizza , 

2010), the corrected 1870 s/ 1880 s is close to modern seawater values. Third , measured 
1870s/1880 s are in the same range as the measured bulk sediment 1870s/1880s from a 

sediment core of the South Pacific (17°02'S, 113°54'W)(Oxburgh , 1998). This original 
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study was the first to argue for a correlation between manne Os isotopes and 

glacial/interglacials cycles. In this previous study, the total Os burial fluxes averages 230 

and 150 pg/cm2/ka in site Vl9/54 ,55, respectively. In comparison, in our study , this flux 

ranges from 31 to 90 pg/cm2/ka . Sites with lower total Os burial fluxes are more subject 

to the influence of the particulate ET Os fl ux. In Site 849 , the lowest total Os burial flux 

(31 pg/cm2/ka) could contain roughly 10% cosmic Os, and shift the bulk sediment 

1870s/' 880s to more radiogenic values. The agreement in bulk sediment 1870s/1880s 

between both studies lead us to suggest that the fraction of ET Os is too poorly 

understood to make a correction in the measured 1870s/1880s. An interesting observation 

of the Site 849 Os isotope record is the 0.05 offset of the entire 200 ka with present-day 

seawater 1870s/1880 suggestive that the ocean is not well homogeinized with Os. 

5.6.3.4 Comparison with previous studies 

New records from the Gulf of California and the Equatorial Pacific contradict 

previous claims that there is a global decrease in seawater Os isotope records during 

recent glacial episodes , failing to show any indication of a shift to lower 1870s/ 1880s. The 

most interesting aspect of this study is that we show that the seawater Os isotopic 

composition did not shift to lower values at the glacial maximum. 

In Site 849, there is strong evidence that >90% of the Os in nearly all samples from this 

site is derived from seawater. Similar arguments can be applied to possible biases in the 

Site 480 leachable Os record . Local sources of Os, either lithogenic Os vulnerable to 

dissolution during leaching or dissolved Os carried by the local rivers, should impart at 

most a small bias to these records. Using either Ir as a proxy indicator of lithogenic Os , or 

the bulk sediment Al record of (Barron et al., 2004) suggests> 80% of the Os in Site 480 

sediments is hydrogenous. Consequently it is highly unlikely that a global 10% shift to 

lower seawater 1870s/' 880s would be completely obscured by artifacts associated with 

either lithogenic Os at Site 480 or ET Os at Site 849. Therefore we conclude that there 

was not a global decrease in seawater 1870s/1880s during the last glacial maximum. 
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It is important to consider a local 1870s/1880s of seawater record from cleaned 

planktonic foraminifera instead of inferring a global change. Burton et al. (2010) reports 
1870s/1880s measured on planktonic foraminifera from the Bay of Bengal, which shows a 

low 1870s/1880s at the LGM and increasing values towards present-day. It is equally 

possible that this record may only record local changes in the 1870s/1880s of surface 

waters, or that the isotopic composition of surface water may be more sensitive to 

freshwater input from rivers discharging into the Bay of Bengal than generally believed. 

Also the source of the weathered material may have shifted from glacial to interglacial 

period . In a studied site 11° south of Site 758, (Marcantonio et al., 1999) hypothesized 

that the source of terrigenous material shifted from an unradiogenic Indonesian 

(ultramafic rocks) source during glacials to a more dominant radiogenic material 

transported from the HimalayasStoll et al. (2010) argues for changes in the river source to 

account for the variations in the Nd isotopic composition across glacial/interglacial 

cycles. The increase in 1870s/ 1880s reported by Burton et al. (2010) equally be related to a 

local change in the source weathered from glacial to interglacial instead of a global 

weathering response to climate change. A change in the composition of the dust input in 

surface waters related to the ITCZ migration has also been suggested in Burton et al. 

(2010) and in Stoll et al. (2010). These authors also present evidence that 

glacial/interglacial variations in seawater 1870s/ 1880 s are masked in the bulk sediment 

analyses of Site 758 due to the imprints of non-hydrogenous Os phases, either detrital Os 

or extraterrestrial Os phases. While this is true at Site 758 , strongly influenced by the 

detrital inputs , we have argued above that these biases are likely to be quite small at Site 

849. 

As for the remaining Os records, they derive from marginal basins subject to 

significant local inputs, which complicates greatly the interpretation of temporal variation 

in the 1870s/1880s. The Sea of Japan (Dalai et al., 2005), and the Santa barbara basin 

records (Williams and Turekian, 2004) shows unradiogenic 1870s/1880s inputs during the 

LGM (0.97-0.99). Similarly to the Cariaco Basin record, this could be due to a 

dominance of frehwater input from local rivers rather than seawater in the basin during 

seaw level lowstand. We argue that these factors greatly complicate previous 

interpretation using global climate as the primary forcing of 1870s/ 1880s variations. Most 
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interestingly , core-top leachates from the Santa Barbara Basin show 1870s/1880s are in 

agreement with bulk sediment 1870s/1880s from Site 849andV19/54,55 (Oxburgh, 1998), 

which would support the idea that the Pacific is slightly more unradiogenic than the 

Atlantic Ocean. 

Finally , the East Pacific Rise site studied in (Ox burgh, J 998) shows that the 

1870s/1880s minimum is not synchronous at the LGM. As minimum 1870s/1880s have ages 

of 12.5-30 ka and 153.8-162.5 ka. Despite age control differences with the penultimate 

glacial termination, each of these low 1870s/1880s could alternatively be explained by 

diminished sediment accumulation rates during glacial episodes . Moreover, the age 

model assigned to each sites is not of high quality. Our reported 1870 s/ 1880s ratios from 

Site 849 shows a high temporal resolution dataset lacking the low 1870s/1880s at each 

glacial termination but the range of values are very similar as reported by (Oxburgh, 

1998) (Fig. 5.9) . 

5.7 Conclusion 

We have measured bulk sediment and leachates 1870s/1880s in three sites across 

the most recent glacial/interglacial transition. To a first order, our results do not record 

any systematic shift in the 1870s/1880s from the last glacial maximum to present day. This 

finding is significant because the minimum is seawater 1870s/1880s during glacial episodes 

has been interpreted previously as evidence of a silicate weathering feedback at the time 

scales of 104-105 years. Instead we favor a non-homogeneous ocean with respect to 

1870s/1880s. A local effect such as the age and lithology of the weathered continent , sea 

level change and varying water mass contribution can affect the variations of seawater 
1870s/1880s with time. We have shown in the Cariaco Basin that such settings are too 

complicated to be confidant that organic-rich sediments record temporal variations of the 

open ocean seawater 1870s/1880s. 

Organic-rich sediment from the Gulf of California show that bulk sediment 

1870s/1880s is slightly offset from gentle leachates, demonstrating that even if the 

hydrogenous Os dominates at~ 80% these bulk sediments, the terrigenous material may 
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imprint a non negligible influence that may mask some important features. We speculate 

that the feature to abrupt increasing 1870s/1880s could reflect a more important 

contribution of a different water mass. 
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Table 5.1. Bulk sediment 1870 s/ 1880 s from DSDP Site 480 (Gulf of California). 

Age Os Pt 
Sample Mbsf (ka) 1s10511as05 2SD (pg/g ) Ir (pg/g) (pg/g) 

480-1 H-1W-16/18 0.16 1.49 1.0700 0.0110 131 15 516 

480-1 H-1W-51/53 0.51 1.83 1.0618 0.0085 145 17 478 

480-1 H-1W-81/83 0.81 2.12 1.0743 0.0061 130 

480-1 H-2W-52/54 2.02 3.24 1.0702 0.0049 149 20 585 

480-1 H-2W-82/84 2.32 3.50 1.0674 0.0097 177 34 742 

480-1H-2W-108/110 2.58 3.73 1.0627 0.0215 137 15 426 

480-1 H-2W-128/130 2.78 3.91 1.0548 0.0092 130 

480-1 H-3W-2/4 3.02 4.11 1.0558 0.0106 125 15 528 

480-1 H-3W-32/34 3.32 4.38 1.0762 0.0031 176 38 872 

480-1 H-3W-52/54 3.52 4.55 1.0749 0.0054 122 52 996 

From 3.67 4.68 1.0642 0.0104 139 18 542 

480-2H-1W-7/9 4.87 5.73 1.0681 0.0061 140 163 634 

480-2H-1W-13/15 4.93 5.78 1.0666 0.0114 207 145 752 

480-2H-1W-18/20 4.98 5.82 1.0778 0.0023 184 44 1350 

480-2H-1W-37/39 5.17 5.99 1.0736 0.0067 189 26 813 

480-2H-1W-42/44 5.22 6.03 1.0761 0.0048 156 

480-2H-1 W-62/64 5.42 6.21 1.0562 0.0148 148 20 746 

480-2H-1W-74/76 5.54 6.31 1.0025 0.0073 132 

480-2H-1W-108/110 5.88 6.61 1.0581 0.0065 96 43 605 

480-2H-1 W-131 /133 6.11 6.81 1.0694 0.0040 135 

480-2H-2W-8/10 6.38 7.05 1.0534 0.0094 166 24 689 

480-2H-2W-37 /39 6.67 7.31 1.0620 0.0045 158 65 430 

480-2H-2W-48/50 6.78 7.41 1.1226 0.0085 144 22 627 

480-2H-2W-58/60 6.88 7.49 1.0713 0.0116 147 22 632 

480-2H-2W-68/70 6.98 7.58 1.0919 0.0100 176 34 742 

480-2H-2W-80/82 7.1 7.69 1.0761 0.0048 140 

480-2H-2W-117 /119 7.47 8.00 1.0901 0.0154 171 32 338 
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480-2H-2W-131/133 7.61 8.12 1.0820 0.0136 152 19 609 

480-2H-2W-137/139 7.67 8.17 1.0804 0.0110 152 

480-2H-3W-17 /19 7.97 8.54 1.0792 0.0059 140 138 658 

480-2H-3W-58/60 8.38 9.06 1.0619 0.0084 165 23 727 

480-2H-3W-68/70 8.48 9.18 1.0780 0.0025 149 33 704 

480-2H-3W-79/81 8.59 9.32 1.0731 0.0076 148 

480-3H-1W-7/9 9.57 10.55 1.0774 0.0079 158 23 565 

480-3H-1 W-23/25 9.73 10.76 1.0713 0.0151 166 

480-3H-1W-54/56 10.04 11 .15 1.0823 0.0079 132 38 

480-3H-1 W-78/80 10.28 11.45 1.0862 0.0076 129 551 

480-3H-1 W-82/84 10.32 11.50 1.0890 0.0181 140 17 574 

480-3 H-1 W-89/91 
Rep 10.39 11 .59 1.0445 0.0145 160 54 686 

480-3H-1 W-89/91 10.39 11 .59 0.7262 0.0201 138 75 

480-3H-1W-98/100 10.48 11 .77 1.0794 0.0029 128 15 595 

480-3H-1W-103/105 10.53 11 .86 1.0785 0.0070 138 16 639 

480-3H-1W-107/109 10.57 11.93 1.0822 0.0025 153 16 808 

480-3H-1W-112/114 10.62 12.02 1.0810 0.0043 135 17 717 

480-3H-1 W-123/125 10.73 12.20 1.0813 0.0054 138 14 658 

480-3H-1 W-132/134 10.82 12.36 1.0821 0.0030 116 14 574 

480-3H-1 W-141 /143 10.91 12.50 1.0814 0.0061 133 13 706 

480-3H-2W-17 /19 11 .17 12.91 1.0821 0.0052 122 14 644 

480-3H2W-37 /39 11.37 13.03 1.0854 0.0117 130 10 381 

480-3H-2W-51/53 11 .51 13.12 1.0844 0.0067 110 17 517 

480-3H-2W-98/100 11 .98 13.41 1.0860 0.0097 117 23 759 

480-3H-2W-131 /133 12.31 13.61 1.0899 0.0275 106 17 624 

480-3H-2W-139/141 12.39 13.66 1.0871 0.0091 106 67 506 

480-3H-3W-17/19 12.67 13.83 1.0902 0.0084 123 18 597 

480-3H-3W-33/36 12.83 13.93 1.0896 0.0134 121 32 618 

480-3H-3W-41 /44 12.91 13.97 1.0922 0.0105 110 24 581 
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480-3H-3W-51/53 13.01 14.04 1.0873 0.0090 104 49 

480-3H-3W-57/59 13.07 14.64 1.0816 0.0038 142 21 

480-3H-3W-73/76 13.23 14.95 1.1010 0.0156 129 31 731 

480-4H-1 W-30/32 14.6 15.96 1.0786 0.0092 145 115 704 

480-4H-1 W-42/44 14.72 16.09 1.0553 0.0081 134 69 351 

480-4H-1 W-58/60 14.88 16.26 1.0902 0.0059 133 35 385 

480-4H-1W-67/69 14.97 16.35 1.0448 0.0168 137 173 527 

480-4H-1 W-73/75 15.03 16.41 1.0834 0.8559 141 94 511 

480-4H-1W-92/94 15.22 16.61 1.0614 0.0146 129 38 526 

480-4H-1W-98/100 15.28 16.67 1.0606 0.0092 133 39 349 

480-4H-1W-118/120 15.48 16.88 1.0740 0.0084 133 29 848 

480-4H-1 W-138/140 15.68 17.09 1.0126 0.0164 135 188 733 

480-4H-2W-13/15 15.93 17.35 1.0947 0.0034 142 29 709 

480-4H-2W-25/27 16.05 17.48 1.0804 0.0063 129 55 525 

480-4H-2W-42/44 16.22 17.65 1.0911 0.0043 134 57 635 

480-4H-2W-56/57 16.36 17.80 1.0833 0.0035 133 40 562 

480-4H-2W-75/77 16.55 18.00 1.0750 0.0057 143 30 726 

480-4H-2W-82/84 16.62 18.07 1.0832 0.0090 147 27 

480-4H-2W-100/102 16.8 18.26 1.0858 0.0078 136 29 707 

480-4H-2W-117 /119 16.97 18.44 1.0908 0.0031 135 31 684 

480-4H-2W-122/124 17.02 18.49 1.0906 0.0034 140 15 732 

480-4H-2W-131 /133 17.11 18.58 1.0778 0.0070 135 27 738 

480-4H-3W-12/14 17.42 18.91 1.0838 0.0078 161 33 998 

480-4H-3W-22/24 17.52 19.01 1.0544 0.0098 139 37 699 

480-4H-3W-32/37 17.62 19.12 1.0704 0.0037 136 46 677 

480-4H-3W-42/44 17.72 19.22 1.0659 0.0097 136 54 702 

480-4H-3W-51/53 17.81 19.31 1.0907 0.0050 136 58 1256 

480-4H-3W-66/68 17.96 19.47 1.0618 0.0068 145 60 755 

480-4H-3W-77 /79 18.07 19.59 1.0898 0.0082 136 21 648 

480-4H-3W-82/84 18.12 19.64 1.0725 0.0086 145 51 735 
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480-4H-3W-96/98 18.26 19.78 1.0794 0.0027 140 37 

480-4H-3W-111 /113 18.41 19.94 1.0812 0.0040 133 20 658 

480-5H-2W-35/37 20.85 22.49 1.0574 0.0061 159 29 

480-5H-3W-34/37 22.34 24.04 1.0793 0.0131 148 31 

480-5H-3W-48/51 22.48 24.19 1.0722 0.0042 147 26 

480-5H-3W-96/100 22.96 24.69 1.0395 0.0132 159 33 

480-6H-2W-61/64 25.91 27.77 1.0523 0.0056 147 40 

480-6H-3W-32/34 27.12 29.03 1.0655 0.0091 138 26 

480-6H-3W-129/132 28.09 30.05 1.0569 0.0063 99 33 
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Table 5.2 . Unspiked leachates 1870 s/ 1880 s from DSDP Site 480 (Gulf of California). 

Sample Mbsf Age (ka) rnr Os/1 tstsos 2SD Os (pg/g) 

unspiked 

480-1 H-1W-16/18 0.16 1.49 1.0489 0.0089 na 

480-1 H-1 W-51/53 0.51 1.83 1.0629 0.0045 na 

480-1 H-1W-51/53 Rep 0.51 1.83 1.0745 0.0087 na 

480-1 H-1 W-81 /83 0.81 2.12 1.0612 0.0035 na 

480-2H-2W-8/10 6.38 7.05 1.071 0.0114 na 

480-3H-1 W-82/84 10.32 11 .50 1.0819 0.0041 na 

480-3H-1W-98/100 10.48 11.77 1.0872 0.0035 na 

480-3H-1 W-141 /143 10.91 12.50 1.0862 0.0054 na 

480-3H-2W-17/19 11 .17 12.91 1.0886 0.0051 na 

480-3H-3W-57 /59 13.07 14.64 1.0919 0.0033 na 

480-4H-1 W-42/44 14.72 16.09 1.0907 0.0062 na 

480-4H-1W-98/100 15.28 16.67 1.1032 0.0047 na 

480-4H-2W-42/44 16.22 17.65 1.098 0.0037 na 

480-4H-2W-117/119 16.97 18.44 1.0968 0.0047 na 

480-4H-3W-42/44 17.72 19.22 1.0898 0.0058 na 

480-5H-1 W-52/54 19.52 21 .10 1.0743 0.0030 na 

480-5H-1 W-93/95 19.93 21 .53 1.0737 0.0037 na 

480-5H-1W-107 /109 20.07 21 .67 1.0698 0.0068 na 

480-5H-2W-66/68 21 .16 22.81 1.077 0.0040 na 

480-5H-2W-81 /83 21 .31 22.97 1.0726 0.0043 na 

480-5H-2W-107 /109 21 .57 23.24 1.0698 0.0038 na 

480-5H-3W-96/100 22.96 24.69 1.0778 0.0039 na 

480-6H-1 W-30/34 24.10 25.88 1.0786 0.0039 na 

480-6H-1 W-82/84 24.62 26.42 1.0684 0.0056 na 

480-6H-1W-127/131 25.07 26.89 1.0739 0.0044 na 

480-6H-2W-34/36 25.64 27.49 1.0756 0.0043 na 
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480-6H-3W-80/82 

480-6H-3W-129/132 

27.62 

28.09 

29.55 

30.05 

1.0736 

1.0616 

0.0037 

0.0060 

na 

na 
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Table 5. 3. Spiked leachates 1870s/1880 s from DSDP Site 480 (Gulf of California). 

Sample Mbsf Age (ka) Hir OsJ1 880s 2SD Os (pg/g) 

Spiked 

480-2H-2W-8/10 6.38 7.05 1.1215 0.0071 51 .02 

480-2H-3W-58/60 8.38 9.06 1.0961 0.0143 57.80 

480-3H-1W-107 /109 10.57 11 .93 1.1049 0.0055 92.26 

480-3H-2W-131 /133 12.31 13.61 1.0951 0.0041 48.45 

480-3H-3W-57 /59 13.07 14.64 1.1041 0.0050 107.41 

480-3H-3W-73/75 Rep 13.23 14.95 1.1164 0.0044 50.11 

480-4H-1W-98/100 15.28 16.67 1.1109 0.0033 84.48 

480-4H-1W-98/100 Rep 15.28 16.67 1.1228 0.0083 59.26 

480-4H-3W-66/68 17.96 19.47 1.1077 0.0076 61 .21 

480-5H-1 W-52/54 19.52 21.10 1.0944 0.0053 79.82 

480-5H-1 W-93/95 19.93 21 .53 1.0808 0.0042 82 .72 

480-5H-1W-107 /109 20.07 21 .67 1.1024 0.0072 61 .24 

480-5H-2W-66/68 21 .16 22.81 1.0779 0.0042 121.63 

480-5H-2W-81/83 21.31 22.97 1.0768 0.0034 74.10 

480-6H-1 W-30/34 24.10 25.88 1.1025 0.0050 45.65 

480-6H-1 W-82/84 24.62 26.42 1.0778 0.0061 56.71 

480-6H-1W-127/131 25.07 26.89 1.0872 0.0058 40.68 

480-6H-3W-80/82 27.62 29.55 1.0853 0.0053 55.93 

480-6H-3W-129/132 28.09 30.05 1.0893 0.0100 29.60 

480-6H-3W-129/132 Rep 28.09 30.05 1.0841 0.0048 54.19 
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Table 5.4. Bulk sediment 1870 s/1880 s from ODP Site 849 (East Pacific Rise). 

Os Ir Pt 
Sample rmcd 2SD (pg/g) (pg/g) (pg/g) 

8498-1 H-1 W-23/25 0.23 6.3 1.017 0.0060 50.3 37.1 179 

8498-1 H-1W-37-39 0.37 9.4 1.009 0.0103 61 .6 46.2 353 

8498-1 H-1W-45/47 0.45 11 .2 1.029 0.0074 74.6 30.9 319 

8498-1 H-1W-55/57 0.55 13.3 1.031 0.0065 76.9 32 370 

8498-1 H-1W-65/67 0.65 15.2 1.03 0.0055 71.1 27.8 354 

8498-1 H-1 W-75/77 0.75 17.3 50.2 12.4 256 

8498-1 H-1W-85/87 0.85 19.5 1.019 0.0063 52 .7 32.4 212 

8498-1 H-1 W-95/97 0.95 21 .8 44.4 10.9 218 

8498-1 H-1W-105/107 1.05 24.2 1.017 0.0042 66.2 27.6 226 

8498-1H-1W-115/117 1.15 26.8 53.2 14.8 269 

8498-1 H-1 W-135/137 1.35 32.4 0.9987 0.0017 48.7 11.4 186 

8498-1 H-1W-145/147 1.45 39.6 1.003 0.0051 53 36 203 

8498-1 H-2W-8/10 1.58 40 1.012 0.0084 45.7 15.7 182 

8498-1 H-2W-18/20 1.68 44.1 1.01 0.0067 41 .2 9.73 162 

8498-1 H-2W-28/30 1.78 47.8 1.015 0.0084 41.3 10.2 121 

8498-1 H-2W-38/40 1.85 48.9 40 12.9 219 

8498-1 H-2W-48/50 1.94 55 1.008 0.0071 54.6 30.5 452 

8498-1 H-2W-58/60 2.08 56.9 78.2 19.8 399 

8498-1 H-2W-68/70 2.17 62 1.023 0.0071 82 26.1 446 

8498-1 H-2W-78/80 2.31 65.8 0.999 0.0034 63.3 24.2 338 

8498-1 H-2W-88/90 2.39 69 1.008 0.0032 60 17.2 418 

8498-1H-2W-98/100 2.48 70.5 1.006 0.0057 61 .5 15.1 290 

8498-1H-2W-108/110 2.58 74.5 0.9635 0.0103 51 .9 14.7 207 

849C-1 H-1 W-86/88 2.62 75.5 55.9 19.7 393 

8498-1 H-2W-118/120 2.68 77.5 1.009 0.0022 62.2 19.7 674 

849C-1 H-1 W-96/98 2.72 78 49 15.5 483 
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8498-1 H-2W-128/130 2.78 80.6 1.01 0.0063 89.4 17.6 530 

849C-1H-1W-106/108 2.82 81 .7 1.016 0.0029 89.5 26.8 915 

8498-1 H-2W-138/140 2.88 84 0.9995 0.0020 60.6 14.5 250 

849C-1 H-1W-116/118 2.92 85 1.029 0.0090 66.3 14.9 359 

8490-1 H-2W-18/20 3.26 99.06 1.009 0.0062 73.6 23.8 715 

8490-1 H-2W-37/39 3.45 107.72 1.026 0.0051 67 12.2 311 

8490-1 H-2W-57/59 3.67 116.95 1.006 0.0116 48.7 11.5 211 

8490-1 H-2W-68/72 3.74 119.51 1.019 0.0123 49.6 12.3 314 

8490-1 H-2W-77/79 3.89 124.22 1.029 0.0059 89.7 20.7 638 

8490-1 H-2W-77/79 3.89 124.22 1.037 0.0163 94.1 20.7 647 

8490-1 H-2W-87/89 3.99 127.3 0.9406 0.0082 75.6 19.4 681 

8490-1H-2W-99/102 4.1 129.6 1.031 0.0069 106 19.3 660 

8490-1H-2W-106/108 4.18 131.44 1.041 0.0101 88.1 14.3 602 

8490-1 H-2W-117/119.5 4.29 133.97 1.035 0.0155 89.1 18 675 

8490-1 H-2W-128/130 4.38 136.27 1.028 0.0089 78 10.4 448 

8490-1 H-2W-128/130 4.38 136.27 1.028 0.0041 77.9 9.87 419 

8490-1 H-2W-137/139.5 4.48 138.42 1.025 0.0049 73.1 10.4 488 

8490-1 H-2W-139/142 4.5 138.9 1.019 0.0085 75.3 11 409 

8490-1 H-2W-147/149 4.56 140.53 1.004 0.0077 69.3 11.4 372 

849C-1H-3W-8/10 4.68 143.2 1.021 0.0037 73.7 10.6 412 

849C-1 H-3W-18/20 4.77 145.7 1.011 0.0084 65.6 13 346 

849C-1 H-3W-48/50 5.08 147.4 1.021 0.0021 102 15.2 708 

849C-1 H-3W-28/30 4.88 148.8 1.02 0.0020 72.8 12 323 

849C-1 H-3W-38/40 4.98 153 1.018 0.0036 92.2 19.5 669 

849C-1 H-3W-58/60 5.18 157.2 1.024 0.0039 81 .7 14 576 

849C-1 H-3W-68/70 5.28 160.1 1.017 0.0018 79.1 14.9 499 

849C-1 H-3W-78/80 5.38 162.8 85.6 15.6 680 

849C-1 H-3W-88/90 5.48 165.5 1.022 0.0105 73.2 14.1 474 

849C-1H-3W-98/100 5.58 168 1.02 0.0025 80.3 14.8 508 

849C-1H-3W-108/110 5.68 170.3 1.005 0.0048 77.1 15.5 530 
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849C-1 H-3W-118/120 

849C-1 H-3W-128/130 

849C-1 H-3W-138/140 

5.78 172.6 

5.89 175 

5.99 177.2 

1.023 

1.011 

1.012 

0.0061 88.4 

0.0032 90 

0.0030 98 

20.7 

19.6 

20.7 

623 

667 

702 
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Table S.S. Bulk sediment 1870s/' 880s , spiked and unspiked leachates from ODP Site 
1002C (Cariaco Basin). 

Ir 
Age 

1a?0511aa0 Os (pg/ Pt 
Sample Mbsf (ka) s 2SD (pg/g) g) (pg/g) 

Bulk 

1002C-1 H-3W-40/42 3.40 9.29 1.0355 0.0047 111 26 553 

1002C-1 H-3W-46/48 3.46 9.42 1.0336 0.0039 185 44 939 

1002C-1 H-3W-59/61 3.59 9.80 1.0219 0.0051 172 49 1151 

1002C-1 H-3W-70/72 3.70 10.14 1.0352 0.0062 167 44 746 

1002C-1 H-3W-80/82 3.80 10.38 1.0256 0.0032 171 39 868 

1002C-1 H-3W-89/91 3.89 10.64 1.0054 0.0037 150 43 753 

1002C-1H-3W-99/100 3.99 10.92 1.0349 0.009 169 32 1222 

1002C-1H-3W-110/112 4.10 11 .23 1.0323 0.0091 128 31 588 

1002C-1 H-3W-120/122 4.20 11 .51 1.0106 0.0062 133 51 862 

1002C-1 H-3W-130/132 4.30 11 .70 1.0203 0.0042 127 27 727 

1002C-1H-4W-8/10 4.58 12.11 1.0473 0.0098 105 

1002C-1 H-4W-15/17 4.65 12.21 1.0342 0.0031 196 49 861 

1002C-1 H-4W-
27.5/29.5 4.78 12.40 1.0247 0.0039 97 22 705 

1002C-1 H-4W-35/37 4.85 12.50 1.0441 0.0046 124 30 633 

1002C-1 H-4W-55/57 5.05 12.79 1.0477 0.0058 100 41 963 

1002C-1 H-4W-64/66 5.14 12.92 1.0391 0.0037 105 33 982 

1002C-1 H-4W-75/77 5.25 13.08 1.0307 0.0033 121 30 832 

1002C-1 H-4W-81 /83 5.31 13.17 1.0215 0.0057 113 23 572 

1002C-1 H-4W-95/97 5.45 13.35 1.0282 0.004 127 28 978 

1002C-1H-4W-109/111 5.59 13.53 1.022 0.008 134 24 888 

1002C-1 H-4W-115/117 5.65 13.60 1.0251 0.0035 143 31 958 

1002C-1 H-4W-
125.5/127.5 5.76 13.74 1.0058 0.0046 142 29 835 

1002C-1 H-5W-8/9 6.08 14.16 1.0254 0.0024 168 26 1079 

1002C-1 H-5W-8/9 Rep 6.08 14.16 1.006 0.0059 170 31 754 
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1002C-1 H-5W-15/17 6.15 14.25 0.991 0.0049 154 35 820 

1002C-1 H-5W-23/24 6.23 14.35 0.9952 0.0049 160 32 1043 

1002C-1 H-5W-36/38 6.36 14.52 0.9988 0.0033 182 32 1059 

1002C-1 H-5W-43/45 6.43 14.61 0.9383 0.0028 132 42 3588 

1002C-1 H-5W-
57.5/59.5 6.58 14.94 0.9307 0.0058 108 34 768 

1002C-1 H-5W-64/66 6.64 15.11 0.9314 0.003 111 38 677 

1002C-1 H-5W-64/66 
Rep 6.64 15.11 0.9254 0.0059 111 48 800 

1002C-1 H-5W-77 /79 6.77 15.42 0.9387 0.0053 97 36 674 

1002C-1 H-5W-84/86 6.84 15.60 0.8868 0.0051 85 37 645 

1002C-1 H-5W-84/86 
Rep 6.84 15.60 0.8936 0.0103 104 47 644 

1002C-1 H-5W-130/132 7.30 16.52 0.7698 0.0047 73 40 684 

spiked 

1002C-1 H-3W-59/61 3.59 9.67 1.0719 0.0054 69 

1002C-1 H-4W-75/77 5.25 14.06 1.0956 0.0092 41 

1002C-1 H-4W-125/127 5.755 15.22 1.0676 0.0041 59 

1002C-1 H-5W-43/45 6.43 16.30 0.9787 0.0109 77 

1002C-1 H-5W-
57.5/59.5 6.575 16.48 0.9992 0.0048 41 

1002C-1 H-5W-130/132 7.3 17.43 0.8322 0.0029 38 

1002C-1 H-5W-130/132 
Rep 7.3 17.43 0.8235 0.0025 44 

unspiked 

1002C-1 H-3W-59/61 3.59 9.67 1.0503 0.0048 na 

1002C-1 H-4W-125/127 5.755 15.22 1.0532 0.0053 na 
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CHAPTER 6: Summary and future work 

6.1 Summary 

1. The careful study of the late Eocene impact event present in this dissertation illustrates a 

novel approach to estimating the size of chondritic impact events. 

2. These results also provide additional empirical evidence that bulk sediment 1870s/1880s 

from pelagic biogenic oozes closely approximate the 1870s/1880s of contemporaneous 

seawater. 

3. Illustrate the potential value of coupling Os isotope and He isotope measurements in the 

same sediment records to better understand the particulate size distribution 

6.2 Future work 

Future work on the marine Os isotope record should focus on a better 

understanding of the heterogeneity of the open ocean and continental margins with 

respect to 1870s/1880s. We show that at the multi million years and at the multi-millennial 

time scales, sites that are located in different oceanic basins, and during a same time 

interval, are not recording the exact same seawater 1870s/ 1880s but instead show up to 5% 

difference in the 1870s/1880s. Key to this claim is the age control of the pelagic record , 

which is fulfilled in each time period . Previous studies of osmium isotopes in 

ferromanganese crust hinted at such a heterogeneity but the age control of such archives 

was too poor (up to 50-100 ka error) and very challenging to constrain. An important 

caveat associated with the claim of heterogeneous seawater 1870s/1880s, is that the local 

influence of terrigenous matter can be ignored. In each site, constrains on the terrigenous 
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content showed little influence (e.g. a small fraction of total Os was estimated to be 

associated with terrigenous matter) and no covariations with measured bulk sediment 

1870s/ 1880s. Therefore I have mostly reasoned and directed our interpretations of the 

variations in bulk sediment 1870s/1880s in terms of variations of seawater 1870s/ 1880s 

without the need to invoke a strong imprint of a terrigenous input. However, this cannot 

be a definite answer. More precise analytical chemistry should be performed on organic

rich sediments to tease apart this influence, even if only of a few percent. As an evidence 

of this suggestion is that many studies have assumed that bulk sediment 1870s/1880s in 

organic-rich sediment archive is the most appropriate method to record past seawater 

1870s/1880s (Ravizza & Turekian, 1992; Ravizza, 1998). However, in chapter 4, in the 

organic-rich sediments of the Gulf of California, leachates followed by carius tubes 

digestion exhibits more radiogenic 1870s/ 1880s than the bulk sediment 1870s/1880s. While 

at this point, it is not yet possible to fully interpret the leachates Os isotopes record, it is 

reasonable to speculate that it could represent an increased contribution of a different 

water mass carrying a more radiogenic seawater Os isotopic composition. I favor this 

interpretation but cannot fully reject that the Os isotopic composition of a certain phase of 

terrigenous material is preferentially dissolved during the leaching procedure. 

Future work also should be concerned at a better understanding of the present-day 

seawater 1870s/ 1880s in the world ocean, aimed at characterizing the 1870s/ 1880s of each 

water mass in details. This work should however be conducted for intermediate water 

masses because it has been shown that surface waters may have already been impacted at 

a global scale by the inputs of anthropogenic Os derived mainly from platinum-based 

catalyst and nickel ore mining (Chen et al., 2009) . 
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Finally, the method of determining size projectiles from the marine Os record is to date 

the most promising to discover new unknown impact events that not do leave a preserved 

crater on the bottom of the ocean or on land. So far, the K/P and the late Eocene 

1870s/1880s excursions scale with crater size. An obvious field of research would be to test 

this method for well-accepted impact events, of smaller crater size. As an example, the 

Eltanin impact in the Southern Pacific Ocean, dated at approximately 2.5 Ma, and of 

chondritic nature according to the literature , could be a fruitful candidate to explore in 

well-dated pelagic sites. In addition, isolating from the bulk sediment the phases carrying 

unradiogenic 1870s/1880s such as nickel-rich spinels crystals, microspherules should be 

performed in order to better the sequence of crystallization events in the fireball. 

In addition these types of data could be very useful for testing assumptions about 

the 1870s/1880s of the impact ejecta. In this study I have assumed that the 1870s/ 1880s of the 

fireball is homogenous. However this need not be the case. The fact that projectile size 

estimates from multiple sites yield such similar changes in 1870s/1880s ratio suggests that 

1870s/1880s within the fireball are unlikely to be large. Nevertheless this type of data may 

yield useful constraints models of crater formation and dispersal of impact ejecta 

(Artemevia and Morgan, 2008). Finally, Os based size projectiles are a factor of 2 lower 

than modeling based estimates. Understanding this discrepancy in the future should be 

investigated. This comes by an overview of the response of the marine Os isotopes record 

to a variety of size projectiles . 
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