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Abstract
Part I: Rhenium and iridiwn were measured in natural waters by isotope

dilution and negative thermal ionization mass spectrometry, following clean
chemical separation from 200 mL (Re) and 4 L (Ir) samples. In the Pacific
Ocean, Re is well-mixed in the water column, confirming predictions of
conservative behavior. The Re concentration is 7.42 ± 0.04 ng kg-1. The
concentration of Ir in the oceans is fairly uniform with depth and location,
ranging from 2.9 to 5.7 x 108 atoms kg-1. Pristine river water contains::::::: 20 x
108 atoms kg-1 while polluted rivers have 50 - 100 x 108 atoms kg-1.
Concentrations in the Baltic Sea are much lower than expected from
conservative estuarine mixing, indicating rapid removal of :::::7 5% of riverine Ir.
Under oxidizing conditions, Ir is scavenged by Fe-Mn oxyhydroxides. Ir is
enriched in anoxic waters relative to overlying oxic waters, indicating that
anoxic sediments are not a major Ir sink. The residence time of dissolved Ir in
the oceans is 103 - 104 years, based on these and other observations. The
amount of Ir in Ktr boundary sediments is : : : 103 times the total quantity in the
oceans.
Part H: The biogeochemistry of methyl bromide (CH3Br) in the oceans was

studied using a steady-state mass-balance model. CH3Br concentrations are
sensitive to temperature and the rate of CH3Br production. Model production
rates correlate strongly with chlorophyll concentrations, indicating CH3Br
biogenesis. This correlation explains discrepancies between two observational
studies, and supports suggestions that the ocean is a net sink for atmospheric
CH3Br. The Southern Ocean may be a CH3Br source.
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Part ill: High resolution, temperature-dependent C02 cross sections were
incorporated into a 1-D photochemical model of the Martian atmosphere. The
calculated C02 photodissociation· rate decreased by as much as 33% at some
altitudes, and the photodissociation rates ofH20 and 02 increased by as much
as 950% and 80%, respectively. These results minimize or even reverse the
sense of the C02 chemical stability problem due to increased production of

HOx species which catalyze CO oxidation. The effect of heterogeneous
chemistry on the abundance and distribution of HOx was assessed usmg
observations of dust and ice aerosols and laboratory adsorption data.
Adsorption of H02 can deplete OH m the lower atmosphere enough to
significantly reduce the CO/C02 ratio.
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Preface

Preface
The unifying theme of my research, and of this thesis, is the
exploration of the evolution of the Earth's surface environment.

This

research addresses environmental change, and the processes which drive it,
from the earliest Precambrian abiotic Earth to the modern, tightly-coupled
web of biogeochemical cycles.
I am particularly interested in the interactions between biological
processes and the "inorganic" world. These interactions are complex and
poorly understood; biological processes have a profound impact on the
environment, while, at the same time, environmental conditions shape the
course of biqlogical evolution. Understanding this interplay is of great
importance. From a practical perspective, as we develop our know ledge of the
biogeochemical processes which regulate conditions at the Earth's surface, we
gain perspective on the anthropogenic modification of present and future
environments, obtain insights which help solve pressing environmental
problems, and begin to understand the vulnerability of life on this planet.
More fundamentally, as we come to understand the interactions between life
and the inorganic world, we approach the answer to one of the first-order
questions of human existence: How did we get here?
Obviously, such issues can not be thoroughly addressed in a single
thesis! Additionally, my interest in these issues has evolved during my years
of graduate research; only in retrospect is it apparent that a unifying thread
led me to explore three separate problems, each of which is relevant to a
general understanding of biosphere/geosphere interactions. These projects all
reflect my training in low temperature, inorganic geochemistry. Howev:er, I
have deliberately maintained a wide focus, since progress in interdisciplinary
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science requires a foundation in more than one subspecialty. In each case, I
have made substantial, original contributions. Several of the chapters have
already been published or have been accepted for publication. They are
included here in their published forms, with only minor reformatting to
provide the thesis a uniform style.
Part I, Rhenium and Iridium in Natural Waters, grew out of two areas
of interest. First, I have long been interested in finding new ways to constrain
the abundance of oxygen in the atmosphere and ocean through time, since
these quantities are closely coupled to biological activity in many ways. Since
Re is removed slowly from seawater primarily through burial in anoxic
sediments, a study of the Re geochemical budget may yield new insights into
the extent of deep sea anoxia. This quantity is important in understanding
climate change, since models of the carbon cycle (which seek to explain
variations in atmospheric C0 2 in response to glacial cycles) predict varying
degrees of deep-sea anoxia. In Chapters 2 and 3, high-precision
measurements of Re in seawater are used to demonstrate the extremely nonreactive nature of Re in the water column, and a simple model of Re in
seawater through time is developed to place limits on the area of the seafloor
overlain by

~moxie

waters during glacial periods.

Second, I find the mass extinction at the Cretaceous/Tertiary boundary
one of the most compelling events in Earth history. The impact/extinction
model, based in large part on the observation of anomalous Ir abundances in
boundary sediments, is one of the more clear-cut and spectacular examples of
a completely abiotic process having a profound impact on environmental
conditions and life. It therefore demands close scrutiny. Through the
development and application of novel analytical methods, the chemistry of Ir
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in natural waters is examined for the first time (Chapters 4 and 5). The
extremely low content of Ir observed in the oceans eliminates seawater as the
primary source of Ir in boundary sediments, which strengthens the impact
model. The rapid removal of Ir . from natural waters, apparently by
particulate scavenging, indicates that detailed study of platinum group
element abundances in sediments deposited soon after the impact could be
used to .reconstruct the details of environmental change at that time.
Part II, Methyl Bromide: Ocean sources, Ocean Sinks, and Climate

Sensitivity, quantifies the importance of the marine biosphere in the
production of methyl bromide. This is accomplished by modeling the
production rate of methyl bromide in the oceans, using a steady-state
approach and previously published observations of marine methyl bromide.
The model production rate is found to correlate strongly with observed
primary production, indicating a close connection to biological activity.
Methyl bromide has been implicated in stratospheric ozone depletion. In
contrast to Part I, then, Part II is an exploration of a biological process which
influences the environment. Although other biological processes have more
profound environmental impact, this particular problem has attracted much
recent interest due to its immediate economic importance; a ban on the
anthropogenic production and use of methyl bromide, an important
agricultural fumigant, is under consideration.
Finally, Part III, C0 2 Stability and Heterogeneous Chemistry in the

Atmosphere of Mars, is an exploration of the chemistry of a clearly abiotic
atmosphere. To a large degree, the bulk Martian atmosphere is a chemical
analog of the Earth's stratosphere, but subject to different boundary
conditions, and devoid of the complications introduced by biogenic
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contributions (which are difficult to model a priori, and which introduce
poorly-understood feedbacks). A satisfactory explanation for the C0 2 :CO ratio
in the Martian atmosphere has long been elusive (the "C0 2 stability
problem"). In Chapter 1, the incorporation of high resolution, temperaturedependent C0 2 photoabsorption cross sections in computational models
changes this problem from an underabundance to an overabundance of C0 2 .
A solution based on heterogeneous chemistry is explored in Chapter 2. Our
ability to explain this atmosphere's composition in terms of chemical kinetics
and thermodynamics is an important test of our understanding of inorganic
chemistry in planetary atmospheres. Such understanding is a prerequisite for
determining the influence of biological processes on the Terrestrial
atmosphere.

5

Part I.
Rhenium and Iridium in Natural Waters

''Nothing is yet known
about dissolved platinum metals
in sea water."
V. M. Goldschmidt, 1954

"This value for iridium
may be the lowest reported concentration
for a stable element in seawater''
Hodge et al., 1986, after determining
iridium concentrations tenfold
higher than in the present study
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Chapter 1.
·Not So Noble: An Introduction to the Low-Temperature
Geochemistry of Rhenium and Iridium
1.1. Overview
There has been intense interest in the geologic occurrence of iridium
and the other Platinum Group Elements (the PGE: Ru, Rh, Pd, Os, Ir and Pt)
since the discovery of an enrichment of Ir in the sediments at the
Cretaceousfl'ertiary (KIT) boundary (Alvarez et al., 1980; Ganapathy, 1980;
Kyte et al., 1980; Orth et _al., 1981; Smit and Hertogen, 1980). The PGE are
extremely scarce at the Earth's surface, and relatively enriched in meteorites
(e.g., the Ir

con~ent

of average continental crust is :::: 0.05 ppb, vs. 481 ppb in

chondritic meteorites, Anders and Grevesse, 1989; Esser and Turekian, 1993;
Fenner and Presley, 1984). Therefore, a connection between an asteroid
impact and the mass extinction 65 million years ago was deduced from this
geochemical anomaly. This theory has generated interdisciplinary
excitement, stimulating inquiry in a number of areas. Foremost among these
are investigations into the causes of mass extinction, and of the frequency of
impact events in the geologic record (e.g., Rampino and Caldeira, 1993; Raup
and Sepkoski, 1984; Sepkoski, 1986). The intellectual stakes of this research
are rather high. The possibility that the trajectory of biological evolution is
modified by catastrophic impacts of asteroids and/or comets with the Earth's
surface is unsettling to the classical Darwinian model of gradual, progressive
evolution, and to the Uniformitarian principles underlying much of the
Geological Sciences. The practical stakes may also be high. The collision of
the Earth with even a modest object could cause regional devastation and
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human misery, if not global mass extinction. Chapman and Morrison (1994)
have estimated that there is a 1-in-10,000 chance of a 2 km diameter object
colliding with the Earth in the next century. In the wake of the collision of
comet Shoemaker-Levy 9 with Jupiter in 1994, this possibility has attracted
public attention (e.g., Reston, 1994). The United States government has
shown interest in quantifying the risk of such an event, and in developing a
means of diverting or destroying earthbound objects (Chapman and Morrison,
1994; Matthews, 1992; Reichhardt, 1994).
Advocates of the impact/extinction model have apparently located the

KIT boundary impact site at Chicxulub (Hildebrand et al., 1991), and linked
features in the boundary sediments other than the Ir abundance to an impact
event (e.g., Alvarez et al., 1995; Bohor et al., 1987 a; Bohor et al., 1987b; Izett,
1991). There has also been a search for Ir enrichments at other stratigraphic
boundaries

m~rked

by paleontological upheaval (e.g., Alvarez et al., 1982;

Orth et al., 1988a; Orth et al., 1988b; Playford et al., 1984). Opponents have
tried to connect the unique characteristics of the KIT boundary sediments to
endogenous mechanisms (e.g., volcanism), and argued that small Ir
enrichments elsewhere in the record are the result of diagenetic processes.
Additionally, it has been claimed that the KIT extinctions were gradual, and
that they began prior to the Ir anomaly (Keller et al., 1993; Keller et al., 1994;
Macleod and Keller, 1994). At the present time, the dating of the Chicxulub
structure proves that a massive impact event occurred 65 million years ago
(Swisher et al., 1992). However, the link between the impact and extinctions
is hotly debated, with contemporaneous volcanism (i.e., the Deccan Traps
flood basalts) still a viable agent of evolutionary forcing. At other
stratigraphic boundaries, matters are even less settled.
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Ir remains the prime tracer of extraterrestrial input to the Earth's

surface, especially where large impact events are concerned. While the
isotopic composition of He in marine sediments is also sensitive to exogenous
sources (Farley, 1995; Farley and Patterson, 1995), it is not clear how far
back in time the 3Hel4He record can be pushed. Additionally, the
sedimentary 3He/4H signal may be unsuitable for detecting the accretion of
large objects, since He can be lost to the atmosphere upon vaporization of the
impactor.
Thus, questions about the geochemistry of Ir and the other PGE
permeate the debate over impacts and extinctions. What is the abundance of
the PGE in terrestrial source materials? Can the PGE be remobilized from
some sedimentary environments, and concentrated into others? Can the PGE
be fractionated from one another by terrestrial mechanisms? These questions
were anticipated in D. Raup's review of the 1980 manuscript by Alvarez et al.
in which he wrote:
"... We are presented with the fact that the boundary clays are
much higher in iridium than the overlying and underlying
limestones but we are given little or no perspective on iridium
distribution in other clays, recent sediments, organisms, sea
water, and so on ... "
- Raup, 1987
Almost two decades later, the database is somewhat improved. However, a
quantitative understanding of PGE geochemistry at the Earth's surface
remains elusive.
A critical entry point to these issues is the chemistry of the PGE in
natural waters. Natural water

ch~mistry

determines the concentrations of

these elements in the oceans, affects their primary abundances in different
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types of sediments, and modifies their distribution in the geologic record
during diagenesis. However, PGE natural water chemistry is poorly
understood. This is not for lack of interest. Since most of the classical KIT
boundary sediments are submarine, the importance of determining Ir in
seawater was recognized early-on (Alvarez et al., 1980; Kyte et al., 1985). A
small but crucial body of evidence suggests that scavenging of dissolved PGE
modifies their sedimentary abundances (Crocket and Kuo, 1979; Goldberg et

al., 1986; Koide et al., 1991), and that inter-element variations exist in PGE
post-depositional mobility (Colodner et al., 1992).
The primary obstacles to a better understanding of the PGE in natural
waters have been analytical. The same crustal scarcity which makes these
elements useful tracers of extraterrestrial material makes their analysis in
typical crustal materials one of the most difficult challenges in analytical
geochemistry (Fig. 1.1). A range of techniques have been applied to this·
problem; these are discussed in Chapter 4. The high sensitivity of neutron
activation analysis (NAA) for the detection of Ir (e.g., Crocket and Cabri,
1981) has made this the dominant technique, by far, and has made Ir
something of a surrogate for the PGE as a group.
Although NAA is more sensitive than most analytical -methods toward
Ir, the detection limits are not low enough for routine analysis of Ir in most
crustal materials, or in natural waters. This has had an important biasing
effect on research in this field. Most PGE geochemical studies have focused
on ore bodies, meteorites and mantle rocks, because of the higher abundances
in these samples. These materials are also favored because they require little
sample preparation before neutron activation. The PGE distributions in
these materials are dominated by high-temperature processes (i.e.,
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temperatures > 500°C). As a result, most of the geochemical community
considers the PGE "noble metals" since, under these conditions, the elements
are frequently in their metallic, chemically resistant forms. Geochemical
investigations have concentrated mainly on the genesis of PGE ores, and on
questions relating to the abundance of the PGE in the Earth's mantle.
Relatively little research has addressed questions in PGE low-temperature
geochemistry, where low abundances and solution chemistry predominate.
Recent developments in negative thermal ionization mass
spectrometry (NTIMS) open the way for rapid, precise analysis of all the PGE
with extremely high sensitivity (Creaser et al., 1991; Volkening et al., 1991;
Zeininger, 1984). The purpose of the present study is to use this technique to
begin a thorough, systematic examination of the low-temperature
geochemistry of the PGE, in order to improve our understanding of the
distribution of these elements in the sedimentary record. This understanding
is especially important for future applications of Os isotope geochemistry to
processes of global change, where critical unknowns include the behavior of
Os during weathering, riverine transport and residence in seawater (Esser
and Turekian, 1993; Pegram et al., 1994; Pegram et al., 1992; PeuckerEhrenbrink et al,, 1995; Ravizza and McMurtry, 1993; Ravizza et al., 1991).
The first stage of this research is to characterize the distribution of the PGE
in seawater and river waters, in order to achieve a basic understanding. of
their geochemical cycles.
Two elements were chosen for this initial work. The first is Re. While
not strictly a PGE, Re is a closely allied element, with some similar chemical
properties. Additionally, the decay of 187Re to 1870s produces the 1870s/1860s
isotopic variations which give Os isotope geochemistry its utility. The
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extreme sensitivity of Re solution chemistry to redox conditions makes it a
geochemically interesting element in its own right (Colodner, 1991; Goldberg

et al., 1988). Re also happens to be more abundant in crustal rocks than the
PGE, and is more abundant in seawater, making it a good target for a first
test of the NTIMS technique. Analytical methods and results for the
determination of Re in the Pacific Ocean are presented in Chapter 2. In
Chapter 3, some implications of these results are explored.
The second element chosen is Ir. The geochemical interest in this
element is clear from the preceding discussion. The measurement of Ir in
natural waters is a far greater analytical challenge than is the case for Re,
due to its thousand-fold lower abundance and its more complex solution
chemistry. However, Ir chemistry is simpler than that of Os. Analytically,
then, the characterization of Ir in natural waters is a "stepping stone" to the
characterization of Os. In Chapter 4, the analytical methods developed for
this purpose are described in detail. In Chapter 5, the Ir distribution in
seawater and in the Baltic Sea system are presented and discussed, along
with the implications for the interpretation of Ir concentrations in sediments.
The remainder of this introductory chapter consists of an overview of
the (geo)chemistry of Ir and of Re. This overview is not intended to be
comprehensive, but merely to provide a context for subsequent chapters.
Section 1.2 surveys the properties, history and uses of these elements as
metals. Section 1.3 gives a brief overview of their solid-Earth geochemistry.
Section 1.4 includes a summary of the Ir and Re solution chemistry relevant
to natural waters. Excellent, comprehensive reviews of the PGE include the
historical survey of McDonald and Hunt (1982), the geochemical review
edited by Cabri (1981), and the chemical overviews of Hartley (1991) and
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Cotton and Wilkinson (1988). Peacock (1966) has written a thorough
monograph on Re. A thorough, recent survey of the literature on the PGE and
Re in the solid Earth and meteorites is that of Blum (1990). The information
in this chapter is drawn from these sources, and references therein, except
where otherwise noted.

1.2. The Noble Metals
1.2.1. Iridium and the Other PGE
Some of the chemical properties of these elements are summarized in
Table 1.1. At high temperatures and under reducing conditions, the PGE
form highly refractory metals. It was in this form that Pt was discovered in
alluvial deposits in Columbia, in the 16th century. In these early years, Pt
was noted primarily for its tendency to alloy with Au, making it an
annoyance for refiners, and of benefit to counterfeiters. In 17 41, C. Wood
brought the first samples of Pt metal to Europe. These were passed on to W.
Brownrigg, who noted the resistance of this new metal to tarnish, comparing
it favorably with Au. The insolubility of Pt in mineral acids (aside from aqua
regia) and its metallurgical properties were finally recognized in the 1750's
by W. Lewis. The discovery that this metal actually consisted of several
elements was not recognized until 1803. Ir and Os were discovered in that
year by S. Tennant, during his investigations into the residues remaining
after dissolution of Pt metal in aqua regia. Given this history, it is not
surprising that these elements were declared the "noble metals". By analogy
with the noble gases, the PGE were viewed as highly inert elements, due to
their resistance to most solvents and their high melting temperatures.
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Early applications leveraged the inert chemical character of the
metals. Pioneered by W. H. Wollaston, these included Pt crucibles, metal
touch-holes on flintlock pistols, and sulfuric acid boilers. By the middle of the
19th century, the inertness of these metals made them useful in the early

electrochemical investigations of M. Faraday and his disciples. Also at about
this time, the commercial uses of the PGE were aggressively promoted by P.
N. Johnson and G. Matthey, founders of the Johnson Matthey corporation.
The more recent uses of the PGE are based on their catalytic
properties. As noted by Hartley (1991), the nobility and catalytic abilities of
these elements both stem from their large number of d-shell electrons. These
allow for tight bonding in the metallic form. However, they also provide a
range of orbital energies and symmetries for bonding with catalytic
substrates. Thus, the PGE have found widespread use as automobile
emission catalysts, particularly in Japan and the United States. These
catalysts are now made mainly of Pt and Rh, although Pd was used in earlier
designs. The catalytic properties of the PGE are also exploited in the chemical
industry, where the metals are used to activate hydrogenation and
dehydrogenation reactions in the manufacture of many polymers, in the
oxidation of ammonia to nitric acid, and in the refining of petroleum. Modern
non-catalytic applications include the use of Pt in jewelry, and in the
processing of optical glass. Pt is also used in the commercial production of
fiberglass, since its noble properties make it an ideal material through which
to draw molten glass to produce fibers. The electronics industry has also
made extensive use of these metals, due to their ability to withstand
corrosion, and their low electrical resistance. One more recent application of
Pt is the use of the compound cisplatin (PtC1 2 (NH 3 ) 2 ) as an anti-tumor drug.
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Ir is not dramatically superior to the other PGE in these applications ,

although it is the most corrosion-resistant element and, with Os, one of the
two densest metals known. However, it is far less abundant than Pt or Pd.
Thus, its use has been rather limited: in 1987, the commercial demand for Ir
in the Western World was::::: 106 gm, compared to nearly::::: 2 x 108 gm for the
other PGE. Approximately a third of this usage is for purposes similar to the
other PGE (i.e., catalysts, crucibles, etc.). Ir has a unique place in the
optoelectronics industry, where Yt-Al-garnet crystals are grown in Ir
crucibles. It is also a constituent of the standard meter bar of Paris, which is
a 90% · Ptl10% Ir alloy. The destination of the remaining two thirds of
commercial Ir is unknown. Hartley (1990) speculates that the high melting
temperature and corrosion resistance of Ir may find specialized applications
in the defense and nuclear industries, accounting for this demand.
Economic PGE deposits are found on every continent. The most
productive, are the Bushveld Complex in South Africa, and the Noril'skTalnakh deposits in Siberia. In 1977, these accounted for > 90% of world
production. In the case of the Bushveld complex, chromite and sulfide ore
bodies contain 3 to 20 ppm PGE. Both of these deposits were produced by the
intrusion of large basaltic magma bodies into continental crust.
1.2.2. Rhenium

Re has the distinction of being the last element discovered by
conventional chemical methods (Emsley, 1989; Peacock, 1966). W. Noddack, I.
Tacke and Berg detected the element from its X-ray spectrum in concentrates
of PGE ores and in molybdenites in 1925 . By 1928, a gram of this new
element had been isolated, and Re became commercially available for
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$10,000/gm (Linde, 1990). The chemical properties of Re metal are similar to
those of the PGE (Table 1.1). Re is the fourth densest metal, after Ir, Os and
Pt, and only W and C have higher melting points. Therefore, Re is widely
used as a filament material in mass spectrometers, in ion gauges, and in
photoflash lamps (Linde, 1990). Annual demand for Re totals= 4.5 x 106 gm.
Re is produced commercially from flue dusts collected during the processing
of molybdenite. It is also enriched in coal (Kuznetsova, 1961), which may lead
to anthropogenic introduction of Re into the environment (Colodner et al.,
1995).
1.3. The PGE in the Solid Earth
The PGE have a highly siderophile character in the solid Earth; these
elements prefer to be alloyed with each other, or with Fe or Ni, than with
either 0 or S. Re has the same tendency. Therefore, during accretion and
differentiation of the Earth, the PGE and Re partitioned into the

Fe~Ni

metal

phases which ultimately formed the Earth's core, leaving the crust and
mantle strongly depleted in the siderophiles. This was recognized as early as
1922 by V. M. Goldschmidt (Goldschmidt, 1958), and is consistent with the
enrichment of the PGE in iron meteorites and in the iron phases of chondritic
meteorites (Anders and Grevesse, 1989; Larimer and Wasson, 1988; Taylor,
1988).
The abundances of the PGE in the mantle is not well understood. The
PGE contents of the core and bulk Earth are inferred from meteorite
observations, while the mantle composition is constrained by analyses of
ultramafic rocks (Crocket, 1981). Thermodynamic models of the PGE content
of the mantle cannot easily replicate the chondritic relative abundances of
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these elements, or their absolute abundances (Jones and Drake, 1986;
Newsom, 1990). This is referred to as the "mantle siderophile anomaly."
Various models have been used to explain PGE abundances in the mantle,
including the impact of a Mars-sized object following core formation. None
have met with unequivocal success (a sampling of this literature includes
Chyba, 1991; Hillgren et al., 1994; Newsom and Sims, 1991; Rama Murthy,
1991). This remains an outstanding problem in the solid Earth sciences.
Partitioning of the PGE and Re between mantle and crust is better
understood, although the mineralogical controls on this behavior are not well
known. Ir, Os and Ru are highly compatible in the mantle, and therefore do
not readily partition into the melts which form the crust. This produces the
extreme PGE depletion of the Earth's surface, which makes Ir so useful as a
tracer of exogenous material. Re, however, is somewhat less compatible. This
leads to modest Re enrichments, especially in the continental crust. This
fractionation of Re from the PGE (and hence, from Os) gives rise to variations
in 1870s/1860s in different rocks, forming the basis of Os-isotope
geochemistry. The literature on this subject was reviewed by Blum (1990).

1.4. The Ignoble Elements: PGE Solution Chemistry
. While most of the early interest in the PGE was driven by their
metallurgical properties, their rich coordination chemistry was no doubt
evident to S. Tennant, who named the element "iridium" for the Greek iris,
meaning "rainbow". Tennant said that this was on account of "the striking
variety of colours which it gives while dissolving in marine acid" (McDonald
and Hunt, 1982). He had. discovered empirically that the PGE cations will
readily form complexes with a variety of ligands once in dissolved form. The
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presence of these complexing ligands stabilizes the cations against reduction,
allowing them to remain in solution (Westland, 1981). More recent findings
suggest that PGE solution chemistry can redistribute these elements in the
environment (Bowles, 1986; Fuchs and Rose, 1974; Wallace et al., 1990).
These observations are supported by thermodynamic considerations
(Mountain and Wood, 1988; Westland, 1981). Aqueous chemical processes
may even produce alluvial PGE metal deposits (Cousins and Kinloch, 1976).
Since Pt metal was discovered in such deposits, it is ironic that the discovery
of the noble metals might have been delayed if not for their solution
chemistry! As observed by Cousins and Kinloch (1976), the notion that noble
metal character governs PGE distributions in the environment "appears to
have been somewhat over-rated". In the realm of low-temperature
geochemistry, the PGE are "ignoble".
1.4.1. Iridium

In aqueous solution, Ir occurs in either the Jr3+ or Jr4+ valence state. In
the presence of chloride, the octahedral chlorocomplexes predominate (i.e.,
IrC1 63- and IrC1 62-). A mobile redox equilibrium exists between these two
forms in solution (Peixoto Cabral, 1964; Poulson and Garner, 1962), and can
be readily followed visually by the pale green color of IrC1 63- (d6) and the
intense, red-brown color of IrC1 62- (d5). The interconversion of these species
occurs spontaneously in solution according to the reaction:
2IrC162- + H20
K

= 2IrC163- + 1/202 + H20

= 7 x 10-8 atml/2 mol2 L-2
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This equilibrium relationship is shown in Fig. 1.2. Conversion between the
two species is readily achieved in the laboratory by acid or base titration, and
is completely reversible. In natural chloride-bearing waters, the IrC1 6 3complex should predominate. This should be the case in seawater.
The speciation of Ir in low-salinity waters is not as clear, due to the
affinity of Ir for hydroxide. The first hydroxide binding constants of a number
of cations are plotted in Fig. 1.3. The value for Jr3+ is among the highest of
the elements. This large . hydroxide binding constant has important
implications for Ir in natural waters. In general, the aqueous geochemistry of
Ir should reflect a balance between the tendency to form chloro and hydroxy
complexes (Goldberg et al., 1986). Ir speciation in freshwaters should be
dominated by hydroxy complexes. In the estuarine environment, mixed
hydroxy-chloro compounds may be important. The affinity of cations for
surfaces with O- donor groups scales with the hydroxide binding constants
(e.g., Dzombak and Morel, 1990; Erel and Morgan, 1991). Thus, Ir is likely to

be very reactive toward phases commonly found in natural waters, such as
Fe-Mn oxyhydroxides and clay mineral surfaces. This reactivity should be
most pronounced in fresh waters, where there is little competition from
chloride ligands for the Jr3+ cation. In the oceans, slow scavenging of Ir by
settling particulates or authigenic phases may be an important removal
mechanism.
The affinity of the PGE for organic ligands in natural waters has been
considered theoretically, and is likely to be important for Pt and Pd (Wood,
1990; Wood et al., 1994). No such analysis has been done for Ir. However, Ir
has a rich organometallic chemistry in the laboratory in the Jrl+ valence state
(Cotton and Wilkinson, 1988). Additionally, Ir is taken up by marine
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organisms (Wells et al., 1988) and by some common plants (Dunn et al.,
1989). These considerations suggest that organo-Ir complexes could be
important in low-temperature systems.

1.4.2. Rhenium
The solution chemistry of Re is straightforward. In oxidizing
environments, Re is present in the heptavalent oxidation state, which forms
strong bonds with oxygen. The dominant dissolved species is therefore the
perrhenate anion, Re0 4 - (Brookins, 1986). This oxyanion is extremely
unreactive toward other dissolved species, and should show little affinity for
most surfaces at typical natural water pH values. Therefore, Re should be
conservative in natural waters. The only removal process of consequence
should occur in reducing environments, where insoluble Re-sulfide
compounds can form.
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Table 1.1. Some Properties of the PGE and Re.

Atomic number:

Os

Ir

Pt

Ru

Rh

Pd

Re

76

77

78

44

45

46

75

Atomic mass (amu):

190.2 192.2 195.1 101.1 102.9 106.4 186.2

Atomic radius (l0-12 m):

135.0 135.7 138.0 134.0 134.5 137.6 137.0

Melting point (K):

3327

2683

2045

2583

2239

1825

3453

Boiling point (K):

5300

4403

4100

4173

4000

3413

5900

738

612

469

567

494

362

704

~Hvap

(kJ mol-1):

Density (kg m-3):

22,590 22,420 21,450 12,370 12,410 12,020 21,020

Electrical
resistivity (l0-8 Q m):

8.12

5.3

10.6

7.6

4.51

10.8

19.3

Thermal conductivity
300 K CW m-1 K-1):

87.6

147

71.6

117

150

71.8

47.9

~E,

M -> M+ (kJ mol-1):

840

880

870

711

720

805

760

~E,

M -> M- (kJ mol-1):

106

151

205.3

101

109.7

53.7

14

Electronegativity (Pauling): 2.20

2.20

2.28

2.20

2.28

2.20

1.90

@
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average continental crust.
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Chapter2.
Rhenium in Seawater I:
Confirmation of Generally Conservative Behavior
The following chapter consists of a published study (Anbar et al., 1992), and
an unpublished appendix which discusses analytical details.

2.1. Abstract
A depth profile of the concentration of rhenium was measured in the
Pacific Ocean, using a technique we have developed for the clean chemical
separation and the precise measurement of Re by isotope dilution and
negative thermal ionization mass spectrometry (ID-NTIMS). This technique
permits Re concentrations to be determined from 200 mL of seawater with a
typical precision of± 5%o. This is an improvement of at least a factor of 100
over the techniques used in previously published determinations of Re in
seawater. We obtain a narrow range for Re from 7.20 ± 0.03 to 7.38 ± 0.03 ng
kg-1 for depths between 45 m and 4 700 m. This demonstrates that Re is
relatively well-mixed throughout the water column and confirms the
theoretical prediction that the behavior of Re in the oceans is conservative.
When examined in detail, both salinity and the concentration of Re increase
by approximately 1.5% between 400 and 4 700 m, a correlation consistent
with conservative behavior. However, Re appears to be depleted relative to
salinity by 1.0 - 1.5% at 100 m, and enriched by approximately 4% at the
surface. These observations suggest a minor level of Re scavenging in near
surface waters, and an aeolian contribution of Re to the ocean surface. This
work demonstrates the utility of ID-NTIMS for geochemical investigation of
certain trace elements that have not previously been amenable to detailed
study.
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2.2. Introduction
The geochemistry of the Platinum Group Elements (PGE) and their
periodic table neighbors is poorly understood, despite increasing interest in
recent years in the use of these elements as isotopic and elemental tracers,
and for geochronometry. This problem is particularly acute in the marine
environment, where the surface abundances of Os, Ir, Ru and Rh are poorly
constrained, and their depth profiles are unknown. Depth profiles have been
measured for Pt, Pd and Re (e.g., Pt: Goldberg et al., 1986; Jacinto and van
den Berg, 1989; Koide et al., 1987; Pd: Lee, 1983; Re: Matthews and Riley,
1970; Olafsson and Riley, 1972) but these data have raised as many questions
as they have answered. For example, the studies of the marine distribution
of Pt have each yielded a different trend with depth. The cause of these
differences is undetermined.
Uncertainty has also surrounded the marine geochemistry of Re. The
concentration of Re in oxygenated seawater is expected to be fairly uniform
with depth, as the stable form of Re in these waters should be the perrhenate
anion, Re04- (Brookins, 1986; Bruland, 1983).

Thus the behavior of Re

should be conservative in seawater. This expectation is consistent with the
apparent enrichment of Re in seawater relative to its periodic table neighbors
(Koide et al., 1987), which suggests that Re has an extremely long residence
time in the oceans (Goldberg et al., 1988).

However, the published

measurements of the concentration of rhenium in seawater indicate a range
of approximately 3 to 11 ng kg-1 (Koide et al., 1987; Matthews and Riley,
1970; Olafsson and Riley, 1972; Scadden, 1969). These variations probably
reveal a lack of precision and sensitivity in the analytical methods used, so
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that the content of Re in seawater is determined by these data to no better
than a factor of three.
Our understanding of the geochemistry of Re and the PGE is limited
largely by their low abundances and, until recently, the lack of analytical
techniques which are sensitive, precise and accurate enough to obtain reliable
abundance measurements. The application of NTIMS to these elements
(Creaser et al., 1991; Delmore, 1987; Heumann, 1988; Volkening et al., 1991;
Zeininger, 1984) introduced a highly sensitive new tool for their study. In
order to resolve the problem of the Re concentration of seawater and its
distribution with depth, we have applied ID-NTIMS to the study of Re in a
Pacific Ocean profile.
2.3. Sampling and Analysis
Seawater samples were collected in January 1992, on the HOT-33
cruise (RIV "Wecoma") at Station Aloha, approximately 100 km north of Oahu
(22°N; 158°W). Nine samples were collected using PVC Niskin bottles with
Teflon-coated internal springs, lowered on a steel cable. One sample (at 45
m) was collected using a Go-Flo bottle on a Kevlar line.

Pressure,

temperature, conductivity and dissolved oxygen were monitored continuously
using a conductivity-temperature-depth probe (CTD) and an oxygen sensor
(Karl and Winn, 1991). The depth, salinity and oxygen data reported in this
study were derived from the CTD and oxygen sensor data (Table 2.1; D. Karl
and R. Lukas, personal communication). After recovery, all samples were
filtered within 48 hours through 0.2 µm nitrocellulose filters using a
peristaltic pump, then acidified by adding 2 mL of 12 N HCl to each liter of
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seawater, and stored in acid-washed high density polyethylene bottles for
later analysis.
Accurately weighed 200 mL fractions from all samples, except for the 6
m sample, were spiked with a 185Re-enriched tracer solution approximately 3
months after collection. The 6 m sample was spiked aboard ship, following
filtration and acidification. In all spiked solutions, the measured 185Re/187Re
ratio was close to the optimal value needed to minimize the error propagation
factor. After the addition of the tracer, the solutions were periodically shaken
and stirred over 24 - 48 hours, which was deemed sufficient time for complete
equilibration of the Re isotopes, since Re is presumed to be present as Re04in both samples and tracer. The Re tracer was prepared by dissolving 185Reenriched metal

~Oak

Ridge National Laboratory) in 16 N HN03 and diluting

to 1 N with ultrapure water.

Two dilutions of this stock solution were

prepared. Dilution 1 (Dil-1) was used to spike the 6 m sample aboard ship,
and a 2800 m fraction in the lab. ·Dilution 2 (Dil-2) was used for the other
samples spiked in the laboratory. The concentration of 185Re in both of these
tracer solutions was determined by calibration against a gravimetricallyprepared standard solution of isotopically normal, high purity Re metal
(Johnson Matthey).

The isotopic composition of the tracer solutions was

determined by NTIMS in our laboratory (185Re/187Re

= 37.14 ± 0.04), and the

isotopic composition of the standard solutions and natural samples is
assumed to be 185Re/187Re

= 0.5974

± 0.0004 (Gramlich et al., 1973). The

isotopic composition of Re standard solutions determined by NTIMS in our
laboratory (0.5976 ± 0.0003) is identical to the isotopic abundance ratio
determined by Gramlich et al. (1973), using carefully controlled procedures.

37

I. Rhenium and Iridium in Natural Waters

Rhenium was separated from the seawater samples by anion exchange
chromatography using two small Teflon columns (e.g., Huffman et al., 1956).
Primary separation utilized 200 µL Bio-Rad AG 1-X8, 100-200 mesh resin,
onto which Re04- was adsorbed directly from the spiked, acidified seawater.
The column was rinsed with 10 mL ultrapure H20, followed by 650 µL 4 N
HN03 to remove Mo and W. These elements are both present as oxyanions in
seawater at higher concentrations than Re. Rhenium was then eluted with 2
mL 4 N HN03. The resulting solution was evaporated to a small drop at 70 80 °C under N2, and passed through a second column with 5 - 10 µL of resin
to purify Re further and to reduce the small amount of organic residue
remaining from the first column. This entire separation procedure had a
yield of 90%, determined by isotope dilution analysis of a known amount of
Re that was passed through the chemistry. The chemical blanks were in the
range 2 - 5 pg. For all the data reported below, the quantity 3.5 pg was
subtracted from the quantity of sample Re that was determined to be present
by isotope dilution analysis. Since approximately 1.5 ng of Re was typically
separated from the seawater aliquots, the resulting blank correction was less
than 3%o of the total sample Re present.

This is smaller than the total

uncertainty of the analytical procedure (see below).
· The chemically separated Re was loaded using polyethylene tubing on
a microsyringe, onto a high purity Pt filament on which Ba had been loaded
as BaS04 (used to enhance negative ion emission), and analyzed in a Lunatic
mass spectrometer configured for negative ions

(Creaser et al., 19 91;

Wasserburg et al., 1969). When prepared as a fine precipitate, BaS04 forms
an even coat on the filament, on which the sample may be easily loaded. The
BaS04 was found to provide a reproducible and efficient method of obtaining
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a higher ionization efficiency for both samples and standards than was
possible using other Ba salts, such as Ba((N0)3)2 or Ba(OH)2 (Creaser et al.,
1991; Heumann, 1988). The ionization efficiency for Re standards was 20%.
The ionization efficiency was lower for separated samples due to the presence
of organic material in the final load, and ranged from 1 to 10% for the
samples analyzed in this study.
Re was analyzed as Re04- at masses 249 and 251, and the ion intensity
at 251 was corrected for the contribution from 185Re16Q3l8Q- using 18QJ160
0.002085 to obtain the ratio 185Re/187Re.

=

This 18Q/16Q ratio has been

measured directly for normal Re, using the 187Re04- ion beams (Creaser et

al., 1991). The contribution from 187Re1702l602- at mass 251 is negligible.
When running seawater samples, ion currents corresponding to 107 - 108
counts per second (cps; 0.16 - l.6xlO-ll A) at masses 249 and 251 were
routinely sustained for 30 - 40 minutes on a Faraday collector, at filament
temperatures of 840 - 890 °C, as determined by an optical pyrometer.
To determine the level of the ion current due to background
contamination, BaS04 was loaded on a filament without any sample or
tracer.

Ion currents corresponding to 103 - 104 cps at mass 251 were

measured over the temperature range 840 - 890 °C. This current increased
with increasing filament temperature, but was fairly constant over time when
the temperature was not varied. The ratio 185Re/187Re measured in

t~is

experiment was indistinguishable from that of normal Re.
In order to establish the level of the filament blank under controlled
conditions, we loaded 36 pg of Re tracer on a Pt filament with BaS04, and
obtained a stable signal at mass 249 equivalent to ::::: 106 cps, at a filament
temperature of 850 °C.

The initial 185Re/187Re measured was 33.4,
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corresponding to a blank equivalent to 0.17 pg of normal Re from the
filament.

The run was continued at constant temperature until

approximately 3% of the initially loaded Re tracer had been ionized and
detected (determined by integration of the ion beam intensities over time). If
a constant, but initially unknown, blank contribution to the measured ion
beams is assumed, then the data from this experiment can be used to
determine the magnitude of the blank contribution.

This contribution

corresponds to:::::: 5xl03 cps at mass 251.
The Re blank contributions determined from these two experiments
are in general agreement. It follows that for our current generation of "clean';
Pt filaments, the background current, using BaS04 as the emitter,
corresponds to 103 - 104 cps at mass 251. This low level of Re blank has
broad applicability in Re-Os geochemical studies.
During analyses of seawater samples, the observed drift in the
measured ratios led to a typical uncertainty in these ratios of less than ±
1.5%o amu-1, consistent with mass dependent isotope fractionation associated
with sample depletion.

No other drift was observed (e.g., as would be

obtained from a variable filament blank), even when beam intensities were
increased by an order of magnitude under different operating conditions.
Replicate analyses of samples at 6 ·m, 402 m, and 2800 m were in agreement
to ± 3%o (Table 2.1), consistent with this source of uncertainty. The close
agreement of the two 2800 m fractions, spiked with different tracer solutions,
indicates that the calibrations of the Dil-1 and Dil-2 tracer solutions are well
within the analytical uncertainties.
An uncertainty propagation calculation was made for each sample,
including the uncertainties in all gravimetric measurements, as well as the
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uncertainties in the concentration and isotopic composition of the Re tracer
solution, and the uncertainty in the isotopic composition of natural Re. An
uncertainty of ± 3%o was assigned to the measured isotopic ratio of each
spiked sample, due to the mass-fractionation uncertainty discussed above.
An uncertainty of ± 50% was assigned to the 3 pg chemical blank. The
cumulative uncertainties from these sources (at 95% confidence) are reported
in Table 2.1, and were typically within± 5%o. This is consistent with mass
fractionation as the primary source of uncertainty for most samples.

2.4. Results and Discussion
The results are shown in Table 2.1.

The Re concentrations are

presented both as direct determinations, and on a salinity-normalized basis
(normalized Re, ReN = Resample x 35/sample salinity). A comparison of the
depth profile determined in this study with the Pacific Ocean profiles of
Koide et al. (1987) is shown in

Fig~

2.1. In contrast to the previous studies,

our data clearly demonstrate that the concentration of Re is essentially
constant with depth, and that the chemistry of Re is generally conservative,
as was predicted on thermodynamic grounds (Brookins, 1986; Bruland, 1983).
This result is consistent with the less precise recent measurements using
isotope dilution-inductively coupled plasma mass spectrometry (ICP-MS),
which yield marine profiles that are uniform with depth to within ± 4%
(Colodner, 1991).
The consistency of our data is a significant improvement over the
previous measurements of Re in seawater. Our best estimate of the average
Re concentration of seawater is 7.31±0.11 ng kg-1, or 7.42 ± 0.04 ng kg-1 on a
salinity-normalized basis. These values were obtained by averaging all the
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data below 400 m, where the salinity-normalized Re concentrations are most
uniform .

The uncertainties are ± 2cr of the data used to calculate the

averages. The samples from depths shallower than 400 m appear to deviate
somewhat from conservative behavior, but it is not clear whether these
deviations represent actual variations in the concentration of Re in the water
column (see below, and Fig. 2.2). Thus, these measurements are omitted
from the best estimate.

Table 2.2 compares our best estimate of the

concentration of Re in seawater with the corresponding estimates from other
studies.

Our determination is within the wide range of the analyses of

Scadden (1969), Matthews and Riley (1970) and Koide et al. (1987), but is
substantially higher than the value from the Atlantic Ocean study of
Olafsson and Riley (1972). As suggested by Koide et al. (1987), we suspect
that the uncertainties in these earlier studies are due, in large part, to
variability in the yields of the chemical separation of Re from seawater.

A

systematically low yield could also explain the shift between our average
value and that of Olafsson and Riley (1972). Since, in our isotope dilution
analyses, the tracer was added prior to chemical separation , yield
uncertainties were not a source of error, as long as the sample and tracer
isotopes equilibrated. The reproducibility of our data provide support that
this was the case.
Our average sea'Yater value is significantly lower than the best
estimate by Colodner (1991) of 8.19 ± 0.37 ng kg-1, reported on a salinity
normalized basis with 2cr uncertainty. There appears to be a systematic
offset between our data and those of Colodner (1991 ). This discrepancy may
in part be due to the fact that the results of this study are based on filtered
seawater samples, as compared to the unfiltered samples used by Colodner
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(1991). For example, Krishnaswami et al. (1981) and Cochran et al. (1983,
1990) have shown that a significant fraction of the 210pb in seawater is bound
to particles.

This is true for many trace elements (e.g., Bruland, 1983;

Whitfield and Turner, 1987). However, if this mechanism alone were to
account for the discrepancy between the data sets, it would indicate a much
greater reactivity of Re than is implied by the general uniformity of Re
concentrations with depth. Further work is needed to determine the source
of the discrepancy, and whether differences in acidification or storage
procedures are important. *
It should be noted that some of the previous studies included data from
several locations (see Table 2.2). Thus, some of their variability could have
been due to real geographical variations in the Re content of seawater. We
believe such variability is unlikely, however, due to the apparently
conservative

~ehavior

of Re, as illustrated in Fig. 2.1, and because, for the

less precise earlier work, there appears to be as much variability within a
depth profile at one location as there is between samples collected at different
sites (see especially Koide et al. , 1987).
The precision of our data allows detail in the Re profile to be resolved
for the first time. The Re concentration decreases from a value of 7.34 ± 0.04
ng kg-1 at 4 705 m to an average value of 7 .22 ± 0.04 at 402 m, and then rises
to an average of 7 .69 ± 0.07 at 6 m (Fig. 2.2a). The decrease in the Re
concentration between 4 705 and 402 m is comparable to the percent decrease
in salinity over the same depth range (z 1.5%), which is consistent with
conservative behavior. However, at 100 m, the Re concentration does not

* This discrepancy has since been traced to an error in the calibration of the 185Re spike used
for the ICP-MS study (Colodner et al. , 1995).
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exceed the deep-water value, although there is a pronounced salinity
maximum at this depth. A good correlation with salinity should be reflected
in a Re concentration of :::: 7.4 ng kg-1 at 100 m (Fig. 2.2b). Although the
sampling was not ideally spaced at these depths, this predicted value is
nearly 1.0 - 1.5% higher than the average of the measured values at 100 m,
and, therefore, should be detectable well within our analytical uncertainty.
The salinity-normalized data suggest that the 51 m sample may also be
somewhat depleted in Re relative to the deep waters, although this variation
is within the uncertainties of the measurements. The surface enrichment is
reflected only in the 6 m sample, and persists in the salinity-normalized data.
The measured Re concentration at the surface is :::: 4% higher than the
average of the other samples, which is well above the analytical
uncertainties.
These observations suggest that while the behavior of Re is essentially
conservative, its distribution may be modified by two types of processes. The
first process is a slight depletion due to biological or inorganic scavenging
near the surface, and subsequent regeneration at depth; this mechanism
could account for the apparent depletion at 100 m. The second process is an
input of possibly anthropogenic Re to the ocean surface, probably via the
atmosphere, which could be reflected in the surface Re enrichment. This
mechanism is analogous to that observed for lead (Schaule and Patterson,
1981).

The interpretation of small variations in the Re concentration calls for
caution, however, due to potential problems of Re contamination during
sample collection, or removal of dissolved Re from solution during sample
storage.

Although the possibility of contamination cannot be ruled out,
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particularly for samples from shallow depths, the fact that the samples from
45 and 51 m are identical within errors, despite being collected using
different types of sampling equipment, indicates that there was little or no Re
contamination from the sampling procedure itself. As for Re removal during
storage, it is possible that a small, but detectable, quantity of Re was lost due
to adsorption on the walls of the polyethylene bottles, or reduction of Re04 following addition of HCl to these samples (Cotton and Wilkinson, 1988).
This interpretation would demand that a nearly constant amount of Re was
lost from most of the samples, to account for the uniformity of the salinitynormalized values below 402 m. Although this seems unlikely, it could
account for the apparent enrichment of the 6 m sample, which was spiked
aboard ship soon after sample collection, as well as the non-conservative
behavior of the 100 m sample. Clearly, further work is needed to ascertain
the importance of such sample collection and storage processes before these
data are interpreted to the limits of the analytical precision.
These problems notwithstanding, our data confirm that Re is among
the more conservative of elements in seawater, as exemplified by its
relatively constant concentration with depth. These results also demonstrate
that the refined chemical techniques described above, coupled to the IDNTIMS technique, have the potential to improve substantially our
understanding of the geochemistry of trace elements previously studied only
with difficulty. We are currently extending this approach to the study of
several platinum group elements in seawater.
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Table 2.1. Re concentrations in the Pacific Ocean
Sample
Re
ReN
Depth (m) (ng/kg) (ng/kg)
6(a)
(b)
45
51
100
402(a)
(b)
749
1499
2198
2800(a)
(b)
4705

7.70
7.68
7.38
7.35
7.34
7.20
7.24
7.30
7.31
7.32
7.34
7.36
7.34

7.70
7.68
7.35
7.33
7.39
7.43
7.44
7.40
7.40
7.41
7.44
7.41

Salinity Oxygen
(µmol/kg)
2cr (%0)
0.07
0.06
0.03
0.03
0.03
0.03
0.04
0.03
0.03
0.03
0.06
0.03
0.03

35.002

205.4

35.006 205.4
35.089 205.4
34.104 156.3
34.354
34.561
34.622
34.653

26.8
62.5
84.8
111.6

34.645

138.4

ReN is the Re concentration normalized to 35%0 salinity.
The uncertainty of each measurement is derived from
uncertainties in the measured 249/251 ratio, tracer con. centration, and all gravimetric determinations, (see
text). Replicate samples (6, 402 and 2800 m) were
processed separately, and indicate that the analytical
variability was within the uncertainties of the
individual measurements. Samples 6 (a ), (b) and 2800
(b) were spiked using the Dil-2 tracer. All other
samples were spiked with Dil-1.
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Table 2.2. Estimates of Re in seawater
Location

Re (ng/kg)

Pacific Ocean

7.42 ± 0.04 (a) This study

Pacific Ocean

9.1

± 4.4

(b) Koide et al., 1987

Pacific Ocean

8.4

± 2.4

(c) Scadden, 1969

Atlantic Ocean

4.0

± 2.1

(d) Olafsson & Riley, 1972

Atlantic Ocean

6.9

± 2.1

(e) Matthews & Riley, 1970

Average Ocean

8.19 ± 0.37 (f) Colodner (1991)

Reference

Depth profiles were measured in all studies except (c),
which included only surface samples. In (b) and (e), no
data at depths shallower than 200 m were obtained.
Studies (b), (c), (d) and (f) included samples from more than
one location. Uncertainties in (b), (c) and (f) were reported
by the authors as ± lcr of the measurements, but have been
converted to ± 2cr for comparison with this study. No
uncertainty estimates were included in (d) and (e); by
analogy to (b) and (c), we have calculated their
uncertainties as ± 2cr. Our average, (a), includes all
measurements below 400 m, and the uncertainty is
reported as ± 2cr of these values. Average values from
studies (a) and (f) are reported on a salinity-normalized
basis.
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circles are data from this study; other points are from Koide et al. (1987). Our samples were
taken at 22°N 158°W. Other samples wer.e taken at 33°N 139°W (open circles); 35°N 122°W
(triangles) and 35°N 138°W (crosses).

52

/. Rhenium and Iridium in Natural Waters
Depth (m)
~

Ol

-l

0
0
0

0
0
0

w

0
0
0

N)

~

0
0
0

0
0
0

0

w

N)

0
0

Ol

-l
N)

0

I

!----------------·------------! .. ---···r-------- r

-l

~

ro

..p...
0

~
aq

-l

,..-...,
~

_r__ ______

r_

.--!

. -l .

w
w
w

·..

[/).
~

w

..p...

. .
,Q3l

0

m

'--"

........
......
::I
......

q

,..-...,

~

0

0- - • - - • - - - . - - -· - - - - - . - - - - - .. - - -0 - - - .. - ••

o-· -. - - .. - - o- ... - - 0 .

w

0
'--"

~

-l

-l

00
0

w

00
0
0

Ol
Ol

Depth (m)
0

..p...
0
0

0

0

Ol

0
-l

w

0
0
0

N)

~

0

0
0
0

0
0

0

0
0

-l
N)

0

~

z ro
S'

~

-l

..p...
0

aq

'--"

-l

m

0

-l

Q..i

00
0

Fig. 2.2. (a) Depth profiles of salinity (open circles) and rhenium (solid circles) measured in
this study. (b) Depth profile of rhenium normalized to 35%0 salinity. The vertical line
represents the average Re concentration of the samples below 400 m (7.42 ng kg-1), and the
shaded area denotes the 95% confidence limits of this value(± 0.04 ng kg-1).
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Appendix 2.A

The Filament Loading Blank
This Appendix describes experiments conducted to characterize the
filament loading contamination (blank). This includes contamination from the
filament itself, as well as any contamination from the loading procedure and
materials. The results were summarized in Chapter 2. However, since blanks
have been problematic in NTIMS analysis of Re, a more detailed presentation
is warranted. This discussion focuses on the size of the blank as a function of
elapsed time and filament temperature.
2.A.1. Procedures
The general approach for blank determination was to load small
quantities of Re spike (typically ::: 35 pg) on filaments, and determine the
185Re/187Re ratio in the mass spectrometer using a secondary electron
multiplier (SEM) operated in analog mode. This ratio reflects the mixture of
the Re spike and the normal Re coming from the filament and any
contamination during loading. Prior work (Creaser et al., 1991) indicated
that a combination of Pt metal filaments and Ba salts as activators yielded
high ionization efficiencies for Re. In the present study, the lowest blanks
were attained with 99.999% purity Pt metal (ESPI) and BaS0 4 activator. The
details of Re loading on the filament were critical; when the Re spike solution
was loaded on top of the BaSO 4, rather than directly on the filament followed
by deposition of BaS04, blanks were typically reduced by ::: 2x, and the
ionization efficiency increased substantially. Possibly, this loading procedure
physically separates the loaded Re from Re which is diffusing from the
filament, which minimizes mixing of the load and the blank. The high
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solubility of Ba salts other than BaS0 4 makes them unsuitable for this
technique, since they will dissolve when solutions are loaded on top of them.

2.A.2. Variation with time
Ratios determined using these procedures varied systematically as a
function of time when operating conditions were held constant (e.g., Fig.
2.A.1). A priori, it was not clear if this variation was due to depletion of the

spike over time, an increase of the filament blank contribution with time, or
some combination of these effects. This was of some concern. The precise
determination of Re concentrations by isotope dilution requires tight control
of the blank contribution from the filament or activator. If this contribution
varies during the analysis of a sample, the precision of the ratio
measurement is degraded. Such variation could result from accumulation of
Re at the filament surface as atoms diffuse from within the metal. Although
the blanks calculated from the

obse~ed

ratios (Fig. 2.A.l) are small relative

to typical sample sizes (z 1 ng), the possibility of a variable blank which
might grow to much larger values was troubling.
The effects of sample depletion and blank growth can be deconvolved
by applying a simple model which assumes that the only contributions to the
measured ratios come from the loaded material and the filament blank, and
that these two reservoirs do not mix before emission. Thus:
249/M = 249/s + 249/B and 251/M = 251/s+ 251/B

(2.A.1)

where nJM is the total number of ions of mass n which arrive at the detector
per unit time, and nJs and nJB are the number of ions of mass n per unit time
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which come from the spike and the blank, respectively. These are combined to
obtain:

(2.A.2)
where Rs= 249/s /251/s. Rearranging:

(2.A.3)
where RB

= 249I B J251I B. If the blank contribution is constant, a

plot of 249IM

vs. 251/M will yield a straight line with m =Rs and b = (RB251JB- Rs251JB).
The data from Fig. 2.A.1 are plotted this way in Fig. 2.A.2. The model and
data are in excellent agreement: The data are fit well by a straight line (R2

0.99),. and Rs derived from the slope (m

= 37 .08) is within

=

3%o of the actual

value (Rs= 37-.14). The contribution from a constant filament blank of normal
isotopic composition (RB= 0.597) is 5.54 x 103 cps at mass 251, and 3.31 x 103
cps at mass 249. Integrating the total signal during the 5000 seconds of this
experiment, we find that 3% of the loaded spike is detected. If the blank has
comparable ionization efficiency to the spike, then the counts contributed by
the blank correspond to:::::: 0.4 pg of normal Re on the filamenL This value is
close to that derived directly from the measured ratios.
Th€ alternative possibility of a variable filament blank and a minimal
effect from spike depletion can also be derived from Eqn. 2.A.1, and would
predict a straight line relationship:

(2.A.4)
In this case, the slope would correspond to RB· Clearly, this is not the case for
the data in Fig. 2.A.2, since the isotopic composition of the blank must be

