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INTRODUCTION 
Thanks, to DOE, NSF and internal funding, the University of Michigan acquired the 

world’s first multiple collector inductively coupled plasma mass spectrometer (MC-ICPMS) in 
December 1993. DOE funding was especially critical to the pioneering development of the 
resea-ch program. The DOE fimding of this research can only be described as stunningly 
successful. With this prototype instrument we explored a vast array of isotopic systems and 
demonstrated applicability to problems as different as the origin of the solar system and smelting 
methods in the Bronze Age. In terms of publications we produced more than 40 full peer 
reviewed articles including 9 published in Science and Nature (see below). In terms of scientific 
discovery we were able to make major advances in our understanding of the early evolution of 
the Earth, Moon, Mars and asteroids. We opened up new fields of in situ isotopic microanalysis 
of relevance to research on climate archives, diagenesis, crustal fluid flow and magma chamber 
development. We developed high-resolution records of ocean circulation with new isotopic 
proxies. Lastly, we were able to show that we could measure the ages of corals more precisely 
than had hitherto been possible allowing us to extend sea-level curves further back in time and 
test the Milankovitch theory of climate forcing. 

The primary aims of this research project were three fold. (1) To develop and utilize the 
new technique of multiple collector inductively coupled plasma mass spectrometry and apply it 
to problems in the earth, ocean and environmental sciences. (2) To develop new chronometers 
and improve existing chronometers to allow the accurate determination of the ages of geological 
features and processes. (3) To study natural fluid-mediated mass transfer processes and source of 
components in the crust and the oceans. 

So successful has this research program been that this technique has now become the 
preferred method for the determination of the isotopic compositions of a variety of elements in 
the periodic table (Halliday et al., 1995, 1998a,b, 2000a). With the move of the PI fkom 
Michigan to ETH Zfirich and the gradual dispersal of the Michigan research team we focussed 
most of our efforts on objectives (1) and (3) above. 

The PI apologizes for the delays in filing this report. This had nothing to do with the 
University of Michigan, and the staff of this institution should not be held to blame. The delay 
reflects the time consuming exercise of re-establishing such a major program elsewhere. The 
isotope lab and research program at Michigan with DOE support was one of the biggest in the 
US under a single PI. The facility that has now been established at ETH is 3 times larger and is 
the biggest worldwide. 

In the following we summarize the long list of highlights fiom the pioneering program at 
Michigan. Some of these are treated in more detail in earlier DOE reports. 

TUNGSTEN ISOTOPES AND THE EARLY SOLAR SYSTEM 
We measured W isotopic compositions of iron meteorites, Martian meteorites, eucrites, 

chondrites and lunar samples (Lee and Halliday 1995, 1996, 1997, 1998, Lee et al., 1997), and 
used these data to provide constraints on the rates of accretion of the terrestrial planets (Halliday 
1999, 2000, Halliday and Lee 1999, Halliday et al. 2000b). These results have allowed us to 
deduce that accretion and differentiation of Mars and the eucrite parent body were completed 
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much more quickly than that of the Earth and Moon. We have been able to conclude that the 
Moon probably formed 501t10 Myrs after the start of the solar system. A postdoc, Dr. Der-Chuen 
Lee started working on these techniques but his research then became entirely supported by NSF 
and NASA. 

TRACE SIDEROPHILE AND CHALCOPHILE ELEMENT GEOCHEMISTRY 

Trace siderophile and chalcophile elements constrain models of accretion and core 
formation and provide evidence for core-mantle interaction. They are of great interest in studying 
low temperature processes. However, the basic abundances of many of the elements of interest 
are not well established. We developed new MC-ICPMS isotope dilution (ID) techniques for the 
measurement of the platinum-group elements iridium (Jr), ruthenium (Ru), platinum (Pt) and 
palladium (pd) in geological samples (Rehkhper and Halliday 1997, Rehktimper et al. 1998) and 
applied these methods to the study of African ultramafic xenoliths (Rehkiimper et al. 1997). We 
then extended this research to the study of basaltic systems (Rehkihnper et al., 1999b) and 
abyssal peridotites (Rehkhper et al., 1999a). We also developed ID techniques to study the 
volatile chalcophile trace elements indium (In), cadmium (Cd), tin (Sn) and tellurium (Te) (Yi et 
al., 1995,1998,1999,2000) With a study of 80 samples of MORB, submarine and subaerial OB 
and submarine arc lavas (Yi et al., 2000), we discovered that Cd is particularly uniform in all 
submarine glasses, and displays no relation with tectonic setting. We have extended this research 
to the study of hydrothermally altered oceanic crust at Ocean Drilling Project Holes 504B and 
896A. The work on Cd, In, Sn and Te formed the subject of a recently completed Ph.D. thesis by 
Wen Yi. 

HAFNIUM ISOTOPES AND THE EARLY DEVELOPMENT OF THE CONTINENTS 

Evidence of mantle depletion caused by melting at a time pre-dating the formation of the 
oldest surviving crust has been presented in Sm-Nd isotopic studies of 3.8-4.0 Gyr rocks fiom 
Greenland and Canada. However, this interpretation is now equivocal because of the possibility 
that late perturbations may have re-equilibrated the Nd isotopic compositions. Independent and 
more robust evidence for the origin of the earliest crust and depletion of the Archaean mantle is 
provided by Hf isotopic compositions of zircon, which can be precisely dated by U-Pb and can 
survive metamorphism. However, the amounts of Hf in single zircon grains are too small to be 
precisely analysed by conventional methods. We have made the first highly precise Hf isotopic 
measurements for single zircons, using 37 single grains of the oldest known terrestrial zircons, 
with U-Pb ages of up to 4.2 Gyr fiom the Narryer Gneiss Complex, Australia. We found that 
none had a depleted mantle signature, but many were derived from a source with a chondritic Hf 
isotopic composition. Furthermore, more than half the analysed grains formed by re-melting of 
significantly older crust, indicating that that crustal preservation and subsequent re-working was 
important from earliest times (Amelin et al., 1999,2000). 

EVOLUTION OF LEAD ISOTOPIC COMPOSITIONS OF THE OCEANS 
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Following our pioneering work on in situ Sr isotopic measurements by MC-ICPMS 
(Christensen et al. 1995) and their applications to volcanic phenocrysts, we developed the 
techniques for measuring the Pb isotopic compositions of Fe-Mn crusts, in situ using laser 
ablation (Christensen et al., 1997). With this remarkable high-resolution record (each crust was 
sampled and a high precision Pb isotopic measurement made over 100 times), we discovered an 
apparent link with indicators of climate and oceanographic change, such as the oxygen isotopic 
composition of benthic foraminifera. An assistant research scientist, Dr. John Christensen, 
worked in this area. We subsequently explored the methodology of TI corrected Pb (Rehkhnper 
and Halliday 1998) and Pb corrected T1 (Rehkiimper and Halliday 1999) isotopic measurements 
more rigorously. We showed that T1 isotopes are strongly fractionated in marine ferromanganese 
crusts - making TI the heaviest element for which a natural isotopic fractionation had been 
demonstrated (Rehkhper and Halliday 1999). 

THE ISOTOPICCOMPOSITION AND RESIDENCE TIME OF HF IN SEAWATER 
We measured the Hf isotopic compositions of a wide range of Fe-Mn crusts (Godfrey et 

al., 1997) and then extended this work to include time resolved Hf isotopic measurements. This 
work cannot be performed with the laser because the Hf concentrations are too low. 
Nevertheless we constructed high-resolution profiles by manual sampling and chemical 
separation. We found that the Hf isotopic composition of central Pacific seawater stayed 
reasonably constant (EHf = +4 to +6) over the past 45 Myrs but with distinctly higher values (EHf 
= +6 to +9) between 25 and 15 Myrs (Lee et al. 1999). The most likely explanations would be 
increased hydrothermal venting between 25 and 15 Myrs or a change in central Pacific ocean 
circulation patterns prefkentially advecting seawater with hydrothermal components at this time. 
The most surprising facet was the constant Hf isotopic composition of the past 15 Myrs despite 
huge (supposed) changes in erosional and volcanic inputs. One postdoc, Dr. Der-Chuen Lee and 
a graduate student Alex Piotrowski worked on the Hf measurements who successfully completed 
his Masters at Michigan and is now a PhD student at LDEO. This ultimately resulted in an 
additional paper by Piotrowski et al. (2000) with the first high-resolution time resolved data for 
the Atlantic and Indian Oceans. The work on Fe-Mn crusts involved collaborations with Dr. Jim 
Hein (USGS, Menlo Park) and Dr. Linda Godfrey (Cornel1 University). 

THE ISOTOPIC COMPOSITIONS OF SR HF, PB AND ND IN DUST 

We have extended our research on the isotopic compositions of eolian inputs to the 
Pacific Ocean to include downcore measurements at two sites in the north central Pacific Oceans 
(Pettke et al., 2000, 2002a,b). We find that there are striking changes in Sr and Hf isotopic 
composition as a function of time and that these appear to relate to climate-driven changes in the 
weathering of Asia. Nd and Pb isotopic data are less variable but are strongly affected by long 
term changes in wind pattern. In particular the influence of the Inter-Tropical Convergence Zone 
on Nd isotopic compositions is dramatic presumably because of the admixing of material from 
central America. A postdoc, Dr. Thomas Pettlke developed this research. 

U-TH DISEQUILIBRIUM DATING OF CARBONATES AND SOILS 
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Early research on U-Th isotopic measurements demonstrated an ability to produce more 
precise measurements than was hitherto possible (Luo et al., 1997) and developed the techniques 
for precise U-Th dating of carbonates including corals and carbonates from soils and weathering 
horizons, including terrestrial gastropods (snails) and carbonate nodules. The nodules were 
found to be of little use because of open system behavior. However, the corals and land snails 
worked very well. We acquired thirty precise U-series ages for a set of reef terraces formed 
during MIS 9 and MIS 15 on Henderson Island, an elevated coral atoll near Pitcaim Island in the 
equatorial Pacific (Stirling et al. 2001). The data were obtained using TIMS (at the ANU) and 
MC-ICPMS at Michigan. Importantly, our Henderson Island results provide the first direct U- 
series constraint on the timing of the MIS 15 sea-level high-stand. We determined a 230Th-age of 
632 f 21 ka for reefs that grew on Henderson Island during a major atoll construction phase 
within MIS 15. Although relatively imprecise at the present time, this initial estimate is being 
refined. Our results provide excellent first-order constraints on the timing and duration of the 
MIS 9 sea level high-stand. In the 330 ka samples, 230Th-age uncertainties (excluding the 
systematic contribution fiom the decay constants) can be smaller than *2 ka. This allows the 
timing and duration of the MIS 9 interglacial, and its temporal relationship with the Milankovitch 
65ON summer solar insolation curve, to be well-resolved. The research on U-Th dating at 
Michigan was spear-headed by a graduate student, Xiazhong Luo who successhlly completed his 
Ph.D. at Michigan, and a postdoc, Dr. Claudine Stirling. 

L'VSITUU-TH DISEQUILIBRIUM DATING OF OPAL 
We also started in situ U-Th isotopic measurements at very high spatial resolution at U-M, 

using laser ablation sampling combined with MC-ICPMS. The technique offers significant 
potential in U-series disequilibrium studies in magmatic zircon and low-temperature opal 
geochronology. We have started a study of U-rich samples of opal from Yucca Mountain in an 
attempt to date groundwater movements in the past, in collaboration with Dr. J. Paces and Dr. Z. 
Peterman (USGS). Our preliminary data were very encouraging and permitted us to make 
spatially resolved age measurements with an uncertainty of the order of 110 %. The research on 
in situ U-Th dating was spear-headed by Dr. Claudine Stirling (Stirling et al., 2000). The 
precision in [23kJ/238u]act and [230Th/234uIac~ translates into 20 errors in the 230Th-age of f3,OOO 
years in 100,000 year old samples. However, the accuracy of the [230Th/238UJ,ct measurement can 
be severely compromised by elemental btionation. Following the work of Prof. Detlef 
Guenther (ETH), we utilized a combined helium and argon gas system to improve the 
transportation efficiency of particles to the plasma. This greatly reduced fractionation between Th 
and U, while retaining accuracy and precision in U isotope measurement. Such an approach 
offers great potential for measuring U-disequilibrium series nuclides in high U materials in situ 
(Stirling et al., 2000). 
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