basic than subsequent lava flows. Following a scenario
proposed for Trident volcano in Alaska (Coombs et al.,
2000), we suggest a rapid injection of a basalt dike
first triggered the eruption and then the basalt magma
passed through the basaltic andesite magma chamber.
A calmer effusive eruption of basaltic andesite then fol-
lowed.
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Olivine-hosted glass inclusions from fine tephra col-
lected at three basanite-minette cinder cones on the
lower flanks of the Colima Volcanic Complex in west-
ern Mexico were analyzed by electron microprobe and
Fourier-transform infrared spectroscopy (FTIR). These
nepheline-normative rocks have elemental-abundance
patterns that mimic those of the volumetrically domi-
nant subduction-related andesites, but at much higher
abundance levels. Sr, Nd, and Pb isotopic ratios are
also similar for the two suites. We interpret the Colima
basanites and minettes as recording the ”essence” of
subduction-zone geochemistry, produced by nearly pure
melting of phlogopite-rich veins in the mantle wedge,
and erupted in western Mexico only because of its un-
usual upper crustal extensional regime. Similar melts
impart the subduction-zone geochemical flavor to the
dominant andesites, which differentiate from basalts
produced by higher degrees of mantle wallrock melting.
Olivine crystals separated from the basanite-
minette tephra have Mg#s that range from 81.5 to 90.7.
The 34 glass inclusions studied contain 49-60 wt.%
SiO9 and include 2 with normative quartz, and 6 with
normative hypersthene, with the remaining 26 contain-
ing up to 11.5% normative nepheline. The glasses also
contain 2.8-8.4% KgO, 0.16-0.33% Cl, and 0.03-1.19%
total sulfur as SO3. Comparison of Fe/Mg values of
glass and host olivines indicates 1-5% crystallization
of olivine from the inclusions following entrapment.
FTIR measurements were made on 26 of the inclusions.
No reliable carbonate or COg peaks were detected in
any glass inclusion, but a significant 2350 cm—1 CO2
peak was found for a bubble completely trapped within
one inclusion. Total water contents estimated from
the 3535 cm™ © peak range from 0.2 % to 2.0%, with
only 8 values above 1%. These relatively low water
contents are surprising, especially for the phlogopite-
bearing minettes. A value of 2.0% water corresponds
to water saturation at a pressure of 415 bars, equiva-
lent to a depth of 1600 m. We consider the possibility
that the magmas ascended through much of the crust in
a superheated condition, and stagnated in the upper-
most crust where the bulk of the olivine crystals grew
in a rapid skeletal fashion trapping the glass inclusions.
Such stagnation is consistent with the complete lack of
ultramafic xenoliths at these cones. Published phase-
equilibrium experiments on an olivine-bearing minette
imply that phlogopite is stable down to pressures of
200-400 bars, also consistent with this interpretation.
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The proposed radioactive waste repository at Yucca

Mountain, Nevada would be constructed in the high-
silica rhyolite member of the Topopah Spring Tuff,

an ash-flow tuff within the ~500-m-thick unsaturated
Dry-drilled rock cores from this unit have been
packaged to preserve their water content. Two methods
have been used to extract the strontium contained in
the pore water for isotopic measurements. In the first
method, samples of dried core were crushed, and the
0.25 to 2.4 mm size fractions were leached with ultra-
pure water for about 1 hour to dissolve the salts left
behind by the evaporated pore water. Concentrations
of strontium in the pore water were calculated from
determinations of porosity and saturation on adjacent
core and the measured strontium concentration in the
leachate. In the second method, pore water was ex-
tracted from sealed core using an ultracentrifuge, min-
imizing evaporation of water from the core at all steps
in the process. The centrifugation of 150 to 200 g of
welded tuff at 15,000 rpm for 6 hours typically results
in the recovery of as much as 3 ml of pore water for
analysis.

Strontium isotope compositions were determined by

zone.

thermal ionization mass spectrometry; 87gr /86Sr ra-
tios have a reproducibility of 0.00005. The ranges of
87Sr/SGSr ratios determined by the two methods are
identical: 0.71215 to 0.71267 in the leachates (n = 35)
and 0.71214 to 0.71266 in the extracted pore waters (n
= 21). However, the calculated strontium concentra-
tions in the leachates average 300 ug/L, whereas those
in the extracted pore water average 1440 pg/L, indicat-
ing that a substantial portion of the pore-water salts
remain in the crushed rock after leaching.

The strontium data determined on extracted pore
water shows that the leaching of pore-water salts re-
sults in accurate 87Sr/865r, but that a substantial cor-
rection to the strontium concentration is required due
to the inefficiency of the leaching procedure and the
small pore sizes in the welded tuffs. The strontium
isotope data obtained on leachates can be used to con-
strain models of water-rock interaction and estimates
of travel times in the unsaturated zone.
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Probability models that calculate the likelihood of
new volcano formation in the Yucca Mountain (YM)
area depend on the timing and location of past volcanic
activity. Previous spatio-temporal patterns indicated
a 1074 to 1073 probability of volcanic disruption of
the proposed radioactive waste repository site at YM
during the 10,000 year post-closure performance period
(Connor et al. 2000, JGR 105:1). A recent aeromagnetic
survey (Blakely et al. 2000, USGS OFR 00-188), how-
ever, identified up to 20 anomalies in alluvium-filled
basins, which have characteristics indicative of buried
basalt (O’Leary et al. 2002, USGS OFR 02-020). Inde-
pendent evaluation of these data, combined with new
ground magnetic surveys, shows that these anomalies
may represent at least ten additional buried basaltic
volcanoes, which have not been included in previous
probability calculations. This interpretation, if true,
nearly doubles the number of basaltic volcanoes within
30 km [19 mi] of YM. Moreover, the magnetic signa-
ture of about half of the recognized basaltic volcanoes
in the YM area cannot be readily identified in areas
where bedrock also produces large amplitude magnetic
anomalies, suggesting that additional volcanoes may be
present but undetected in the YM area.

In the absence of direct age information, we evaluate
the potential effects of alternative age assumptions on
spatio-temporal probability models. Interpreted burial
depths of >50 m [164 ft] suggest ages >2 Ma, based
on sedimentation rates typical for these alluvial basins
(Stamatakos et al., 1997, J. Geol. 105). Defining vol-
canic events as individual points, previous probability
models generally used recurrence rates of 2-5 volca-
noes/million years (v/Myr). If the identified anomalies
are buried volcanoes that are all >5 Ma or uniformly
distributed between 2-10 Ma, calculated probabilities
of future volcanic disruption at YM change by <30%.
However, a uniform age distribution between 2-5 Ma
for the presumed buried volcanoes increases recurrence
rates by 3 v/Myr, which essentially doubles most prob-
ability estimates. If the ten buried volcanoes formed
in a single episode of intense activity at about 4 Ma,
then recurrence rates may increase to 17 v/Myr. This
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recurrence rate increases the point-event probabilities
up to a factor of five. Additional analyses are ongoing
to evaluate alternative event definitions and construct
numerical models of all relevant magnetic anomalies.

This abstract is an independent product of the CN-
WRA and does not necessarily reflect the views or reg-
ulatory position of the NRC.
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The Tono uranium deposit, located in central
Japan, is thought to have formed when oxidizing
groundwater leached uranium from the underlying Toki
Granite and transported it to the overlying host sedi-
mentary formations where it precipitated under reduc-
ing conditions. Fission-track dating shows that this
uranium mineralization took place 10 million years ago
and has remained immobilized despite episodes of sedi-
mentation, uplift, subsidence, major faulting, and ero-
sion.

In order to understand the mineralogical controls on
uranium immobilization, this study is gathering data
on the mode of precipitation and adsorption of ura-
nium within the various host lithologies. Optical pet-
rography done on samples has shown a predominance of
volcaniclastic deposits, containing glass shards within
a fine-grained phyllosilicate matrix. Tephra that were
formerly glass lack axiolitic devitrification textures and
are altered to similar fine-grained mineralogy as in the
matrix. X-ray diffraction data indicates that the ma-
jority of this fine-grained mineralogy is chlorite and
the Mg, Ca smectite, saponite. Electron dispersive
spectroscopy and back scattered electron data will cre-
ate a map of the uranium concentrations and show
any mineralogical affinities. Scanning and transmis-
sion electron microscope data will resolve the nature,
crystallinity, and host sites of the uranium mineraliza-
tion and help resolve the paragenesis in these tuffaceous
rocks. This paper will address data gathered on sam-
ples across the host sedimentary formations and with
depth to establish what mineralogical controls, if any,
have influenced uranium precipitation and immobiliza-
tion.
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The fate of U in a chronosequence of Hawaiian soils
was studied as a result of soil development processes in-
cluding leaching, parent material weathering, dust de-
position and subsequent weathering, adsorption and/or
precipitation, and secondary mineral formation. The
long-term mass balance of U in these systems was quan-
tified by two different approaches, and the association
of uranium with specific mineral phases was investi-
gated by a sequential extraction procedure as well as
by XRD. Despite intense leaching conditions, U concen-
trations were found to increase 30-fold with age along
the chronosequence, from 0.2 ppm at the 2.1 ka site to
6 ppm at the 4100 ka site. An open-chemical-system
transport function comparing U to an index least mo-
bile element (Nb) was used to calculate net U gains or
losses. Results show net leaching (up to 21%) occurred
in younger soils (<150 ka) and net addition of U (up to
428%) occurred in older soils (>150 ka) as a result of
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mineral aerosol deposition. XRD results indicate that
primary minerals including pyroxene, plagioclase, and
psuedobrookite are quickly weathered out of the soils,
replaced with amorphous sesquioxides by the 20 ka and
150 ka sites. Crystalline sesquioxides and anatase are
seen in the oldest soils. Dust-derived minerals includ-
ing quartz are evident in all soils older than 20 ka. The
profile of U with depth through the soil strongly cor-
relates with the distribution of iron oxides in the pro-
files. Between 0.2% and 1.2% of the total U in our
soils was extracted with ammonium acetate, indicat-
ing that very little U exists as exchangeable cations
in any of these soils. A second extraction, employing
citrate-dithionate and hydroxylammine hydrochloride,
was performed to extract U associated with iron ox-
ides. Average percent occurrences for U in the second
extraction for each profile are, 9% at 2.1 ka, 48% at 20
ka, 36% at 150 ka, and 20% at 4100 ka, illustrating an
increase with age to 20 ka and subsequent decline, par-
alleling the trend in amorphous iron oxide content, and
suggesting that U becomes more permanently incorpo-
rated into the iron oxides as they recrystallize with
age.
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This work has been based on samples collected from,
so far, the deepest borehole (core BDP-98, 600 m deep)
penetrating sediment at the Academician Ridge (53 deg
4’ N and 108 deg 2’ E, water depth of 333 m) in Lake
Baikal (BDP-Members, 2001). The Academician Ridge,
structural and bathymetrical high between central and
south Baikal basins with limited influence of turbidity
flows, represents a suitable site for retrieval of pale-
oclimatic and tectonic records. The scope of the in-
vestigation includes a survey of the sedimentological,
mineralogical and geochemical variability in the sedi-
ment section. Studied samples, initially aimed for Be-
10 dating, have been chosen to represent different litho-
facies and subjected to examination by various analyt-
ical methods including grain size analyses (laser based
grain size analyzer), mineralogy (X-ray diffractometry
and light and electron scanning microscopy), chemistry
(ICP MS). The studied samples are dominated by silt-
size particles with variable content of diatoms. The in-
organic particles are composed of quartz, plagioclase
feldspar, K-feldspar, clay minerals (mic chlorites,
and kaolinite), carbonates (calcite and siderite), Fe-
minerals (oxides and sulfides) and Ti-minerals. We ob-
serve no specific variability in mineralogy with respect
to the three major facies that spread from the deltaic
one at the bottom of the section (dated at 8-7 Myr)
through the hemipelagic (dated at 5.5-3 Myr) to the
glacial (<3 Myr). The chemical data show a generally
down core decrease in silica and increase in alumina
and loss on ignition. The explanation for this likely to
be a higher diatom content in the hemipelagic and Qua-
ternary facies compared to the deltaic one. Apart from
strong fluctuations in each facies, the general trends of
trace elements are fairly constant down core. Samples
enriched in vivianite (Fe3[PO4]2 8H20), concretionary
siderite (FeCO3) and occasionally nests of framboidal
pyrite (FeS)occur throughout the facies. There is ap-
parent association of Fe, Mn and P in the sediments
that is related to these minerals. This association is
produced probably by rift-related pulses of hydrother-
mal activity that took place at the end of the major vol-
canic episodes in this region at about 8 Myr ago. The
expected origin of siderite microconcretions is probably
diagenetic alteration of organic material (e.g. fecal pel-
lets) by Fe-rich hydrothermal fluids. These alterations
will be a target of detailed diagenetic investigations in
future.
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Monte Carlo simulations were carried out to study

the hydration of montmorillonite. Two different type of
montmorillonite (SWy-1 and SAz-1) were investigated
with monovalent (Na+ and Li+) and divalent (Ca2+
and Mg2+) interlayer cations. The hydration of each
system was systematically simulated from dehydrated
state up to 10 layers of molecular water (over 53 water
molecules per cation). The effect of interlayer cation
type, interlayer cation charge, the type of clay min-
eral, and interlayer hydration on the structure and the
properties of adsorbed water were analyzed. Interlayer
water structure at varying water content was also mon-
itored and compared with that of bulk water.

URL: http://esd.lbl.gov/GEO /aqueous-geochem
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Metal-sulfate salts are common minerals found in
mine drainage environments, and thermodynamic data
for these salts are needed for constructing paragenetic
models as well as formulating remediation strategies.
Thermodynamic data for these salts are either not
available or in poor agreement. However, recent devel-
opment of the humidity-buffer technique (Chou et al.,
2002, Amer. Mineral., 87, 108-114) provides an effi-
cient and reliable method for obtaining and evaluating
these data. These salts commonly occur in nature as
solid solutions and can contain Fe, Cu, Mg, Zn, Al, Mn,
Ni, Co, Cd, and other elements. To establish a useful
thermodynamic database for the interpretation of nat-
ural assemblages, it is necessary to first study thermo-
dynamic properties of end member salts (Chou et al.,
ibid. for Fe and Cu; Chou and Seal, 2001, Goldschmidt
Conf., p. 3114.pdf for Zn, and Chou and Seal, 2001,
GSA Abstr. With Progr., 33, p. A-403 for Mg). This
study extends the database to the Ni end-member sys-
tem; dissolved Ni has known toxicity to aquatic ecosys-
tems in mine drainage settings.

Published estimates for the equilibrium rela-
tive humidity (RH) for the reaction: Morenosite
(NiSO4 7TH20O) = Retgersite (NiSO4 6H0) + H5O,
at 25°C range from 67 to 96%. To evaluate these data,
the humidity-buffer technique (Chou et al., 2002, ibid.)
was used to determine equilibrium constants for this
reaction between 5 and 22°C at 0.1 MPa. Reversals
along five humidity-buffer curves yield In K = 17.58 +
6303.35/T, where K is the equilibrium constant, and T
is temperature in K. The derived standard Gibbs free
energy of reaction is 8.84 kJ/mol, which agrees very
well with the values of 8.90, 8.83, and 8.85 kJ/mol
based on the vapor pressure measurements of Schumb
(1923, J. Am. Chem. Soc., 45, 342-345), Bornell and
Burridge (1935, Trans. Faraday Soc., 31, 473-478) and
Stout et al. (1966, J. Chem. Phys., 44, 405-409), re-
spectively. However, this value is considerably different
from the values of 8.65 and 9.56 kJ/mol calculated from
the data compiled by Wagman et al. (1982, J. Phys.
Chem. Ref. Data, v. 11, Sup. No. 2) and DeKock
(1982, Bur. Mines Inf. Cir., 9810), respectively. Many
previous observations indicate that the temperature
of the invariant point for the assemblage morenosite-
retgersite-aqueous solution-vapor is near 31.2° C (Link,
1965, Solubilities, vol. 2). When extrapolated to this
temperature, our data predict RH = 95.6% at this in-
variant point, which agrees reasonably well with RH
= 92.0% predicted by Pitzer’s model for solutions sat-
urated with both morenosite and retgersite (Reardon,
1989, J. Phys. Chem., 93, p. 4630, and pers. comm.).
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High level waste fluids (HLWF) with high pH and

ionic strength and rich in Cr(VI) have leaked from un-
derground single shell storage tanks at the Hanford

Site, WA. A recent study of the sediments cored be-
neath the tanks indicated that Cr(VI) migrated faster
than 137Cs but was retarded with respect to 99Tc. Our
previous experimental work also showed that CrO4-2
transport was retarded under extreme alkaline condi-
tions. Decreased mobility of CrO4-2 was the result
of base catalyzed mineral dissolution, subsequent re-
lease of Fe(II) from Fe(II)-bearing soil minerals (biotite
and chlorite), and, ultimately, Cr(VI)aq reduction by
Fe(Il)aq to less mobile Cr(III).

If CrO4-2 attenuation occurs via reduction, the
presence of localized reducing conditions is required in
the inherently oxidized environment of the Hanford va-
dose zone. These O2-depleted zones may be created
when Fe(II) is released during dissolution. Our objec-
tive, therefore, was to investigate the role of the local-
ized reducing zones created during mineral dissolution,
in the attenuation of CrO4-2.

Batch experiments with Hanford sediments and sim-
ulated HLWF were conducted at 323 K in the presence
or absence of oxygen. Sediments were contacted with
0.192 M Cr(VI), 1M NaNO3 and varying concentra-
tions of NaOH and Al solutions, and the changes in
the soil solution composition as a function of time were
followed.

Results showed that while the presence or absence of
O2 had no apparent effect on the extent of dissolution
(similar trends of the Si and Fe release were observed
in the O2-free and O2-rich experiments), CrO4-2 fate
was closely related to the presence of O2 in the system.
By the end of experiments (42 days), the initial CrO4-2
was totally removed from the aqueous phase in the ex-
periment where base-induced dissolution occurred un-
der O2-free conditions. In this experiment, the rate
of CrO4-2 removal was closely related to the extent of
sediment dissolution. In contrast to the O2-free exper-
iment, only a limited amount of CrO4-2 was removed
from the aqueous phase in the treatments of the ex-
periment where dissolution occurred in the presence of
O2. Appreciable CrO4-2 removal was only observed in
the Al-free, 4 M NaOH treatment of the O2-rich exper-
iment. The decreasing trend of CrO4-2 concentration
with time observed in this treatment was very similar
to the trend observed in its O2-free counterpart. Disso-
lution of the soil minerals probably mobilized substan-
tial quantities of Fe(II) in this treatment. It is likely
that a portion of the Fe(II) released into the soil so-
lution consumed the O2 creating localized zones with
predominantly anoxic conditions and excess Fe(Il)aq
where Cr(VI) reduction may have occurred.

In order to better understand quantitatively the be-
havior of Cr(VI) in the Hanford sediments, a model-
ing strategy was pursued to first model the relatively
simpler batch systems without Cr, followed by batch
systems in the presence of Cr. The results from these
experiments were modeled using the reaction path op-
tion of the computer code FLOTRAN. Because of the
high ionic strength of the fluids, the Pitzer model was
used to calculate activity coefficient corrections. Pre-
liminary results suggest a reasonably good fit to the
experimental data can be obtained for these batch ex-
periments. This work will provide the foundation for
modeling more complex column experiments and field-
scale contaminant plumes involving Cr(VI).
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Weathering of ultramafic rocks and their metamor-
phic equivalents (serpentinites) in the Franciscan For-
mation of California produces serpentine soils contain-
ing high concentrations of chromium as well as poten-
tially toxic elements such as nickel, cobalt, and man-
ganese. Chromium concentrations in serpentine soils
from Jasper Ridge Biological Preserve in the Central
Coast Range are as high as 15,000 mg/kg, an order of
magnitude greater than the serpentinite protolith (ap-
proximately 1600 mg/kg). Chromium-containing min-
erals within the bedrock include chlorite (~ 0.4CroO3
Wt. %), enstatite (~ 0.6Cro03 Wt. %), augite (~
1.0Cro03 Wt. %), chromite (~ 15.8CroO03 Wt. %),
magnetite (12.0-15.0 CrgO3 Wt. %), and an ultra fine-
grained mixture of chromite and a silicate phase con-
taining ~ 19.4CroO03 Wt. %. Chromium concentra-
tions with respect to depth in the soil profiles are highly
variable demonstrating both maximums and minimums.
The enrichment and variability of chromium in the
soils is directly related to the modal abundance and
weathering of chromite, chromium-magnetite, and the
chromite-silicate mixture. Chemical analyses and el-
emental maps demonstrate that chromium-oxides in
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these soils undergo incongruent dissolution progres-
sively enriching the oxide toward a FeCrgOy4 end-
member. Chromium occurs in the trivalent state in
both the rock and soil samples. The apparent resis-
tance of chromium-oxides to weathering suggests that
these phases are not likely sources for chromium in soil
solutions and plants of serpentine soils. Chromium-
bearing igneous (enstatite and augite) and metamor-
phic (chlorite) silicate phases in the protolith are more
likely sources.
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The exploitation of coal in Southeastern Ohio is
associated to the production of acid mine drainage
and poor water quality in rivers and streams. Water
recharge to the underground coal mines occurs prefer-
entially throughout subsidence features in areas where
the overburden is thinner than around 60 feet, usu-
ally close to river and streams. Gases released from
the coal beds such as methane and mercury, as well as
radon generated in the rocks can diffuse throughout the
overlying fractured rocks and soils and discharge to the
atmosphere. The purpose of this research was to com-
pare the gases released from mined and unmined areas
in Southeastern Ohio. Radon and mercury concentra-
tions were measured at 40 cm depth using a Pylon AB-5
Radiation Detector and an Arizona Mercury Analyzer
respectively. An area of 59 miles2 (151 km2) close to
the town of Corning, Ohio, was investigated. Distance
between points was around 600-1000 m. Approximately
half of the area was mined underground and half was
not. Our results indicate that radon concentration is
considerable higher in the mined areas. Mercury con-
centrations are more variable and do not correlate with
mined areas. Accumulation of gases released in base-
ments of houses located in zones of high soil radon con-
centration will be investigated.
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Recent advances in the field of iron isotope geo-
chemistry suggest that iron may be fractionated iso-
topically to a measurable degree by natural abiotic
and biotic processes. This finding is especially signif-
icant in light of interest in the effect of natural iron
fertilization on the global biological pump, and hence
global climate. The question of interest is whether vari-
ability of iron isotope composition in natural materi-
als can help us elucidate the iron cycle and determine
the importance of iron to global climate over geological
timescales.

The current work concentrates on bedload stream
sediments and stream waters from the west coast of
North America. The goal of this work is to understand
how iron is transported between geological reservoirs
within the continental iron cycle. Stream waters and
bedload sediments were collected along a gradient of
low to high suspended sediment load from the Russian
River in northern California to the Yukon River in west-
ern Alaska. Bedload sediment samples were charac-
terized mineralogically by optical microscopy and elec-
tron microprobe while stream waters were analyzed by
inductively-coupled plasma mass spectrometry for iron
concentration as well as major element (Ca, Na, Al,
Mg) and trace element (Cr, Ni) concentration.

Preliminary work has shown that the oxide frac-
tion of stream sediments is isotopically heavier than
the silicate fraction. This first-order observation sug-
gests that the lattice-related bonding environment of
mineral-bound iron affects isotopic composition. The
observation also implies that the more easily weather-
able oxide fraction of stream sediments contains mate-
rial that is isotopically distinct from less weatherable
silicates. In order to extend our observations to the ge-
ological past, we compare the variety of modern weath-
ering environments and catchment types to conditions
we might expect during glacial periods. We can then
use simple steady-state box models to explain the ef-
fect of iron isotope systematics in rivers on the global
iron cycle.
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Advances in MC-ICPMS have renewed interest in
the analysis of transition metal isotopes to better con-
strain the processes involved in ore deposition. At
WSU we employ sample-standard bracketing to accu-
rately and precisely measure copper isotope ratios of
whole mineral dissolutions without normalizing to zinc.
This approach bypasses the use of chromatography
for samples without significant isobaric interferences
avoiding potential fractionation resulting from chro-
matography. Comparisons of analyses of native copper
and chalcopyrite samples with and without chromato-
graphic purification are within error. Reproducibil-
ity measured using native copper and chalcopyrite is
+0.03° /00 (10, relativetoNIST976)over2months.

We have found the range of §6°Cu values in chal-
copyrite from a variety of ore deposits to be -0.9° /oto

+3.1°/60. 69%Cu values of native copper and bornite
samples are more restricted (-0.8?/o0t0 1.39 /50, and -
1.1 /o0to 1.0°2 /40, respectively). Additional minerals,
including chalcocite, mohawkite, azurite and cuprite,
have been analyzed from a variety of ore depositional
environments.

Variations in §%%Cu values of individual mineral
species within a single deposit or district have smaller
ranges. For example, "hypogene” native copper sam-
ples from the Michigan Native Copper district show
a restricted range of values (0.29/o0t0 0.4°/50), over
100km strike of the district. In addition, different ge-
netically related minerals in the same deposit show
distinctive trends in §9°Cu values. For example, co-
precipitated chalcopyrite-bornite pairs from three de-
posits (Resolution, AZ, Beaver-Harrison Mine, UT, and
Ferrobamba, Peru) display consistently higher §6%Cu
values in chalcopyrite relative to bornite. Results from
the Tintaya district, Peru and Resolution, AZ suggest
that variations in §%°%Cu values may be systematic on
the deposit scale. In both deposits, 565Cu in chalcopy-
rite increases with distance from the centers (sources)
of the hydrothermal systems, with ”proximal” 565 cu
values being lower than "distal” 565Cu values. These
results suggest fractionation processes are also operat-
ing on the scale of the deposit, and under ”hypogene”
hydrothermal conditions. In addition, copper minerals
from the supergene zones of ore deposits, in general,
show consistent isotopic variations relative to ”hypo-
gene” minerals, thus demonstrating that copper iso-
topic variations can be used as geochemical tracers in
ore deposits.
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The Hawaii Scientific Drilling Project-2 provides
the opportunity to investigate the geochemical evolu-
tion of the submarine section of Mauna Kea. Our previ-
ous analyses of bulk-rock trace element concentrations
had revealed relatively high degrees of scatter of trace
element ratios such as Th/U, Ta/U and even Nb/Ta,
and we suspected that many of the samples had been af-
fected by seawater alteration. Fortunately, fresh glasses
are found throughout the drill core in many glass-rich
hyaloclastic and pillow basalts with glass proportions
up to 10%. We therefore determined incompatible trace
elements such as Th, U, Nb, Ta, Zr, Ba, Pb, Rb in care-
fully handpicked, fresh glasses in 16 samples derived
from depths between 1310 m and 3050 m. The samples
were crushed to less than 0.425 mm grain size in order
to obtain very fresh glass fragments free of contamina-
tion by alteration products, olivines or other minerals.

The glass fractions and their corresponding bulk
samples were analyzed for major and trace elements
by EMP, MIC-SSMS and HR-ICPMS. The differences
between glass and bulk are particularly obvious in Pb,
Rb, Cs and U. As expected, Pb, Rb and Cs were found
to be mobile, with concentrations in the bulk samples
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varying by up to a factor of 5 relative to the glass sam-
ples. Similarly, U concentrations in glass are up to a
factor of 2 higher than in bulk samples. More surprising
is the observation that Th and Ta are quite probably
mobile, because these elements are normally believed
to be immobile. However, these results are consistent
with those of Bienvenue et al. (1990), who found that
Th appears to be sensitive to seawater alteration.

Our glass data indicate that Ta/U (3.7£0.2) is uni-
form along the sequence, in contrast to the bulk data
which show a large scatter (3.7-6.5). Th/U ratios in
the glasses show a maximum (~3.5) at a depth of
~2100 m, whereas low ratios of about 3 were found
in depths of 1300-1400 m and 2800-3000 m. The high
Th/U ratios in the 2100 m region are associated with
low SiOg contents, high 208 pp,* /206Pb* (Eisele et al.,
2002; Blichert-Toft et al., 2002) and high SHe/4He
ratios (Kurz, personal comm., Althaus et al., 2002).
Thus, it appears that the high Th/U values are not
caused by melting effects but are features of an anoma-
lous source chemistry sampled by the volcano at this
stratigraphic level.
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In the HSDP 2 core, the alteration of hyaloclastites
is multi-episodic, but the predominant, "normal” alter-
ation process recorded in samples from depths between
1573 m and the bottom of the hole at over 3000 m en-
tails the conversion of rinds of sideromelane-rich shards
to gel palagonite and growth of pore-filling chabazite.
This reaction must occur relatively rapidly, because
point-count porosity in the zone of normal alteration
approaches zero within 200 m of the top of this zone
and remains very low to the deepest samples. Further-
more, thickness of palagonite rinds does not increase
down hole.

Using modes from point counts on thin sections, ma-
jor element analyses by electron microprobe, and trace
element analyses by LAM-ICPMS, we have modeled the
elemental mass balance for the normal palagonitization
process in the HSDP hyaloclastites. Petrographic evi-
dence suggests that this reaction does not involve solids
other than sideromelane, gel palagonite, and chabazite
and that the conversion of sideromelane to gel palago-
nite is isovolumetric. We used literature values of den-
sity: 2.80 g/cc for sideromelane, 2.00 for gel palagonite,
and 2.075 for chabazite.

The major elemental balance calculated for these
conditions, and averaged over 10 samples shows net ad-
dition of K20 (by 17%), TiO2 (19%), and water, with
net losses of MgO (73%), P205 (52%), MnO (29%),
CaO (17%), Na20 (36%), SiO2 (19%), FeO (15%), and
Al1203 (18%). Individual samples show similar pat-
terns. Decreasing the gel palagonite density (to 1.9
g/cc) and allowing for a 5% volume decrease reduces
the TiO2 uptake (to 8%), but also increases the ap-
parent loss of other ”immobile” elements (FeO to 23%
and Al203 to 22%). Normalized REE patterns for
sideromelane versus gel palagonite show no systematic
fractionations, although the normal reaction requires
net gains on the order of 10-20% for most REEs. HFS
elements are enriched in gel palagonite, relative to val-
ues in sideromelane, but LIL elements are depleted.
LIL ions concentrate in chabazite.

Our results imply that elemental balance is not at-
tained on the thin section scale and thus significant
mass transport even of presumed ”immobile” elements
must attend diagenesis of these hyaloclastites. Thus it
is likely that mass balance in this system may only be
attained over large intervals of time and depth.
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Mount Cameroon is an active volcano located in
Central Africa. Its location in a tropical climate area
leads to abundant vegetation and intense weathering
conditions that favor rapid alteration. Soils develop
rapidly on the flanks of the volcano. We measured ma-
jor and trace element contents as well as Pb, Nd and
Sr isotopic compositions in three soil sections developed
on basaltic tuffaceous units. Each section comprises 2-
3 units, the upper portions of which are altered to soil
(Andepts). The starting material is pyroclastic alkali
basalt characterized by marked enrichment in trace el-
ements. To determine the element flux during soil for-
mation, two corrections have to be performed: (1) the
parental rock composition has to be determined and
(2) addition of Saharan dust as evidenced by [1] has
to be corrected for. The starting rock composition is
constrained using the Al/Fe vs C.I.A. relationship and
the uppermost part of each soil is corrected for its eo-
lian dust contribution (x10%). The budget for each el-
ement can then be estimated in the soils. Calculations
are performed relative to an immobile element whose
concentration is assumed to be unchanged during soil
formation. We chose Th as a reference because its be-
havior during magmatic processes is similar to those of
U, Rb, Ba, Cs and K which are known to be mobile dur-
ing weathering processes. Results of the element bud-
get calculations show that: alkali and alkaline earth ele-
ments are leached out of the soils (~ 50%). Silica losses
(~ 30%) are also clear in all samples. For the other
elements, systematic differences exist between bottom
and top parts of each soil. The uppermost levels dis-
play significant changes Ni, U, Pb, P, Ni and Co con-
tents. These mobilities are most probably related to
hydrolysis of primary magmatic minerals triggered by
the biological activity. Since the three studied sections
correspond to the superposition of several soils where
new tephra cover an older soil to be the basis of the
formation of a new and younger soil, the element mass
balance depends both on the paleoclimate conditions
that prevailed during exposure to surface conditions,
and on the duration of the exposure to air before the
soil was covered by a new eruption.

[1] Chauvel C., Dia A & Bulourde M., GCA, Vol 66,
14A, p A132, 2002.
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After a six years quiet period, the Piton de La Four-
naise showed an intense volcanic activity between Mars
1998 and January 2002. A long-lived eruption (six and
a half months) initiated this period and was followed by
eight distinct eruptive events (one week to one month
long). Systematic sampling of the freshly erupted lavas
was performed during the entire period. Forty-one sam-
ples covering the nine events were selected and analyzed
for trace-element concentrations (ICP-MS in Grenoble)
and Pb isotopic composition (MC-ICP-MS in Lyon).
Three periods can be distinguished based on trace-
element chemistry:

I) The long-lived 1998 eruption is characterized by
a 10-20% progressive increase of the most incompatible
element contents (U, Th, Ba, La, Ce). La/Yb increases
continuously from 8.33 to 9.45 during the eruption.

II) During the six following eruptions (July 1999 -
April 2001), the trace element concentrations display
an overall general decrease. Within each eruption, no
systematic evolution can be resolved.

IIT) The most recent events (June 2001 and January
2002) differ by the occurrence of olivine-rich lavas less
enriched in trace elements. This effect increases during
the course of the two eruptions. Trace-element con-
centrations drop to 40-50% of the starting level in the
latest lavas. During stages IT and III, La/Yb oscillates
between 9.3 and 10.1 (around the value reached at the
end of the eruption of 1998).
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isotopic ratios display small
(206Pb/204Pb:
15.587-15.606 and 208p1/204py,;
38.975-39.032). The three stages differ in Pb iso-
topic signatures: stage I lavas have the highest Pb
ratios and stage III lavas the lowest. Stage II sam-
ples are characterized by a distinctive correlation in
208py, /204 py, g, 206pp, /204 py space.

The 1998-2002 chemical and isotopic variations of
Piton de la Fournaise lavas represent 20 to 40% of the
total range defined by the last 530 ky activity of the
volcano. The three identified periods are thought to
correspond to the initiation, the steady-state regime
and the vanishing stage of a plume pulse.
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The mechanism of dome instability events at high
risk volcanoes like Merapi volcano in Indonesia is still
a matter of research. The main problem is centered
around the question if instabilities start gravitation-
ally or by explosive gas outbursts. In October 2001
we installed a FM CW Doppler radar system at Pos
Babadan about 4.8km away from the summit of Mer-
api volcano to observe the activity at the dome of the
volcano. The instrument is collecting data since then.
The spot covered by our radar system is about 80m in
diameter and data are interrogated every 3s. The in-
strument measures the velocity of material breaking off
the dome as well as the approximate amount of material
passing through the beam. In addition we also detect
amount and duration of rain fall near the dome. A first
processing of a subset of the data (Oct.- Dec. 2001) in-
dicates two different instability types: A) purely grav-
itational instabilities and B) gravitational instabilities
that are followed immediately by a gas outburst. The
velocity spectra (reflected energy vs. velocity) of type
A show only one peak, which is expected for a gravita-
tional event, where some of the material moves at high
speeds, the bulk at medium speeds and a small amount
of material at low speeds. Combined events (type B)
start also gravitationally with only one peak in the ve-
locity spectrum. After 6-10s we observe a second peak
at much higher velocities that disappears after a very
short time (3-5s), and after that the signal looks like
a purely gravitational event again. By comparing the
recorded data to theoretical calculations we are confi-
dent that this is an explosive gas outburst overprinted
onto a gravitational event. We expect that instability
events may also start explosively but so far this has
not explicitly been observed. In general the speed of
material along the beam that broke off the dome dur-
ing an instability event varies between 4 und 12m/s and
the duration of such instabilities is between 10 and 30s.
So far only minor instabilities have been observed with
runout distances of about 2.5km and the duration of
the events varies between 10 and 30s. Up to now we
did not detect a regular pattern of instability events
in the data, but a close followup of events seems to be
somewhat common.
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From May 1995 through Febuary 1999, UCSC and
OVSICORI-UNA collected time-continuous seismic and

geodetic data at Arenal Volcano, Costa Rica. Arenal,
a young active stratovolcano located in northern Costa
Rica, began erupting in 1968 after a 450 year period
of quiescence and is currently in a Strombolian phase,
producing small summit explosions, intermittent lava
flows, and occassional pyroclastic flows. Seismic signals
recorded at Arenal include long period (1-3 Hz) tran-
sients related to summit explosions and almost contin-
uous, and frequently harmonic, volcanic tremor. Daily
statistics calculated for explosions and tremor provide
a near continuous record of seismic activity at Arenal
and show a decrease in summit activity from 1995-99,
possibly reflecting a change within the volcano’s mag-
matic system.

We present a number of statistical relationships
within the explosion and tremor datasets to better
understand interactions between the physical mecha-
nism(s) producing these seismic signals within the vol-
canic system. Frequency-amplitude analysis for summit
explosions indicate explosions may follow power-law
scaling, analogous to the Gutenberg-Richter relation
for earthquake occurrence, suggesting a scale-invariant
process produces summit explosions. Previous work on
Arenal’s volcanic tremor suggests a scale-invariant pro-
cess produces tremor as well [Julian, 2000]. We explore
temporal relationships between volcanic tremor ampli-
tude and frequencies and summit explosion occurrence
to lend further insight into the degassing processes ac-
tive within the volcano during periods of high and low
summit activity.
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Volcanic tremor is a seismic signal continuously
recorded at persistently active, open conduits volca-
noes, like Mt. Etna. Tremor time series from Mt.
Etna are studied here over an unusual large tempo-
ral scale - namely from 1983 to 1999 - where the data
were sampled at daily intervals. The time evolution
of tremor amplitude was investigated both according
to the periods, during which Mt. Etna was charac-
terised by different volcanic activities and for fixed
time spans. Time series analysis, among which phase
space embedding, spectral and rescaled range analysis,
were applied. The results show that volcanic tremor
presents 1/f-noise correlation and may be modelled as
an auto-regressive process, with exception of the sig-
nals recorded during paroxysmal explosive events. In
case of lava fountains from summit craters, volcanic
tremor depicts an intermittent behaviour, which can
be approximated to a moving average process. Further
investigations, however, exclude that intermittence in
the tremor amplitude is dominated by low-dimensional
chaotic behaviour. The relation between tremor ampli-
tude patterns and shallow magma dynamics (the differ-
ing magma flows into the crater conduits) is discussed.
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Volcanic tremor, a continuous seismic signal, ac-
companies virtually all eruptions. Several published
studies have examined the relation between tremor re-
duced displacement (DR, a normalized amplitude mea-
sure) and the Volcanic Explosivity Index (VEI) or ash
plume height. The goal of these studies is to determine
the physical relationship between tremor and eruptions
and to use DR time histories or peak values to pro-
vide real-time estimates of eruption parameters. This
study examines tremor for 50 eruptions from 31 volca-
noes. Several systematic trends are observed: 1) large
eruptions produce stronger tremor than small ones; 2)
fissure eruptions produce stronger tremor than circu-
lar vents for the same fountain height; 3) eruptions
with higher gas content produce stronger tremor than
those with low gas content at the same volcano; and 4)
phreatic eruptions produce stronger tremor than mag-
matic eruptions for the same VEI.

The task of using tremor DR to estimate eruption
parameters is fundamentally a statistical problem with
several factors contributing to uncertainties. First,
tremor occurs when volcanoes do not erupt as well as
when they do. Based on a worldwide sample, 60 to 80
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