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of 100 - 150 MPa. All amphiboles and some plagio-
clases were xenocrysts and were entrained throughout
the entire 2800 cubic km of magma. Diffusion loss mod-
eling of the xenocrysts indicates that these phases could
not have resided in the magma chamber since the Mid-
dle Toba eruption, and that some were incorporated
into the YTT magma perhaps only a few years prior to
eruption.
logic and isotopic information is crucial in identifying
phenocrystic versus xenocrystic phases, which then al-
lows magmatic conditions and residence times to be es-
timated.

Chesner, C.A., 1998, Petrogenesis of the Toba Tuffs,
Sumatra, Indonesia: Journal of Petrology, v. 39, p.
397-438.
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This study indicates that combining petro-
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Silicic lava flows contain zones of enhanced vesicu-
larity with high total HoO contents. This relationship
between volatile content and vesicularity has promoted
the monitoring of active lava domes using remote sens-
ing techniques in an effort to forecast explosive activity.
A persistent complication in attempts to relate surface
texture to HoO content and explosivity was the con-
founding effect of meteoric HoO. Glassy and vesicular
lavas exposed at the surface of the Earth for prolonged
periods readily interact with meteoric HpO. Rehydra-
tion is a time-, temperature-, and porosity-dependent
process governed by the slow diffusion of molecular
HoO into the glass. This inevitable addition of sec-
ondary HoO obscures the spatial distribution of juve-
nile HoO in lava flows. The ability to distinguish mag-
matic from meteoric HoO in glassy lavas would help
identify regions of overpressure on active domes and
thereby improve hazard assessment.

Three types of hydrogen isotopic studies of glassy
lavas have been utilized to disentangle rehydration pro-
cesses from primary magmatic ones. First, bulk hydro-
gen isotopic data on variably textured lava flows re-
veal enrichments in both §D and total HoO as vesicu-
larity increases. Mixing between a degassed magmatic
and a partially evaporated meteoric Ho O best explains
the observed trend from lower 6D values in the inte-
rior massive obsidian samples to higher 6D in the most
surficial vesicular pumice. Second, step-heated hydro-
gen isotopic analyses further prove that the vesicular
samples contain a high percentage of meteoric HpO.
Whereas dense massive obsidian samples release a large
fraction of deuterium-depleted HoO at temperatures
above 600°C, the bubble-rich pumiceous samples lose
a majority of their HoO at temperatures below 400°cC.
Lastly, the Cameca 6f ion microprobe at ASU was used
to measure hydrogen isotope transects into the vesicle-
melt interface. The gradation from depleted 6D val-
ues in the glassy interstices to more enriched §D values
near the interface supports the rehydration hypothesis.
Moreover, the 6D value of the rehydrated glass adja-
cent to the vesicle-melt interface closely matches the
composition of the meteoric HoO component revealed
by the step-heated extractions.
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Measurements of Phenocrysts
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The Pb isotopic compositions of phenocryst phases

in young mafic lavas have been investigated using the
Getty-DePaolo (GCA, 1995) method. This approach
may complement melt inclusion studies and help in the
evaluation of the significance of isotopic heterogeneity
in basaltic systems. In addition, if magmatic phases
have a uniform Pb isotopic composition upon eruption,

Cite abstracts as:

the method can be used for geochronology. Although
U is commonly subject to disturbance in surface en-
vironments, Th and Pb are not. The method uses
207pp as a (quasi) stable isotope ratio which allows
the 206py/204py, ang 208pp/204py t6 be determined
to < 100 ppm.

The samples for this study include ~16 Myr-old In-
maha basalt, a zero-age MORB, a ~260-kyr-old tholei-
ite from Mount Etna, and a ca. 5 Myr-old tholeiite from
Kauai. Plagioclase feldspar is a low-U/Pb phase in each
of these samples. U-Pb and Th-Pb ages in all but the
Kauai basalt are anomalously old (by 1-3 orders of mag-
nitude), due to low 206pb/207ph and 208py, /207py,
values for the plagioclase feldspar, which range in size
from 2 cm for the Imnaha basalt to 1-2 mm for the Etna
sample. The isotopic heterogeneity must be a reflection
of either magma mixing £ assimilation processes just
prior to eruption, or melt inclusions, which could re-
flect mixing earlier in the magma evolution. The fact
that the isotopic heterogeneity in the MORB is as large
as in the continental basalts indicates that assimila-
tion may not be the main issue. The Inmaha basalt
and MORB also have Rb/Sr heterogeneity, but the Mt.
Etna basalt does not. The Kauai basalt does not show
disequilibrium and an age assignment is possible. Mi-
croprobe studies are underway to attempt to determine
the importance of inclusions. The results reinforce the
conclusions from in situ inclusion studies that cryptic
isotopic heterogeneity is common, but do not yet help
identify where in the magma generation and transport
process it originates.
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Probabilistic volcanic hazard assessments can be de-
termined by the product of a series of conditional prob-
abilities. The first parameter of this conditional prob-
ability, the probability of a volcanic eruption, can be
determined by simply counting the number of volcanic
eruptions in a given amount of time, thereby deriving
an eruption rate. Radiometric dating of the relevant
volcanic units is paramount in this endeavor. In addi-
tion, volcanic ashes deposited into lakes record volcanic
events and can also be used to determine eruption rates.

The Wilson Creek FM. Mono Lake, CA. contains
19 ash layers, recording volcanic eruptions from the
Mono Craters Long Valley region. The top of the Wil-
son Creek FM. is approximately 11 ky old and the base
of the section is constrained to be greater than 50 ka,
and may be as old as 75 ka. This yields an eruption
rate of 2.9 to 4.8 events per 10,000 years. In addition,
we have dated sanidine from four volcanic ash layers in
the Wilson Creek FM., Mono Lake, CA. by the single
crystal laser fusion 40Ar/39 Ar method (ashes 8,15,16
of Lajoie, 1968 U.C. Berkeley Ph.D. thesis). These data
and single crystal 49 Ar/39 Ar results from Chen et al.
(1996, Science) from ashes #5 and 12 all show a signif-
icant degree of contamination from older volcanic ma-
terial.

Analysis of the population distribution of these data
are used to extend the record of volcanic events beyond
the 40 to 65 ky time interval sampled by the Mono Lake
sediments to about 120 ka. The age distribution of
the single crystal 40Ar/39Ar results also indicate an
episodic nature for the volcanism in the Mono Craters
Long Valley region. Approximately 4-5 additional vol-
canic events between 60 and 120 ka are implied by the
extra sanidine populations. In addition, the 40 Ar/39 Ax
ages of the single crystal data also indicate a limited
volcanic activity between 760 ka (Bishop tuff?) and
120 ka.
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Stable oxygen isotope behaviors in  high-
temperature melt have been poorly understood due
to lack of crystal-synthesis experiment with O-isotope
evaluation. The distribution of trace elements along
with 180 in volcanic mineral should provide important
information about growth history under various con-
ditions (e.g., supercooling, convection, and volatile-
degassing). For interpretation of naturally grown
volcanic minerals, it is especially necessary to under-
stand the formation mechanism of O-isotope zoning
for synthesized crystals. We performed crystal growth
experiments of anorthite by FZ method that can re-
alize the control of the growth velocity and stirring
rate individually and aid to interpret the formation
process. We have conducted two different experiments:
(1) anorthite growth in varied growth velocity; (2)
growth in varied stirring rate. Obtained crystals were
profiled along the growth direction by COg-laser and
electron microprobe analyses.

A single- to poly-crystal of anorthite crystal synthe-
sized by experiment (1) showed a visible negative shift
in 6180 value (-0.5%/60) with a tiny change in growth
velocity from slow to fast (V = 0.310 to 0.344 mm/hr).
Across this gap, major impurity of MgO (initial con-
tent: 0.1 wt%) showed a slightly positive fluctuation
in fast growth zone (0.05 to 0.1 wt%). Another re-
sult of experiment (2) exhibited a large shift in 5180
(41.5°/60) with change in melt-stirring rate from slow
to fast (50 to 70 rpm). Across this gap, MgO was more
enriched in fast-stirred zone (0.05 wt%) than in slow-
stirred (0.01 wt%).

It is concluded from these above results that ideal
equilibrium isotope fractionation factor between crys-
tal and liquid anorthite «,_; may not be 1.0 but >
1.0 even at melting temperature, and that growth ki-
netics may play an important role to modify the re-
sultant 6180 in crystal. Probably, change in interfa-
cial concentration of 180 by diffusional isotope trans-
port is the most dominant cause for the formation of
O-isotope zoning. Fast growth causes slight 5180 de-
crease in crystal by 5180-depletion in the interfacial
melt, and slow growth increases 6180 by attaining the
equilibrium against bulk melt. Fast and slow stirrings
provide similar situation to the case by slow and fast
growth, respectively. Fast melt-stirring decrease the
thickness of diffusion layer near the interface. In con-
trast, incorporation of impurity MgO into crystal can
be promoted by dominant control of interface kinetics
when the melt is stirred. Difference in growth in dy-
namic or static magma may be isotopically reflected
in natural volcanic plagioclase having MgO-coupled or
decoupled 5180 zonings.

V22C MC: Hall D Tuesday 1330h

Developments in Geochronology
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Studies of the SNC (Shergottite, Nakllites, Chassig-
nite) meteorites, which are thought to be impact ejecta
from the planet Mars, have contributed significantly to
the understanding of the igneous history of the planet.
So far, an intensive work on the radiometric dating of
Martian meteorites has been carried out, and it is well
documented that some isotopic systems had been dis-
turbed by the impact shock, which could be related to
the ejection from Mars. Since the U-Pb isotopic system
in phosphate is more resistant to secondary process, U-
Th-Pb dating could be a reference for the comparison
of the date of the pre-shock igneous event via other
dating techniques. We have attempted to investigate
the U-Th-Pb systematics of phosphates in various Mar-
tian meteorites (basaltic Shergottite, Nakhlite, Chas-
signite) using the Sensitive High Resolution Ion Mi-
croProbe (SHRIMP) installed at Hiroshima University,
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Japan. Our techniques take advantage of the high sen-
sitivity at high mass resolution, and are superior to the
conventional TIMS analyses in the following ways: (1) a
much smaller amount of sample is required, (2) because
it is a quasi-destructive technique, after U-Pb analysis,
the sample can be used for other studies such as REE
analysis by SIMS, observation of texture and chemical
composition by EPMA. These techniques are suitable
for especially precious sample such as Martian/Lunar
samples.

In this study, we used polished thin sections of
several Martian meteorites, which were provided by
the Smithsonian Institution and NASA, The observed
"Total Pb/U isochron ages” in the 238U /2006py,
207pp /206 py, - 204py, /206 p, diagram of basaltic Sher-
gotty show relatively young ages (217 4/- 110 Ma for
Shergotty, 359 4 /- 120 Ma for Zagami). On the other
hand, those of Nakhlite (Nakhla & Lafayette) indicated
the older ages of ~1.3 Ga (although these are only pre-
liminary result). At the conference, we will present
a series of results from other Martian meteorites, and
will discuss about the early/recent thermal history of
Mars.

V22C-1054 1330h POSTER

Extraction of In-situ Produced '*C in
Terrestrial Rocks

Yusuke Yokoyamal:2 (1-925-424-5450;
yusuke@ssl.berkeley.edu)

Marc W Caffeed (Caffeel@linl.gov)
Robert C Finkel? (Finkell@llinl.gov)
John R Southon? (southonl@llnl.gov)

Kunihiko Nishiizumil (1-510-643-9361;
kuni@ssl.berkeley.edu)

1Space Sciences Laboratory, University of California,
Berkeley, MC7450, Grizzly Peak Blvd., Berkeley,
CA 94720-7450, United States

2CAMS, Lawrence Livermore National Laboratory,
7000 East Avenue, L-202, Livermore, CA 94550,
United States

3Department of Physics, Purdue

Lafayetty, IN, United States

University,

The measurement of cosmic-ray-produced 10Be and
26 Al in rocks exposed at the Earth?s surface has en-
abled numerous scientific investigations aimed at quan-
tifying landscape evolution. However, in many in-
stances these two radionuclides alone cannot constrain
the exposure history of a sample. In-situ produced 14C
would be a powerful complementary radionuclide that
could be used to elucidate the exposure conditions of
many samples. Although the measurement of 14C in
the organic materials in archaeological and geological
studies is well established, in-situ produced 14C ex-
traction and measurement in terrestrial rocks remains
difficult. We are establishing a reliable measurement
system for 14G extraction from quartz.

Here we present preliminary results of our experi-
ment after several improvements in the extraction pro-
cedures. The total background of 14C is typically
about 2 - 3 x 10° atoms. In our original experiment, a
4:1 N2/02 mixture with trace amounts of CO2 carrier
was employed. However, we have observed that con-
siderable amount of N20O and NOx are formed at the
higher temperature steps. These gases are not easily
cryogenically separated from the CO2 and may also in-
hibit the collection of CO2. We have installed new car-
rier gas mixture in the system that consists of He, O2,
CO, and CO2. We have been able to eliminate above
contaminant gases as well as that we can monitor the
conversion efficiency from CO to CO2 using the carrier
gas. To the efficacy of our extraction manifold we are
using quartz samples collected at Transantarctic Moun-
tains in Antarctica. These are demonstrably saturated
in 14c
tions. Our preliminary result indicates that we are re-

activity, based on 19Be and 26Al concentra-

covering most of the expected in situ produced 14C in
the quartz.

This work was supported by DOE-OBES grant and
under the auspices of the DOE by UC-LLNL contract
W-7405-Eng-48.
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A number of characteristics of zircon, including high

U-Th concentrations, resistance to weathering, regular
crystal morphology, and common presence in a wide
range of geologic samples, make it well-suited for ra-
diometric dating by the (U-Th)/He method. Using

both laser and furnace heating of zircon crystals for
He extraction and bomb dissolution for U-Th determi-
nations, we have measured He ages of zircons from a
wide range of tectonic environments and cooling rates,
including detrital zircons from sedimentary and meta-
morphic rocks, and igneous samples from both slowly-
cooled terranes and quickly-cooled tuffs. Many sam-
ples are from rocks with previously established thermal
histories, as determined by other thermochronometers
including feldspar 40Ar/BgAr and zircon and apatite
fission track dating. Our results from samples from
about a dozen different settings consistently indicate
a closure temperature of about 180-210°C, similar to
that of titanite (U-Th)/He, and show good agreement
between thermal histories derived from (U-Th)/He dat-
ing and other systems. Reproducibility of zircon He
ages is typically 4-5% (1s) (e.g., 27.6 + 1.2 Ma for
Fish Canyon Tuff zircon, n = 14), slightly worse than
for apatite He ages. This may be due to more pro-
nounced intracrystalline U-Th zonation in zircon in
general, and its influence on alpha ejection corrections.
Although a wide range of samples consistently indicate
a ~200°C closure temperature for zircon, step-heating
experiments show relatively complex He diffusion be-
havior, at least on laboratory time scales and between
about 300-600°C. In most experiments activation ener-
gies (Eg) and closure temperatures (T¢) increase with
larger integrated experimental heating time and tem-
perature; (Eqg) and (T¢) derived from later, sublin-
car Arrhenius portions of these experiments are 35-44
kcal/mol, and about 150-190°C, respectively. These
relatively complex diffusion characteristics are similar
to the expected effects of multiple diffusion domains in
zircon, and may be due to radiation damage, heteroge-
neous U-Th (and therefore He) distribution, or micro-
cracks in crystals. These He diffusion complexities do
not appear to be reflected in observed zircon He ages
and implied closure temperatures however. Ongoing
work is focused primarily on 1) tectonic applications
of zircon thermochronometry in settings with poorly-
understood thermal histories, 2) understanding the re-
lationships between He diffusion complexities in zir-
con and radiation damage (using Raman spectroscopy),
crystal size, microcracks, and parent zonation, and 3)
dating of young zircon-bearing volcanic rocks.
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Isotopic analysis of zircon by one or more partial

dissolution steps, followed by total dissolution of the
remaining residue, has been attempted (with varying
degrees of success) for many years. A new approach
combining pre-analysis annealing of radiation dam-
age, multi-step partial dissolution analysis (PDA), and
high-resolution TIMS measurements demonstrates con-
siderable promise. Annealing of radiation damage prior
to the multi-step dissolution procedure suppresses ele-
mental and isotopic fractionations related to radiation-
Multi-step partial
dissolution permits the analysis of zircon Pb/U and
Pb/Pb age spectra in a manner similar to Ar/Ar re-
lease spectra. Rigorous chemical procedures to quan-
titatively extract all Pb and U associated with each
partial dissolution step typically yield 0.2 percent re-
producibility for 206Pb/238U ages. Initial dissolution
steps remove almost all the common Pb associated with
zircons. Later dissolution steps contain little or no ini-
tial Pb, yielding very high precision 207Pb/206 ages -
the errors are almost entirely due to uncertainty in the

damage-mediated leaching effects.

isotopic fractionation correction. Minimally disturbed
zircons containing no inherited component of zircon
yield excellent plateaus for both Pb/U and Pb/Pb ages.
Slight but consistent differences in Pb/U versus Pb/Pb
age plateaus are related to the combined effects of in-
termediate daughter product disequilibrium at the time
of crystallization, and small errors in the U decay con-
stants - both can be evaluated by analyzing zircon sam-
ples with a wide range in age. Zircons containing inher-
itance yield more complex spectra, depending in large
part on the relative solubility of the zircon components.
The high-precision age spectra are particularly sensi-
tive to even small amounts of slightly older inheritance.
These new approaches thus significantly enhance the
precision and accuracy of "traditional” TIMS zircon
analysis.
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The true power of the Ar-Ar method lies in its abil-
ity to explore age differences and gradients within a
single sample, using the step-heating approach. Follow-
ing Turner’s pioneering studies, this technique has been
applied to determine closure times recorded as plateau
ages, or to deduce thermal histories by applying dif-
fusion theory to age spectra. In step-heating experi-
ments, the emphasis has traditionally been on obtain-
ing ages representative of the bulk of a sample’s ar-
gon release, because the gas initially released at low
temperature can be affected by atmospheric contami-
nation, excess 40 Ay or 39Ar recoil. Despite this, how-
ever, the record of subtle events might be extractable
from the first small amounts of argon evolved. These
traces would normally be released in the first fraction
in a conventional analysis, where any delicate details of
age structure would be averaged together and lost.

To explore this possibility, we have examined the
low-temperature spectra of feldspar, mica and whole-
rock samples from sedimentary rock and mylonite of
Mesozoic to Cenozoic age. We used low-power laser
heating to obtain step-heating fractions having very
small gas volumes but adequate signal/noise levels
for meaningful analysis. Analyses of both rock types
gave initial fractions having zero apparent age, be-
fore climbing to the igneous and detrital precursor ages
that dominate the age spectra. However, the detailed
low-temperature spectra do not resemble the smoothly
climbing patterns expected for volume-diffusive Ar
loss. Instead, the profiles display pronounced age steps
which may be reproducible between samples, even using
variable heating schedules. In the sedimentary samples,
these discontinuities point to a time of overprinting. In
the mylonites, they correspond to progressively older
times of post-crystallization regional tectonic activity.
These ages are derived from gas fractions which can
contain as little as 0.2% of the total sample 39Ar. In
a conventional step-heating approach, all of the steps
bearing traces of such post-crystallization events would
be easily subsumed in the first fraction.

The nature of the phases that release this low-
temperature argon is unknown. They could, for exam-
ple, be alteration products, trace phases, or the outer-
most portions of bulk K-bearing phases. In any case, it
thus appears that although the imprints of these late-
stage events are minor, they may nevertheless be en-
coded in discrete low-temperature clocks. Many sam-
ples may be capable of recording not only their igneous
or metamorphic crystallization ages, but much more re-
cent geologic history as well.
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A study of 85 samples of basaltic lava and cin-

ders from the Los Lunas volcano, central New Mex-
ico, demonstrates that the accuracy and precision of
40Ar/39Ar dates for young basalts can be maximized
by selecting samples that contain K-feldspar as a late-
crystallized phase, and contain little or no glass or
alteration phases. On the basis of optical observa-
tions of thin sections, it has long been recognized that
abundant groundmass glass is detrimental to K-Ar and
40 Ay /39 Ar dating of basalts. The electron microprobe
offers a means of assessing and quantitatively analyz-
ing basaltic groundmass features that are too small to
be assessed optically. X-ray mapping and quantitative
analyses accurately distinguish among crystal and glass
phases as small as 2 um. The crystallinity of smaller
areas can be qualitatively assessed by multiple anal-
yses, where homogeneous compositions indicate glass
and heterogeneous composition indicates multiple crys-
tal phases.

Samples from Los Lunas volcano were examined by
electron microprobe, with the first step in the evalua-
tion process being collection of potassium x-ray maps
of polished surfaces. Once the locations of K-bearing
phases were determined, the compositions of the phases
were measured using quantitative analysis. Some oth-
erwise well-crystallized samples were found to contain
small amounts of groundmass glass in interstices be-
tween crystals; in these cases, virtually all K was
concentrated within the glass. In other samples the
groundmass was fully crystallized. In these cases K
resided in K-feldspar, either as thin (<10 pm) rims on
plagioclase or as fine (<15 um) groundmass crystals in-
tergrown with albite. This K-feldspar would be impos-
sible to identify optically due to the small grain size
and intergrown nature of the crystals. Samples were
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rated on the basis of glass content versus K-feldspar
content.

After excluding samples containing abundant
(>10%) glass, 19 samples were dated by the 40Ar/39 Ar
resistance furnace incremental heating method. The
shape of spectra and the accuracy and precision of
plateau and isochron ages correspond closely to the
ranking assigned based on the microprobe evaluation.
Glass-free, K-feldspar-rich samples have generally flat
spectra, relatively high radiogenic yields (%40Ar*),
and ages with precision values (£2 o) ranging from
1-5%. These ages agree well with stratigraphic order.
Samples with increasing amounts of groundmass glass
have increasingly disturbed spectra, reduced radiogenic
yields, and low precision (+5-20%) plateau or isochron
ages, which in some cases violate stratigraphic order.
The consequences of even small amounts of ground-
mass glass are attributed to various combinations of
atmospheric argon acquired during hydration, 40Ar or
K50 loss, and 39 Ar recoil artifacts . 40Ar/39 Ar results
from higher ranking samples indicate that Los Lunas
volcano consists of a 3.81 = 0.10 Ma southern cone
overlapped by a 1.25 4+ 0.02 Ma northern cone; this
relationship agrees with geologic map patterns. Within
the northern cone, geologic mapping has delineated a
sequence of five eruptive events. The ages of high rank-
ing samples from the northern cone all agree within
analytical error, suggesting that the entire period of
eruptive activity spanned less than 30,000 years.

The precision and accuracy of data in this study
was much enhanced by using microprobe observations
of groundmass glass and K-feldspar to aid in the sample
selection process. Sample selection based on only thin
section observations would have yielded lower quality
data.

2001 Fall Meeting
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Acapulco meteorite is thought to have cooled ex-
tremely fast (~100°C/Ma) at high T (~1000°C) fol-
lowed by very slow cooling (~2°C/Ma) without any
significant later-stage reheating. The timing, tempera-
ture and cause of the dramatic change of cooling rate
are still controversial. The most important evidence of
slow cooling at low T is from extinct-Pu fission track
dating for orthopyroxene, whitlockite and apatite crys-
tals. Because the parent 244Pu is extinct, this method
yields only relative ages that may differ for different
minerals as a result of differential track retentivity. De-
termining absolute ages from the fission track method
is hampered by several fundamental uncertainties in es-
timating U and Pu concentrations, and in distinguish-
ing fission tracks from other tracks produced by cos-
mic ray and spallation/recoil processes. One way to
anchor the drifting (i.e. relative) fission track ages is
dating the same sample with other chronometers which
can give absolute ages in the same T range. For this
purpose, we have applied single grain (U-Th)He dating
techniques to apatite grains which have almost identi-
cal closure T as that of fission track retention.

Four apatite grains with 150 micrometer ~ 230 mi-
crometer size were analyzed for U, Th (with ICP-MS)
and 4He (laser extraction Quadrapole MS) concentra-
tions, and one grain ca. 200 micrometer X 200 microm-
eter was step-heated to determine diffusion parameters.
Imaging of the sample shows anhedral crystal shapes
such that for most apatites its almost impossible to
reconstruct the original crystal morphology from the
mineral separates, preventing precise estimation of al-
pha particle ejection loss (Fp) for each sample. The
uncorrected ages, therefore minimum ages, are: 4462 +
51 (analytical error only; 1o) Ma, 4326 + 51 Ma, 4386
+ 52 Ma and 2718 + 39 Ma. The first three ages are
indistinguishable when considering possible large vari-
ation of Fp values for those samples. The oldest age
of 4462 4+ 51 Ma is interpreted as the minimum age
for helium closure in the Acapulco apatites. The step
heating analyses revealed a simple volume diffusion at
temperatures below 300°C, yielding closure T of 90°C
at a cooling rate of 2°C Ma.

The 110 Ma age difference between apatite (closure
T =~90°C) and orthopyroxene (~280°C) fission track
is combined with the new (U-Th)/He data (> 4462 =+
51 Ma at 90°C). According to this simple compari-
son, significant retention of fission tracks in orthopy-
roxene began as early as approximately 4570 + 50 Ma
which is identical with PbPb isochron age of 4557 Ma.
This calculation suggests rapid cooling down to 300°C
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, around the closure T of plagioclase Ar diffusion, then
followed by slow cooling. This interpretation suggests
that the younger OAr/sgAr age (4507 £ 9 Ma) ob-
tained from Acapulco plagioclase, which should reflect
cooling through ~300°C, is spuriously young due to
systematic errors (i.e., decay constants and/or stan-
dard data) in the 49Ar/39Ar method, as suggested
by comparison between high-precision 40Ar/39Ar and
U/Pb ages for terrestrial volcanic rocks.
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Surface loss of 39Ar from vacuum encapsulated
coarse-grained muscovite and biotite supports previous
estimates for a mean recoil depletion distance of 100
nm and empirically describes the degree to which re-
coiled atoms implant into neighboring crystals. Most
experiments involved cutting single mica pieces into
controlled shapes (6.3 mm dia. circle, 9x15 mm rect-
angle) of varying thicknesses (30 to 220 microns) that
were then wrapped in Al foil, vacuum encapsulated and
irradiated for 100 hours. For one experiment a rect-
angular muscovite was cut into twelve sub-equal size
pieces, stacked together and wrapped in Al foil prior
to vacuum encapsulation and irradiation. Following ir-
radiation, the capsules were loaded into the argon ex-
traction system and punctured with a COg laser. After
argon analysis, the samples were recovered and the Al
foil was removed. The Al foil and the individual mica
crystals were fused separately within a standard dou-
ble vacuum resistance furnace in order to determine the
total 39 Ar concentration in the micas and assess the
amount of implanted S9 Ar into the Al foil.

In all cases, readily detectable 39 Ar was measured
in both the encapsulation tube and the Al foil. Of the
total 39 Ar recoiled from the micas, between 30 and 68%
was implanted into the Al foil. Summing the encapsula-
tion gas with the Al foil gas to represent the total 39Ar
recoil loss and with knowledge of the sample thickness
and total 39 Ar concentration allows calculation of the
mean recoil depletion depth. The four single crystal ex-
periments yield a mean recoil depletion depth of ca.104
nm that is in excellent agreement with several other
estimates for this parameter. Based on the experiment
that involved multiple pieces of muscovite sandwiched
together, it is determined that only 18% of the total
recoiled 39 Ar implanted into adjacent crystals. The Al
foil from this experiment contained 30% of the recoiled
39 Ar, which indicates that it is overall easier to implant
39 Ar atoms into foil compared to mica.

These simple experiments have implications regard-
ing vacuum encapsulation studies of fine-grained sam-
ples and high precision geochronology. For instance, if
the 39Ar implanted into the material (foil, quartz am-
poule) used to house the mineral separate is ignored a
significant underestimation of the true recoil loss will
result. Because Ar does not readily implant into
neighboring grains, the loss of 39 Ar from the bulk sys-
tem will increase the apparent age of a given sample.
The age increase will be proportional to the surface
area to mass ratio of the sample. Surface loss of re-
coiled 39Ar from biotite accounts for part of the age
discordance (0.1 to 0.3 Ma) commonly observed be-
tween cogenetic biotite and sanidine.
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Despite the lack of an official pronouncement, the
fluorapatite of Cerro de Mercado, Durango, Mexico has
become the de facto standard for (U-Th)/He geochronol-
ogy. In addition to being relatively inclusion-free and
easily obtained, these crystals are commonly in excess
of 5mm in diameter, permitting the removal of the
outer skin of the crystal, theoretically eliminating the
alpha-ejection correction. However, bulk analyses of
the Durango fluorapatite indicate a substantial varia-
tion in U and Th concentrations from aliquot to aliquot
(167-238 ppm Th; 9.7-12.3 ppm U, [1]). If similar vari-
ations were to occur on the sub-grain scale, small frag-
ments of single crystals could contain helium excesses
or deficiencies due to alpha-ejection exchange between
zones with varying parent element content.

FEos.

We have performed a series of experiments to quan-
tify the intra-grain variation in U and Th, in order to
model the effect of this variation on ages determined
on Durango fluorapatite. X-ray maps show concentric
zonation in U and Th, with similar, but more appar-
ently pronounced zonation in Si and Cl. Preliminary
laser-ablation ICPMS data indicate, not surprisingly,
that intra-grain variations in U and Th concentrations
obtained by analysis of ~35 pm spots are larger than
that which had been previously obtained by bulk ana-
lytical techniques (with overall concentrations greater
than for bulk analyses). Thus far, analyses yield U con-
centrations varying from 11 to 16 ppm, and Th concen-
trations ranging from 220 to 340 ppm.

Modeling underway suggests that parent element
variations on the order of 50%, such as those observed,
and the resulting differential alpha-exchange could lead
to several percent error in age, for ~100 pm fragments.
The effect scales inversely with fragment size, with 300
pm fragments (roughly the size of a large, single grain
analysis) having only ~1% error. This may offer an
explanation for the previously observed inability to re-
produce ages for the Durango fluorapatite within the-
oretical uncertainty [2].

[1] Young, E.J. et al., 1969. Mineralogy and geo-
chemistry of fluorapatite from Cerro de Mercado, Du-
rango, Mexico. USGS Professional Paper 650-D, pp
D84-D93.

[2] House, M.A. et al, 2000. Helium chronometry of
apatite and titanite using Nd-YAG laser heating. Barth
and Planetary Science Letters, v. 183, pp 365-368.
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The low closure temperature of the apatite U-Th/He
system makes it useful for understanding the long-term
post-tectonic history of decaying orogens. However, ap-
atite U-Th/He ages, which reflect the specifics of the
minerals cooling history, must be interpreted within the
context of both regional tectonic setting and local geo-
logic factors. The retention of radiogenic helium within
an apatite is the result of several geologic factors that
affect the apatite host rocks cooling history. In areas
lacking substantial heat advection or production (tec-
tonic activity or volcanism), rocks that have been ex-
humed to the surface have thermal histories that are
linked to the local geothermal gradient. Generally a
geothermal gradient of 25 C/km is assumed for a tec-
tonically passive continental crust; but, the geothermal
gradient is a construct of two major factors: (1) basal
heat flow, and (2) the thermal conductivity of the rocks
below the surface. Radiogenic heat production in the
crust is an additional, but secondary, factor. While
basal heat flow may not vary significantly across a re-
gion, the thermal conductivity of rocks in the upper
crust may differ by more than 100%.

To evaluate the effect of variable thermal conduc-
tivities on the cooling history of an apatites host rock,
we modeled thermal histories for samples slowly ex-
humed from crust having two very different steady-
state geothermal gradients, using the thermal proper-
ties of shales, sandstones, and limestones from the Ap-
palachians. The two geothermal gradients were con-
structed by stacking these lithologies in different or-
ders. Thermal histories were developed for each model,
by eroding the surface unit and re-equilibrating the
geotherm. Two different erosion rates were applied, one
at 50 meters/m.y. and another of 10 meters/m.y., rates
that bracket the upper and lower limits respectively of
generally accepted values of Appalachian denudation.
These rates are sufficiently slow so that heat is not be-
ing advected by rapid erosion. The thermal histories
for these two cases were entered into a helium ingrowth-
diffusion model for 130-micron apatites to predict the
U-Th/He ages. The results for the ingrowth-diffusion
model show that U-Th/He ages for the more rapid de-
nudation rate thermal histories (50 m/m.y.) varied by
<10%. The U-He ages for the protracted denudation
rate thermal histories (10 m/m.y.) varied by 20%. Con-
sidering that denudation is never completely uniform,
the addition of lithologic variability makes assumptions
about the long-term rate of exhumation very difficult
to constrain. However, it does help resolve why there
can be dramatic along-strike variations in age from
proximal samples in apatite U-Th/He and fission track
ages from the central Appalachians and northern Blue
Ridge. In tectonically active regions, the effect of vari-
able thermal conductivity may be small on the final
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U-Th/He age, but in areas of slow cooling, the effect
might be significant.
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A number of recent pioneering studies into the po-
tential of iron isotopes to be fractionated by natu-
ral processes have revealed a complex web of possi-
ble isotope fractionation mechanisms. For example,
processes involving microbially-mediated reduction of
mineral-bound Fe(III) to Fe(II) have been shown to re-
sult in fractionation of the 6 Fe/%4Fe ratio of from 0 to
2.5° /50, with the lighter isotopes being concentrated
in the Fe(II)-bearing aqueous or solid product. This
fractionation clearly results from disequilibrium reac-
tions, although it is as yet unclear whether the cause
is strong complexation of iron at the mineral surface
that limits back reaction or a true vital effect. More-
over, field and laboratory studies of abiotic iron oxida-
tion under disequilibrium conditions reveal a fractiona-
tion of as much as 2° /5, with the heavier iron isotopes
being concentrated in the Fe(III)-bearing product, re-
quiring equilibrium fractionation among the coexisting
aqueous Fe(II) species prior to oxidation. Furthermore,
theoretical considerations predict that under equilib-
rium conditions large iron isotope fractionations are
possible due to contrasts in ligand strength and atomic
bonding environment, and that aqueous Fe(III) com-
plexes will concentrate the heavier iron isotopes rel-
ative to Fe(II) complexes involving the same ligands.
These observations provide important insights into pos-
sible isotope fractionation mechanisms, yet beg a more
thorough examination of iron isotope fractionation in
diverse, relatively simple natural systems. Here we
present new iron isotope data that document fraction-
ations accompanying processes such as precipitation of
siderite from COg-charged springs, of schwertmannite
from acid-mine drainage and of ferrihydrite from spring
waters by a presumably microbial mechanism. Consid-
ered in light of previous studies the new data under-
score the importance of aqueous speciation in deter-
mining iron isotope fractionations observed in natural
and experimental systems.
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We have investigated biotic and abiotic stable iron
isotope fractionation pathways in experiments, the low-
T natural environment, and the human body. Fe sam-
ples were analysed using a Nu Plasma Multicollector
ICP-MS. All measured samples plot on the theoret-
ically predicted exponential fractionation line in the
Deltab57Fe versus Delta56Fe space, demonstrating ab-
sence of ArN or ArO interferences. An experimental
calibration of Fe isotope fractionation during abiotic
formation of iron (III) oxyhydroxide and iron(II) min-
erals from aqueous solution resulted in significant dif-
ferences: (a) During fast precipitation of FeOOH dur-
ing alkalization of a Fe(III)Cl3 solution at room tem-
perature the solid is only slightly enriched by about
0.1permil in 57Fe compared to the solution. (b) Slow
precipitation of akaganeite (beta-FeOOH) from aque-
ous Fe(III)Cl13 solution leads to a depletion of 57Fe
by about -2.2permil in the solid phase without a sig-
nificant influence of temperature. (c) Precipitation of
FeOOH during oxidation of aqueous Fe(II) solutions
by oxygen yields an enrichment of up to 4.8permil in
57Fe in the solid phase. (d) Iron(II) carbonate pre-
cipitation between 20 and 60C leads to an almost neg-
ligible depletion in 57Fe compared to aqueous ferrous
jons. Interpretation: Large enrichment of the heavy
isotope is observed where Fe is oxidised, whereas small
to interme-diate depletions of heavy Fe isotopes occur
upon forma-tion of Fe-minerals without change in re-
dox state. Addi-tionally, kinetic effects, the speciation
of the aqueous solution, or the effect of crystal struc-
tures may have to be considered. Biotic isotope frac-
tionation by microorganisms was investigated at two
field sites. In a Fe mine (Gonzen, Switzerland), Fe-
precipitating microbes (Gallionella ferrugina and Lep-
tohrix ochtraceae) have formed Fe(III)-oxyhydroxides
that are ca. 0.6permil heavier in Delta57Fe than the
Fe-rich parent solutions. At Cady Mts, California, fila-
mentous fabrics of goethite, thought to represent fossil
remnants of microbial mats, have been found as en-
crustations in chalcedony. Delta57Fe is 3 permil heav-
ier than the associated calcite (representing the Fe-rich
fluids). Therefore, the fractionations found in micro-
bial precipitates are not larger than those produced in
the abiotic experiments. In contrast, major Fe isotope
fractionations are produced by the human body: The
major iron compartments in the human body, blood,
liver, muscle tissues, and also hair, are all depleted by
as much as 6 permil in the 57Fe isotope relative to 54Fe
when compared to the average dietary intake. Since fe-
ces are similar to the average intake, we conclude that
a significant Fe isotope fractionation occurs at the ad-
sorptive stage in the intestine. In conclusion, with re-
spect to the hypothesis that Fe isotope effects might
serve as ”biosignatures” it appears that microbial and
abiotic reactions cause similar isotope effects which es-
sentially depend on redox reactions and the speciation
in the aqueous solution. On the other hand, higher or-
ganisms bear distinct Fe isotope signatures.
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Previous studies have shown that copper is fraction-
ated in the environment. However, the mechanisms for
isotope fractionation and the role of organic and inor-
ganic processes in the fractionation are not well under-
stood. Here we used the well controlled experiments
used by Phelps Dodge Corporation aimed at leaching
copper from their ore deposits to constrain the mecha-
nism of copper isotope fractionation in natural systems.

The isotope data were collected on a Micromass Iso-
probe. High temperature copper sulfides from ore de-
posits in Chile and Arizona yield delta 65Cu near 0
permil. The reproducibility of the data is better that
0.1 permil.

Controlled experiments consisting of large columns
of rocks were fed solutions containing bacteria such
as Thiobacillus ferroxidans and Leptospirrilium ferrox-
idan. Solutions fom the columns were sampled for sixty
days and analyzed for copper concentrations, oxidation
potential, ferrous/ferric ratios and pH. The results in-
dicate that the bacterially aided dissolution of copper
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fractionated copper. Preliminary experiments of cop-
per dissolution not using bacteria show no isotope frac-
tionation

The original rock in the experiment has a delta
65Cu of 2.1. The first solutions that were collected
from the columns had a delta 65Cu of 5.0 per mil.
The liquid changed its isotopic composition from 50
to 10 during the sixty days of sampling. The great-
est shift in the isotope ratios occurred the first 30 days
when the copper recovered was less than 40% and the
ferrous/ferric ratios were somewhat constant. At ap-
proximately 35 days after the start of the experiments,
the copper recovery increases the ferrousferric ratio de-
creased and the copper isotope ratio of the fluids re-
mained fairly constant.

The data suggest that the bacteria are required to
effectively fractionate copper isotopes in natural sys-
tems and that the mechanisms of bacterial aided cop-
per dissolution may include a direct dissolution of the
sulfides by the bacteria. Experiments underway with
enzimes without the bacteria may confirm this hypoth-
esis. The data obtained in these experiments will pro-
vide some constraints in the use of copper isotopes as
proxy for life in the rock record.
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Selenium contamination occurs in many areas of the
western USA as Se is flushed from soils into irrigation
wastewater. It is also elevated where fly ash from coal-
fired power plants is disposed of, and in a few other
settings. Predicting the long-term impacts of anthro-
pogenic Se inputs on various systems involves under-
standing the redox reactions that control Se mobility
and bioavailability. Detailed Se speciation studies have
provided insights into such processes, but are limited in
several ways. Se isotope measurements provide comple-
mentary information about redox reactions, and thus
can improve understanding of these critical processes.
Other heavy stable isotope systems have similar poten-
tial. Several challenges have arisen in the development
of Se isotopes, and all of these apply to other heavy sta-
ble isotope systems. Because of the geochemical com-
plexity of Se, several studies were needed to provide an
initial survey of laboratory data on Se isotope system-
atics. Other heavy elements have similarly complex ar-
rays of species and reactions, and detailed laboratory
studies are needed to reveal the associated fractiona-
tions. Microbially mediated and kinetically complex
reactions may have variable fractionations. Our mi-
crobial reduction experiments in the laboratory showed
a wide range of fractionation induced by reduction of
Se(VI) to Se(IV), from <1.0 to 5.0 per mil on 8076. On
the other hand, sediment slurries from three different
wetland settings yielded a narrow range of fractionation
(2.6 to 3.1 per mil) for this reaction. This is encourag-
ing, but further work will be needed to extend this to
a wider range of conditions. Once the isotopic system-
atics are understood, transport dynamics in the field
come into play. The effective fractionation that occurs
in surface water-sediment systems may be less than the
instantaneous fractionation induced by a reaction, be-
cause the sediment can be a “partially closed” system,
connected to the water column via diffusion. Detailed
studies of microcosms will be needed to address this
issue.
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Chemically similar to sulphur, Se occurs as +6, +4,
0 and -2 valences in a variety of organic compounds
and geological settings. This makes the study of Se
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