12. A.J. Milleret al., Geophys. Res. Lett. 19, 929 (1992).

13. We computed stratospheric O, changes by first tak-
ing Total Ozone Measurement Satellite (28) trends
for each 10° latitude band between 65°N and 65°S
over the period 1979 to 1989 for each month. Pole-
ward of 65°N and 65°S, the values at 65°N and 65°S
were used. We converted the trends in total O, to
trends in Oy at each model level by assuming a
constant percentage loss in the 7 km immediately
above the tropopause (3). For the two model layers
above this, we used a percentage loss rate of half
that used in the lower layers. The position of the
tropopause was defined from observed climatologi-
cal average values. We computed the O values by
multiplying the trends by the number of years since
1974 and adding the result to the unperturbed val-
uesin (77).

14. The radiosonde data set is based on operationally
received monthly averages, data from publications,
data requested from national sources, and, for the
South Pole, from the Comprehensive Aerological
Reference Data Set (29). Data are for standard levels
(850, 700, 500, 300, 200, 150, 100, and 50 hPa).
Gross error and hydrostatic checks were applied
(80). Comparisons with colocated Microwave
Sounding Unit data since 1979 were used to assess
and remove biases associated with recent instru-
mental changes at radiosonde stations operated by
Australia and at some New Zealand stations. This
reduced the cooling at 50 hPa since 1980 by about
2°C at some stations, with a noticeable impact on
the Southern Hemisphere subtropical zonal average
changes. The station data were gridded on a 5°
latitude by 10° longitude grid as monthly anomalies
(with respect to 1971 through 1990). Missing grid-
boxes were filled with the average of the anomalies in
neighboring gridboxes, if at least three of these, out
of a maximum of eight, had data. Unlike (37), no
spatial interpolation was done. We converted the
“filed” gridded data set to zonal monthly mean
anomalies for each 10° latitude band at each pres-
sure level by averaging with the requirement that
there be at least 4 out of 36 longitude points present.
If this was not the case, then for that latitude the
zonal mean value was set to missing data. We con-
verted the monthly average zonal mean anomalies to
annual mean anomalies by averaging the 12 monthly
values. At each latitude-pressure point, there must
be at least 8 months with data; otherwise, the point
was set to missing data in the annual mean.

15. K. P. Shine, Y. Fougquart, V. Ramaswamy, S. So-
lomon, J. Srinivasan, Climate Change 19956: The Sci-
ence of Climate Change (Cambridge Univ. Press,
Cambridge, 1996), pp. 108-118.

16. Over the period 1961 to 1995, in the HADCM2 sim-
ulations, the global mean forcing due to greenhouse
gases increases by 1.5 W/m?, whereas the negative
global mean forcing due to tropospheric sulfate
aerosols decreases by 0.23 W/m?2.

17. The pattern correlation (R) and the congruence
(g) statistics are defined according to the following
expressions:

> My — MO, — Oy

i

\/ > My~ AW, D, (O — 0w,
if if

and
2 M, L/OiJVV/./
i

> MEW, >, O3
if if

where / and j are indices over latitude and pressure,
Mi;, is the model signal, O;; designates the observed
values, and W, is a weighting field. The spatial aver-
age, £, for the model (M) and the observations (O) is

> Pl 25 Wi
ij i

Where, in either field, a data point was missing, that
point was not included in the above computations.

The weight arrays used are
mass: W;; = 008 6, 2 (Pja1 — F))
volume: W, = cos 0,% (log Pysy — log P)
where 6, is the latitude and P, is the pressure.

18. D. J. Karoly et al., Clim. Dyn. 10, 97 (1994).

19. B. D. Santer et al., ibid. 12, 77 (1995).

20. B.D. Santer, T.M. L. Wigley, P. D. Jones, ibid. 8, 265
(1993).

21. Segments of zonal mean atmospheric temperature
35 years long were taken from the control integra-
tion. The start year of each segment was offset
from the start year of the previous segment by 5
years giving a total of 129 segments. For each
segment, means for years 1 to 20 (corresponding
to 1961 through 1980 of the observations and
forced simulations) and for years 26 to 35 (corre-
sponding to 1986 through 1995 of the observa-
tions and forced simulations) were computed and
differenced.

22. The Rand g statistics computed between the control
and forced signals have an estimated 70 to 80 de-
grees of freedom (32). Thus, a conservative estimate
of the significance level of statistics greater than the
maximum control value is 2%.

23. B. Efron and R. J. Tibshirani, An Introduction to the
Bootstrap (vol. 57 of Monographs on Statistics and
Applied Probability, Chapman and Hall, New York,
1993).

24. W. H. Press, S. A. Teukolsky, W. T. Vetterling, B. P.
Flannery, Numerical Recipes in Fortran: The Art of
Scientific Computing (Cambridge Univ. Press, Cam-
bridge, ed. 2, 1992).

25. For each of the four forced signals and four statis-
tics, we generated a probability distribution func-
tion (PDF) by (i) perturbing both forced simulations
and observations by adding randomly selected
segments of the control; (i) computing trend pat-
terns and four-member ensemble averages as be-
fore; (iii) computing R and g statistics between
perturbed patterns; and (iv) repeating 2500 times

to build a PDF. The resulting PDFs of R and g are
non-Gaussian and biased with respect to the
unperturbed values due to the normalization. This
can be understood if one considers two patterns
(P4, P,) that are perfectly correlated (R = 1). Adding
noise to P, will reduce the correlation to less than
1. We correct with a Fisher z transformation (24),
translating the transformed PDFs such that their
average values are equal to the transformed values
obtained with the unperturbed signals. Results in
Table 2 are then computed directly from these
transformed PDFs. We believe that the bias correc-
tion gives the most accurate risk estimates. Use of
it does not affect our key result that SENS1 is, on
balance, in best agreement with the observations.

26. G. Keating, D. Young, M. Pitts, Adv. Space. Res. 7,
105 (1987).

27. D.Heath, P. K. Bhartia, R. D. McPeters, J. Geophys.
Res. 89(D4), 5199 (1984).

28. Tech. Rep. 37 (Word Meteorological Organization,
Geneva, 1994).

29. R. E. Eskridge et al., Bull. Am. Meteorol. Soc. 76,
1759 (1995).

30. D. E. Parker and D. I. Cox, Int. J. Climatol. 15, 473
(1995).

31. A. H. Oort and H. Liu, J. Climate 6, 292 (1993).

32. F. W. Zwiers and H. von Storch, ibid. 8, 336 (1995).

33. T. Johns carried out the G and GS ensemble simu-
lations. D. Sexton and D. Karoly produced the Oy
data set, using data provided by K. Shine. M. Gor-
don, D. Cullum, and M. O'Donnell carried out much
of the processing required to produce the radio-
sonde data set. The work was partially supported by
the U.K. Department of the Environment under con-
tract PECD 7/12/37 (S.F.B.T., J.F.B.M,, D.E.P., and
computer time) and the U.K. Natural Environment
Research Council and Wolfson College, Oxford
(M.R.A.).

5 June 1996; accepted 26 September 1996

Dynamics of Oxidation of a Fe2*-Bearing
Aluminosilicate (Basaltic) Melt

Reid F. Cooper,* John B. Fanselow, J. K. Richard WeberT,
Dennis R. Merkley, David B. Poker

Rutherford backscattering spectroscopy (RBS) and microscopy demonstrate that the
~1400°C oxidation of levitated droplets of a natural Fe®*-bearing aluminosilicate (basalt)
melt occurs by chemical diffusion of Fe2™ and Ca2* to the free surface of the droplet;
internal oxidation of the melt results from the required counterflux of electron holes.
Diffusion of an oxygen species is not required. Oxidation causes the droplets to go
subsolidus; magnetite (Fe,O,) forms at the oxidation-solidification front with a morphol-
ogy suggestive of a Liesegang-band nucleation process.

The structure and dynamics of silicate melts
are first-order dependent on the valence
state of incorporated transition metal cat-
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ions, particularly, in the case of geological
melts, iron (I, 2). As a consequence, under-
standing the chemical diffusion process by
which a melt comes into redox equilibrium
with its environment is critical in character-
izing its structural and chemical evolution.
Diffusion studies have emphasized two ap-
proaches: (i) oxygen (!80) tracer diffusion
experiments [for example, (3, 4)] and (ii)
transition-metal-cation redox experiments,
which are analyzed based on the assumption
that diffusion of an oxygen species domi-
nates the redox kinetics [for example, (5-7)].
There is a noted discrepancy between the
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results of the two types of experiments: for
similarly polymerized melts, the '®O tracer
diffusion coefficient is found to be 10! to 10°
times smaller than the diffusion coefficient
determined in the redox experiments (8).
This discrepancy has been attributed to dif-
ferent mechanisms of oxygen transport for
the two types of experiments: the slower
tracer diffusion is ascribed to the motion of
molecular O, or of poly-anionic complexes,
whereas the redox reactions might occur by
way of ionic diffusion of the smaller O*~ [for
example, (5, 7)].

An iron-bearing aluminosilicate melt is a
polaron-type semiconductor (9), however,
and thus the dissipation of a redox potential
need not involve motion of an oxygen species
at all: a more rapid, parallel kinetic response
could instead involve the charge-coupled mo-
tion of fast moving network-modifying cat-
ions and faster moving electronic species
(electrons or holes) (10). Such a response is
noted, for example, in the oxidation of ferro-
magnesian olivine, in which the most rapid
dissipation of the oxidation potential occurs
by the chemical diffusion of Mg?* and Fe?*
to the free surface (through a vacancy mech-
anism), charge-compensated by a counterflux
of holes. The result is a characteristic, meta-
stable reaction morphology that includes the
formation of a ferrite surface film and the
internal precipitation of Fe;O, and amor-
phous SiO, within an iron-free Mg,SiO, ma-
trix (11). Could such a mechanism be opera-
tive in the redox dynamics of iron-bearing
silicate melts and so explain the discrepancy
in the diffusion behavior noted above? There

Fig. 1. Rutherford backscattering
spectroscopy spectra from the bot-

is some indirect evidence that such is the case:
the melt redox experiments described above
show chemical diffusion rates that compare
well with the tracer diffusivity of divalent
cations (3, 8, 12).

We report here on a set of experiments to
evaluate qualitatively the mechanism of ox-
idation of a basaltic melt. We use RBS to
examine chemical change at and near the
free surface of the melt: a build-up of net-
work modifying cations at the surface, and
evidence of their depletion below the sur-
face, is diagnostic of the cation diffusion
mechanism (10, 13). Because there exist
other ways to extract cations from silicates
[for example, having the specimen in con-
tact with (or in line-of-sight of) platinum
causes notable extraction of Fe (14)], we
used aeroacoustic levitation (AAL), a con-
tainerless technique in which a melt droplet
is levitated on a gas jet, positioned and sta-
bilized with acoustic waves, and heated with
a laser [see (15)]. The specimen therefore has
contact only with the levitating gas.

Specimens were originally glass, prepared
by the melting and quenching of a nepheline-
normative olivine basalt from the Columbia
River plateau (16). Specimens were hand-
ground to an average diameter of 3 mm. Spec-
imens were levitated with a preheated
(250°C) gas jet of either high-purity argon
[oxygen activity (partial pressure) of po, = 5
X 1079 or dry, bottled air (ps, = 0.21).
Droplet heating involved a split CO, laser
beam illuminating the specimen on opposite
sides to promote uniform heating; tempera-
ture was measured and controlled (CCD feed-

Energy (MeV)
1.2 1.4 1.6 1.8 2.0

tom of basalt melt droplets follow-
ing levitation-melting-quench cy-
cles. The spectra shown are com-
pared to the simulated spectrum for
the unoxidized material (79). The el-
emental labels on the energy-chan-
nel scale represent the energy of
backscattered « particles upon en-
countering a nucleus of the labeled
atom on the surface of the speci-
men. Examination of the simulation
for the unoxidized basalt (fine solid
line) indicates that all species are
present at the surface and the com- 2t
position is uniform with depth (the

uniformity is easily seen as the near- 0

Normalized yield

I 1 I I I

— Ar30s+airbs
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ly flat yields behind the Ca and Na 200
energy “edges”). (The peak seen at

T
400
Channel

| | [
300 500 600 700

the edge for oxygen is a non-Rutherford resonance resulting from the use of 2.5 MeV «a particles.)
Oxidation conditions of 1400°C, with Ar, for 30s (dotted spectrum) causes a peak in the backscattered
yield for Fe at the specimen surface; the source of this iron is at depth in the droplet, as evidenced by the
drop in backscattering yield between 1.4 and 1.3 MeV. The addition of 1400°C with air for 5 s oxidation
(heavy-line spectrum) results in a substantial amount of iron oxide on the surface, as well as some
calcium oxide. The Si edge, still at the backscattered energy characteristic of its surface presence, is
notably lowered in yield: partial coverage of the surface by Ca and Fe oxides is thus indicated. Again, the
source of Fe and Ca now at the surface is from depth in the specimen, indicated by the drop in

backscattering yield below 1.4 MeV.
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back) with two optical pyrometers. Specimens
were initially melted for a duration of ~30s at
a temperature (T) of ~1400°C while levitat-
ed on the Ar jet. These (T, p,) conditions
were slightly oxidizing: the fayalite-magne-
tite-quartz (FMQ) oxygen buffer at 1400°C is
Pe, = 5 X 1077 (17). The quenched droplets
were again levitated and melted on air at
~1400°C for ~5 s. The droplets formed in
gas-jet levitation have flattened bottoms.
After levitation in Ar, the quenched
droplets had a black, specular (metallic)
luster, notably different from the vitreous
surface finish of the starting basaltic glass.
Upon the second levitation in air, the bot-
tom surface (that is, the surface in contact
with the levitation gas) developed a specu-
lar finish with bright brown-to-blue colora-
tion, and fine (=1 pm) crystallites formed
there. The remainder of the droplet re-
tained the black specular finish.
Rutherford backscattering spectroscopy
spectra (18) reveal that the reaction mor-
phology was associated with cation diffu-
sion-dominated oxidation kinetics. In Fig.
1, the spectra from the bottoms of droplets
levitated in Ar and Ar + air are compared
with a spectral simulation for the original
(unoxidized) basalt glass (19). Levitation
melting in Ar produced a distinct peak in
the spectrum at the characteristic energy for
encountering Fe at the free surface and a
loss of overall backscattering yield at finite
depth (energy of 1.4 to 1.3 MeV). Further-
more, the Si energy edge became slightly
tilted. This spectral signature indicates that
the small oxidation potential created a thin,
discontinuous surface film of iron oxide on
top of a silicate composition depleted in
iron. Although the surface iron oxide film is
thin, it is sufficient to produce the black
specular luster on the quenched droplet.
The effect of the 5-s air levitation on the
RBS spectrum is dramatic: a large peak for
Fe appeared at the specimen surface, al-
though its maximum value was slightly be-
low the surface. Calcium, too, was concen-
trated at the surface (the Ca edge is only
slightly larger than its original size; the ap-
parently large Ca peak in the spectrum is
primarily a result of the Ca yield lying on
top of that for Fe). The source at depth of
the Fe and Ca on the surface is easily evi-
dent in the lowering of backscattering yield
for energies below ~1.4 MeV. Silicon re-
mains at the free surface but at a lower
concentration: The effects of oxidation on
Na and Mg as a result of the oxidation
cannot be resolved. The RBS spectrum
from the top of an air-oxidized droplet,
however, is little different from that seen for
the bottom of an Ar-only levitated droplet.
Microscopic observations of air-oxidized
droplets (Fig. 2) revealed two distinct internal
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an oxidation-crystallization front (Fig. 2, B
and C). As shown by transmission electron
microscopy, the crystalline phase between the
two fronts is magnetite (Fe;O,); hematite (a-
Fe,O;) and pseudo-wollastonite (B-CaSiO;)
are present below &' Iron has been extracted
from the melt at the oxidation front (Fig 2B):
the tan color has been lost, in bands, imme-
diately above £”. Color is returned in the
region containing hematite (between the
droplet bottom surface and £": dark brown in
Fig. 2B; a lighter reddish brown in Fig. 2D).

The presence of hematite between the
near-surface and reaction front & indicates
that the reaction temperature near the bot-
tom of the droplet could not have exceeded
~1380°C; above this temperature magnetite,
and not hematite, is the stable form of iron
oxide in air (20). The greater extent (depth)
of the overall reaction near the center (verti-
cal axis) of the droplet indicates that the
droplet interior was warmer than the exterior,
which was cooled by the levitation gas jet.
The concentration of the reaction where the
levitation gas jet impinged on the specimen,
and the relative lack of reaction on the sides
and top of the droplet confirm that flow of the
jet was laminar: a low-pressure, low-p wake
envelope was produced immediately down-
stream (that is, beyond the horizontal center
plane) of the droplet. The color removal in
bands at the oxidation front & is clearly
suggestive of a Liesegang-band-type nucle-
ation process for the magnetite (21); the phe-
nomenon occurred for two reasons: the ex-
traction of iron from the melt affected both
the transport rate of electronic defects (via
the drop in concentration) as well as de-
creased the local concentration of Fe** in the
glass such that the thermodynamic barrier to
nucleation cannot be satisfied until additional
Fe diffuses to £” from depth.

Our quantitative studies of oxidation dy-
namics in Fe?*-bearing aluminosilicate
glasses (8, 19) and these data imply that the
oxidation process in the levitated basalt melt
can be described as an isothermal undercool-
ing phenomenon. Temperatures of 1350° to
1400°C are above the liquidus for the Fe?*-
bearing composition we used. Oxidation
caused a shift of the liquidus such that mag-
netite nucleated (2) (Fig. 3). The physics
involves the chemical diffusion of divalent
cations to the free surface, the fluxes of
which are charge-compensated by a counter-
flux of rapidly mobile electron holes (22).
Internal nucleation of magnetite at £”, trans-
formation of magnetite to hematite at &",
and the growth of Ca-Fe oxides at the free
surface (¢ = 0), as diffusing cations react
with environmental oxygen, results. The
growth of each layer (that is, the relative
motions of £, £, and £”) is proportional to
the square root of elapsed time as the chem-
ical potential for oxygen is fixed at each

labeled location. For each 2 moles of elec-
tron holes reaching £”, 1 mole of magnetite
is formed, 1 mole of divalent cations is re-
leased to diffuse to the free surface, and the
residual melt is almost entirely depleted of
iron; as a consequence, each mole of magne-
tite formed represents many moles of melt
reacted (on the order 10) and so the depth to
£ grows much faster than does the layer of
surface oxides. Divalent cation diffusion
from £ = £” to £€ = 0 thus becomes rate-

Fig. 2. Microstructure of

basalt droplet after levita- A
tion-melting-quench cycles
at 1400°C in Ar for 30 s plus Tacer

at 1400°C in air for 5 s. (A)
Cross-sectional schematic
of the levitated, oxidized and
quenched droplet. Two in-
ternal reactions fronts, &”
and £”, are identified in the
droplet. (B) Transmitted op-
tical micrograph of the drop-
let region noted in (A). The
extraction of color in bands
beyond &” suggests that a
Liesegang nucleation pro-
cess is operative at the oxi-
dation-crystallization ~ front
(scale bar: 2560 um). (C) De-
tail at reaction front £”. The
opaque phase, seen here
having cubic symmetry, was
identified by electron diffrac-
tion as magnetite (Fe;0,)
(scale bar: 25 um). (D) Detail
at reaction front £”. The loss
of opaque magnetite is evi-

limiting for the reaction. Another ramifica-
tion of the iron depletion from the melt at £”
is the chemical potential created for divalent
cation interdiffusion beyond £”: this inter-
diffusion contributes to the apparent forma-
tion of Liesegang bands. The formation of
pseudowollastonite between & and £ = 0
most likely occured during the rapid cooling
of the droplet, suggesting that hematite is a
more efficient substrate for heterogeneous
nucleation of pyroxene than is the ferrite.

“Top”

“Bottom”

]
T | Levitation
gas jet

dent. Electron diffraction in this region identified two crystalline phases, hematite (a-Fe,O;) and

pseudowollastonite (3-CaSiO,) (scale bar: 25 um).

Fig. 3. Oxidation dynamics in the aFe,0:+ o g

molten basalt at ~1400°C, consis- B‘CaSi%a Sty

tent with the RBS and microstruc- e .

tural evidence. Oxidation involves l_ i R T = " *= | Unoxidized melt
chemical reactions at two intermal 2 °Q el e S e e e
fronts and at the free surface of the  Ca & Fe Sk P Ll
droplet, as well as chemical diffu- ~ surface o JFe,ca ! Jire,ca, 7 | Jre2+

sion through the product, oxidized ~ °¥9°® R o

and nucleated partial met. (Vari- : A RS

ablej denotes diffusive flux, with the Extgnné ; [. et e .
subscript denoting the species.) At 7027 N s e SO Iye?

the internal oxidation-crystallization [' AN G S

front £”, in-fluxing electron holes Sl =

(h *) react with the unoxidized melt g 0 & £ g —a

to produce magnetite (the liquidus

reaction for the oxidized material) and to release Fe2* and Ca?* ions to diffuse to the free surface. These
divalent cations subsequently react with environmental oxygen to produce surface oxide phases that
partially cover the free surface. The surface reaction also produces the h * for inward diffusion. Because
the mobility of divalent cations is much lower than that of the h *, oxidation is rate-limited by cation
diffusion. The formation of magnetite extracts most (but not all) of the Fe?* from the melt, creating the
interdiffusion potential for Fe?* and other divalent species (Me2*) in the otherwise unreacted melt
beyond £”; one result is the apparent formation of Liesegang nucleation bands at the front. Mass
balance considerations require that the depth to £” be more than an order-of-magnitude greater than
the average thickness of the discontinuous Fe and Ca oxides that form on the free surface. The second
internal reaction front, £”, sees the magnetite oxidized to hematite. Because of the amount of Fe
extracted from the melt to produce the original magnetite, the second oxidation requires a greater
contribution of outward flux from Ca2* (x has a magnitude close to unity while y is near zero).
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These results demonstrate that redox
chemical diffusion experiments do not a
priori allow characterization of the diffusion
coefficient of an oxygen species in a Fe-
bearing aluminosilicate melt. Differences in
values of diffusion coefficients extracted
from a redox experiment and an oxygen
tracer diffusion experiment on the same
melt composition would therefore reflect
that the two procedures are measuring dif-
ferent things. Our experiments additionally
demonstrate that the cation-diffusion re-
sponse to a redox driving force allows for
relatively rapid chemical segregation in a
melt; the mechanism should perhaps be
considered as contributing to the concen-
tric segregation microstructures frequently
described for primitive chondrules (23).
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ternal metal precipitation [for example, J. T. Was-
son, Meteorites: Their Record of Early Solar Sys-
tem History (Freeman, New York, 1985), chap. 7].
Such a microstructure is characteristic of a dynam-
ic reduction process for the liquid that is a mirror-
image of oxidation, that is, oxygen is ablated at the
surface, divalent cations diffuse inward while elec-
tron holes counter-diffuse toward the surface; iron
precipitates at an internal reduction front [compare
with, H. Schmalzried, Ber. Bunsenges. Phys.
Chem. 88, 1186 (1984)]. We have evidenced this
reduction process in recent experiments on a syn-
thetic basalt analog.
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ment of Energy (DE-AC05-960R22464).
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The Edge of Time: Dating Young Volcanic Ash
Layers with the “°Ar-3°Ar Laser Probe

Yanshao Chen, Patrick E. Smith, Norman M. Evensen,
Derek York, Kenneth R. Lajoie

Argon-40-argon-39 single-crystal dating of young (5000 to 30,000 years ago) volcanic
ash layers erupted from the Mono Craters, California, shows that the method can yield
meaningful ages in Holocene tephra. Because of ubiquitous xenocrystic contamination,
the data do not form isochrons but plot in wedge-shaped regions on an argon isotopic
diagram. The upper boundary of the region is an isochron matching the '*C-derived age
of the eruption. Such contamination-related patterns may be common in dating young
materials by the single-crystal method. Argon dating by this method can help refine the
time scale of physical and biological evolution over the past 100,000 years.

Nature has endowed the potassium-argon
geochronometer with great power. The 1.3-
billion-year half-life of the parent, °K, al-
lows the geochronometer to be used to date
events back to the creation of the solar
system, while the efficiency with which
minerals typically exclude ambient argon at
their formation makes it a sensitive tool for
dating the recent past. The *°Ar-*Ar
method of reading the K-Ar clock and the
laser step-heating procedure for the analysis
of single grains add to its versatility and
resolution (I). Argon dating of the last
100,000 years, while technically difficult,
can complement C and other dating
tools, and could be invaluable in resolving
uncertainties and ambiguities in other
methods.

Dating of sanidine crystals separated from
thyolitic lavas from the Mono Craters, Cal-
ifornia, demonstrated the feasibility of using
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A9 Ar single-crystal laser-probe analysis
to date suitable material as young as 12.5
thousand years ago (ka) with approximately
5% precision (3). However that study did
not rule out the possible presence of excess
radiogenic *°Ar (4) at a uniform concentra-
tion in the sanidine crystals, corresponding
to a quantum of erroneous excess age, be-
cause no independent measurement of the
eruptive age was available. We have there-
fore analyzed sanidine crystals from three
tephra layers, also in the Mono Craters area,
for which "C age control exists.

The Mono Craters, a string of volcanic
domes, flows, and explosion craters in cen-
tral California, erupted episodically in the
late Quaternary, depositing layers of ash in
adjacent Mono Lake and in nearby mead-
ows. We analyzed two ash layers (WCA-8
and WCA-15) in the late Pleistocene Wil-
son Creek Formation (WCEF), a lacustrine
silt deposited during the last deep-water
phase of Mono Lake (5). We also dated an
ash layer (CMA-13) in a sequence of Ho-
locene peat deposits in Crooked Meadow,
directly southeast of Mono basin (6). Inter-



