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Abstract

Single crystal 40Ar/39Ar dating of K-feldspars from silicic volcanic rocks containing xenocrysts often yields a
spectrum of ages slightly older than those of juvenile sanidine phenocrysts. In contrast, feldspars from thin, low-volume
units of the Tertiary (14 Ma) McCullough Pass Tuff define discrete age populations at V14 Ma, V15 Ma, and V1.3
Ga, reflecting the time of eruption, xenocrysts from an older ignimbrite exposed in the caldera wall, and Proterozoic
basement K-feldspars, respectively. Conductive cooling and diffusion modelling suggests preservation of such discrete
populations is likely only when xenocrystic material is incorporated into the magma very near or at the surface, or is
engulfed in thin, rapidly cooled pyroclastic flows during emplacement. Incorporation of xenocrysts into the subvolcanic
magma chamber, into thick rhyolite domes or lava flows, or into large, welded ignimbrite sheets will result in partial or
total resetting of the K/Ar isotopic system. Similarly, petrographic evidence such as exsolution lamellae may be
homogenized under these conditions but not in thin ignimbrites. Extremely low diffusion rates for disordering of the
Al^Si tetrahedral siting of basement feldspars suggests that they will retain their ordered structural state given rhyolitic
magma temperatures. Thus, even when petrographic and K/Ar isotopic evidence for xenocrystic contamination is
obscured, it may be preserved in the form of Al^Si ordering. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Silicic volcanic systems produce a range of lith-
ologies from explosively erupted rhyolitic ignim-
brites representing s 1000 km3 of magma to e¡u-
sively erupted, small volume (6 1 km3) lava £ows
and domes. Determining accurate and precise

ages for these rocks is important for studies
such as volcanic hazards, igneous petrogenesis,
structural geology, fossil ages, and regional strat-
igraphy. The problem which xenocrystic contam-
ination presents to dating silicic volcanic rocks is
avoided by the laser fusion 40Ar/39Ar technique in
which individual crystals are dated, thus allowing
direct identi¢cation of xenocrysts and accurate
determination of eruptive ages de¢ned by juvenile
phenocryst populations. This method is especially
valuable for pyroclastic rocks as it is often not
feasible to separate sanidine from pumice lapilli
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in welded tu¡, or from tu¡s poor in pumice. In
these cases a whole-rock sample must be pro-
cessed, increasing the probability of sampling con-
taminated material.

Many rhyolites show no K/Ar isotopic evidence
for xenocrystic contamination, even when an ex-
treme contrast in age exists between volcanism
and basement rocks (e.g., [1]), or only minor con-
tamination in which xenocryst ages are scattered
and slightly older than juvenile phenocrysts (e.g.,
[2]). Less common are samples which contain sig-
ni¢cant xenocryst populations with large con-
trasts in age [3] or distinct age populations [4].

McCullough Pass Caldera (MPC) Tu¡s pre-
serve xenocryst populations of distinct age, one
of which is substantially older than the eruptive
age. Based on di¡usion parameters for K-feldspar
and conductive cooling models for lava £ows and
ignimbrites we suggest that most xenocrystic con-
tamination detectable by 40Ar/39Ar or petro-
graphic analysis occurs at or near the surface or
during subsequent emplacement of thin, rapidly
cooled pyroclastic £ows. At rhyolitic magma tem-
peratures of V750³C complete resetting of the K/
Ar isotopic system would occur on timescales of a
week to years; exsolution lamellae would rapidly
undergo homogenization on similar timescales.
Extended cooling periods following emplacement
of large-volume pyroclastic £ows or thick lava
£ows may also partly to completely reset and tex-
turally homogenize K-feldspars. Due to slow Al^
Si di¡usion the ordered structural state of base-
ment K-feldspars will be preserved in all cases.
Thus, xenocrystic K-feldspar may often be unrec-
ognizable both petrographically and isotopically,
but may be identi¢ed by X-ray di¡raction mea-
surements.

2. Geologic setting

The MPC is located in southern Nevada in the
northern McCullough Range (Fig. 1). The south-
ern half of the McCullough Range comprises 1.7
Ga Precambrian monzogranites and gneisses,
whereas the northern half exposes Miocene vol-
canic rocks which lie uncomformably on Precam-
brian basement.

The MPC is a small caldera with a long dimen-
sion of V2.4 km. Intracaldera units include rhyo-
lite through basalt lava £ows and dikes, high-sili-
ca rhyolite domes, and volcaniclastic units. The
caldera wall exposes the Tu¡ of Bridge Spring, a
welded dacitic ignimbrite, and the underlying El-
dorado Valley basalt.

The McCullough Pass Tu¡ surrounds the MPC
except to the east and is composed of three un-
welded ignimbrites, each comprising several out-
£ow sheets. Flow units are 3^20 m thick, with
estimated volumes of 6 5 km3. The tu¡ is high-
silica rhyolite, with a matrix containing pheno-
crysts of sanidine, plagioclase, biotite and quartz,
minor pumice and basalt lithic fragments, with
rare granitic lithic fragments and microcline xeno-
crysts in the two lower ignimbrites. Conglomer-
ates containing clasts of Precambrian basement
are found beneath the two lower ignimbrites,
whereas the middle and upper ignimbrites are sep-
arated by reworked tu¡.

3. Analytical methods

Due to the di¤culty of retrieving sanidine from
the sparse, small pumice in the tu¡s whole-rock
samples were processed. Ignimbrites and intracal-
dera domes were processed for mineral separates
by crushing, removing rock fragments and visible

Fig. 1. Map showing location of the MPC.
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alteration, and sieving a 1^2-mm fraction from
which sanidine phenocrysts were hand picked. Re-
covered phenocrysts were treated in dilute HF
acid to remove adhering glass. K-feldspar samples
from Precambrian rocks were recovered by stan-
dard heavy liquid techniques.

40Ar/39Ar analyses were performed in the Ne-
vada Isotope Geochronology Laboratory at the
University of Nevada, Las Vegas, NV, USA.
Samples were irradiated for 10^14 h at the Texas
ApM Nuclear Science Center using Fish Canyon
Tu¡ sanidine, with an age of 27.9 Ma [5,6] as a
£uence monitor. Single crystals were loaded into a
Cu laser tray and fused with a 20-W CO2 laser,
whereas step-heating analyses used a double vac-
uum furnace. Argon isotopic analysis was accom-
plished using a MAP 215-50 rare gas mass spec-
trometer with a Johnston electron multiplier
operated at V6.0U10317 mol mV31 sensitivity.
Control of the analysis system and data reduction
utilized LabSPEC software written by B. Idleman
(Lehigh University).

For single crystal data exhibiting homogeneous
age populations analyses outside þ 2c of the
mean were excluded and a weighted mean calcu-

lated from the remaining analyses. Inverse var-
iance weighted means used analytical errors with
the 0.5% error in J then quadratically combined.
For samples with xenocrystic contamination ages
for distinct individual populations were calculated
in a similar fashion. Crystal populations were also
subjected to isochron analysis [7]. Isochrons were
initially regressed with all data from a popula-
tion; if the mean square of weighted deviates
(MSWD) was unacceptably high [8] the sample
contributing the most to the MSWD was omitted
and the isochron regressed again. This process
was repeated until an acceptable MSWD was ob-
tained. All analytical errors are reported at the 1c
uncertainty level.

4. Results of 40Ar/39Ar dating

Single feldspar crystals from rhyolites were
dated by the laser fusion method. A sample of
the Tu¡ of Bridge Springs as well as microcline
from Proterozoic granite (step heating) were dated
as they represent possible sources of xenocrystic
contamination.

Table 1
Summary 40Ar/39Ar age data for the MPC

Sample Unit Population 40Ar/39Ar Age
(Ma þ 1c)

(n) mean weighted mean isochron

MPC-19 Capstone Rhyolite 1 (10) 13.93 þ 0.04 13.92 þ 0.08 13.98 þ 0.10a

MPC-1 Jean Lake Rhyolite 1 (10) 14.10 þ 0.04 14.10 þ 0.08 14.11 þ 0.12a

MPC-43 MPT upper unit 1 (17) 14.07 þ 0.15 14.09 þ 0.08 14.09 þ 0.09a

MPC-43 MPT upper unit 2 (3) 14.64 þ 0.11 14.61 þ 0.13a none
MPC-44 MPT middle unit 1 (9) 14.25 þ 0.10 14.23 þ 0.07 14.12 þ 0.13a

MPC-44 MPT middle unit 2 (6) 15.12 þ 0.12 15.17 þ 0.08 15.13 þ 0.10a

MPC-44 MPT middle unit 3 (6) 1320 þ 380a none none
MPC-42 MPT lower unit 1 (7) 14.08 þ 0.06 14.09 þ 0.07 14.11 þ 0.12a

MPC-42 MPT lower unit 2 (3) 14.65 þ 0.26 14.81 þ 0.08a none
MPC-42 MPT lower unit 3 (6) 1240 þ 160a none none
Tb-5 TBS 1 (12) 15.01 þ 0.07 15.02 þ 0.08 14.97 þ 0.08a

1K-spar basement 1 893.3 þ 4.1b 566^1032c

5K-spar basement 1 909.5 þ 4.0b 383^1194c

MPT, McCullough Pass Tu¡; TBS, Tu¡ of Bridge Springs; n, number of crystals in age population; samples and populations
within samples arranged in chronostratigraphic order. All analyses are single crystal laser fusion except for 1K-spar and 5K-spar,
which are furnace step-heating analyses. For full analytical data see the Background Dataset http://www.elsevier.com/locate/epsl
aPreferred age.
bTotal gas age from step-heating analysis.
cRange in ages from age spectrum.
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Fig. 2.
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Fig. 2. 40Ar/39Ar single crystal isochrons and probability distribution diagrams. Open error ellipses on isochrons indicate omitted
data points. Heavy lines on probability distribution curves show trimmed data sets from isochron analysis.
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4.1. 1K-spar and 5K-spar, proterozoic basement

Microcline from two samples of Proterozoic
granites V12 km south of the caldera yielded
discordant age spectra. Initial ages ranged from
V380^570 Ma rising to Proterozoic ages of
1.0^1.2 Ga with the high-temperature steps
(Table 1).

4.2. Tb-5, Tu¡ of Bridge Springs

The Tu¡ of Bridge Springs yielded single crys-
tal sanidine ages ranging from 14.91^15.11 Ma
(n = 12) with a mean and standard deviation of
15.01 þ 0.07 Ma (Table 1). All analyses are within
þ 2c and give a weighted mean age of 15.01 þ 0.08
Ma and an isochron age of 14.97 þ 0.08 Ma after
omitting one outlier (Fig. 2).

4.3. MPC-42, McCullough Pass Tu¡ ^ lower unit

MPC-42, collected from a 7^10-m thick ignim-
brite, yielded highly variable ages (n = 16) from
13.97 Ma to 1.51 Ga (Table 1). There are three
populations with mean ages of 14.08 þ 0.06 Ma
(n = 7), 14.77 þ 0.12 Ma (n = 3), and 1.24 þ 0.16
Ga (n = 6) (Table 1, Fig. 2). The younger popula-
tion of juvenile phenocrysts de¢nes an isochron
age of 14.11 þ 0.12 Ma after omitting one outlier
(Fig. 2).

4.4. MPC-44, McCullough Pass Tu¡ ^ middle unit

A sample from this 7^10-m thick ignimbrite
yielded variable ages (n = 21) ranging from 14.08
Ma to 1.52 Ga (Table 1). These analyses de¢ne
three populations with mean ages of 14.25 þ
0.10 Ma (n = 9), 15.12 þ 0.12 Ma (n = 6), and
1.32 þ 0.38 Ga (n = 6) (Table 1, Fig. 2). The
V15-Ma population yields an isochron age of
15.13 þ 0.10 Ma (n = 6) and the youngest popula-
tion (n = 9) gives an isochron age of 14.12 þ 0.13
Ma (Fig. 2).

4.5. MPC-43, McCullough Pass Tu¡ ^ upper unit

A sample from this V3-m thick ignimbrite
yielded ages from 13.67^14.73 Ma (n = 20) (Table

1). No Proterozoic xenocrysts were found. Three
of these analyses yielded ages s 14.5 Ma with a
mean of 14.64 þ 0.11 Ma. The remainder (n = 17)
de¢ne a coherent group with a mean age of
14.07 þ 0.15 Ma (Table 1, Fig. 2) and an isochron
age (n = 12) of 14.09 þ 0.09 Ma (Fig. 2).

4.6. MPC-1, Jean Lake Rhyolite

MPC-1 is from an V100-m thick lava dome
that is stratigraphically near the bottom of the
intracaldera sequence. Individual fusions (n = 10)
de¢ned a homogeneous population with ages of
14.06^14.13 Ma (Table 1). All analyses are within
2c of the mean age of 14.10 þ 0.04 Ma and yield a
weighted mean age of 14.10 þ 0.08 Ma and an
isochron age of 14.11 þ 0.12 Ma (n = 10) (Table 1,
Fig. 2).

4.7. MPC-19, Capstone Rhyolite

This sample is from an V100-m thick lava
dome that is stratigraphically at the top of the
intracaldera sequence. Individual fusions yielded
a homogeneous population with ages of 13.85^
14.02 Ma (Table 1) and a mean and standard
deviation of 13.93 þ 0.04 Ma (n = 10) (Table 1,
Fig. 2). Excluding one analysis outside of þ 2c
yields a weighted mean of 13.92 þ 0.08 Ma. An
isochron using all analyses de¢nes an age of
13.98 þ 0.10 Ma (Fig. 2).

5. Discussion

All McCullough Pass Tu¡ samples exhibit xeno-
crystic populations with ages of 14.6^15.2 Ma
which overlap with those for the Tu¡ of Bridge
Springs (Table 1), suggesting that these V15-Ma
populations were derived from this older unit.
That the V15-Ma populations range to some-
what younger ages suggests that partial resetting
of the xenocrysts may have occurred.

The lowermost two units of the McCullough
Pass Tu¡ contain distinct populations of xeno-
crysts with Proterozoic ages which range from
V1.0 to 1.5 Ga. These ages overlap with those
from step-heating analyses of basement feldspars
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(Table 1), suggesting that Precambrian xenocrysts
were derived from local basement rocks.

5.1. Heat £ow and di¡usion modelling

5.1.1. Introduction
Coupled heat £ow and di¡usion modelling was

undertaken to place constraints on the timescales
and mechanisms involved for incorporation and
preservation of xenocrystic K-feldspar in silicic
volcanic rocks. Equations for conductive cooling
of pyroclastic or lava £ows assume an in¢nite
sheet geometry [9] and thermal di¡usivity,
U = 1.0 mm2/s [10]. Di¡usion of Ar, K, and Na
in feldspars uses equations for plane sheet (micro-
cline, assuming exsolution lamellae are non-coher-
ent and represent fast di¡usion pathways) and
spherical (sanidine) geometries [11] and di¡usion
parameters from Yund [12], Brady [13], Giletti
and Shanahan [14], and Lovera et al. [15]. Exact
values used for these parameters are given in ¢g-
ure captions.

We consider two initial temperatures; 750³C
for rhyolitic magma prior to and during eruption
as a lava £ow or dome, and 500³C for pyroclastic
£ows following emplacement. Models simulate
xenocrysts incorporated into a magma chamber,
into thick (100-m) lava £ows, and into thick (50-
m) and thin (7-m) pyroclastic £ows. Three aspects
of the xenocryst problem are assessed; (1) reset-
ting of the K/Ar isotopic system, (2) homogeniza-
tion of exsolution lamellae, and (3) homogeniza-
tion of the ordered Al^Si structural state of
microcline to the disordered state of sanidine.

5.1.2. Resetting of the K/Ar system ^ heating in a
magma chamber

Models for isothermal heating at 750³C predict
complete resetting of the K/Ar isotopic system
within a few years to a few decades (Fig. 3) as
suggested in other studies [2,16]. Microcline from
plutonic or metamorphic rocks, representative of
xenocrysts incorporated in a magma chamber at
depth, undergoes total loss of argon in 14 days to
3.6 years (Fig. 3). More retentive sanidine is de-
gassed within V31 years for the largest crystal
size modelled (Fig. 3). These timescales are brief
compared to the longevity of crustal magma

chambers, which may be over 100 ka [17,18], sug-
gesting xenocrysts would be reset before the mag-
ma reaches the surface.

5.1.3. Resetting of the K/Ar system ^ heating in a
lava £ow/dome

A cooling silicic lava £ow or dome was mod-
elled assuming instantaneous emplacement of
750³C magma as a 100-m thick sheet. Large dif-
ferences in the T^t history exist depending on
depth; the surface cools the most rapidly, the
base of the £ow cools more slowly, and the center
of the £ow retains heat the longest (Fig. 4A).
Thus, the degassing history of xenocrysts will be
strongly dependent upon their position within the
£ow/dome. Temperatures remain isothermal for

Fig. 3. Fraction argon loss (f) versus time for sanidine and
microcline xenocrysts held at a constant temperature of
750³C. Activation energy, E = 167 kJ/mol (microcline) and
209 kJ/mol (sanidine); frequency factor D0 = 5.5U1034 cm2/
s. (microcline) and 2.2 cm2/s. (sanidine); numbers on lines
are diameter or lamellae width. Timescales for complete de-
gassing (fs 0.99) are: Sanidine: diameter 1 mm, 1.9 years;
diameter 2 mm, 7.7 years; diameter 4 mm, 31 years. Micro-
cline: lamellae width 20 Wm, 14 days, width 100 Wm, 347
days, width 200 Wm, 3.6 years.
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V3 years at the center of the £ow resulting in
degassing as for heating in a magma chamber
(Fig. 3) except for 4-mm diameter sanidine which
reaches a maximum of 80% outgassing.

A position 5 m above the base of the £ow cools
quickly in the ¢rst V2 years to temperatures of
V500³C (Fig. 4A). This produces complete de-
gassing of microcline with 20-Wm width exsolution
lamellae in 6 20 days, however other models do
not predict complete resetting (Fig. 4B). For ex-
ample, microcline with 200-Wm width lamellae
reaches V80% degassing, and the most retentive

sanidine (4-mm diameter) is only V55% degassed
when di¡usion virtually ceases at V400³C.

Xenocrysts near the surface of the £ow experi-
ence the most rapid cooling history (Fig. 4A).
Microcline with 20-Wm width lamellae is totally
reset in 6 20 days, however other xenocrysts are
not completely reset (Fig. 4C). For example, mi-
crocline with 100-Wm lamellae is V40% reset,
whereas the most retentive crystal, 4-mm sanidine,
reaches 6 20% outgassing (Fig. 4C).

5.1.4. Resetting of the K/Ar system ^ heating in a
pyroclastic £ow

Compared to lava £ows, emplacement temper-
atures of pyroclastic £ows may be lower depend-
ing on such parameters as height of the eruption
column. Welding of ignimbrites requires temper-
atures of V575^625³C following emplacement
[19]. Unwelded ignimbrites as modelled here are
assumed to have emplacement temperatures of
500³C.

We ¢rst consider cooling of a 50-m thick ignim-
brite. The most signi¢cant outgassing is expected
near the center of the £ow (e.g., Fig. 4). The lower
initial temperature and more rapid cooling com-
pared to the lava £ow result in only partial reset-
ting; the least retentive microcline xenocryst mod-
elled reaches a maximum of 48% degassing in V5
years (Fig. 5A). All other models predict 6 10%
outgassing. The fraction Ar loss for xenocrysts
near the more rapidly cooled base or surface of
the £ow would be insigni¢cant; all models predict
6 2.4% argon loss for these T^t histories.

The center of a 7-m thick ignimbrite would cool
extremely rapidly compared to other models. This
cooling history results in little outgassing, even in
the center of the £ow (Fig. 5B). All models pre-
dict 6 2% argon loss, with the exception of mi-
crocline with 20-Wm lamellae which would be de-
gassed V6.4% (Fig. 5B).

Several factors are not addressed in the models
discussed above. The thermal input from latent
heat of crystallization would extend the cooling
history, especially in the center of thick lava £ows
and welded ignimbrites, and would thus increase
the total amount of degassing and resetting over-
all. Unwelded or pumice rich ignimbrites have
pore spaces which act to decrease the thermal

Fig. 4. (A) Cooling curves for a 100-m thick lava £ow/dome
with an initial emplacement temperature of 750³C. Center,
50 m depth; base, 5 m from base; top, 5 m from top.
(B) Fractional argon loss versus time for xenocrysts at base
of £ow. (C) Fractional argon loss versus time for xenocrysts
at top of £ow. Di¡usion parameters as in Fig. 3.

EPSL 5890 23-7-01

T.L. Spell et al. / Earth and Planetary Science Letters 190 (2001) 153^165160



di¡usivity and extend the cooling history. How-
ever, a potential opposing e¡ect is more rapid
cooling induced by fractures or gas advection
through permeable ignimbrites. Thus, in general
the models presented here should represent a
good approximation to xenocryst degassing be-
havior.

5.1.5. Homogenization of exsolution lamellae
Given su¤cient temperature and time, exsolu-

tion lamellae in orthoclase or microcline will
undergo homogenization, making low-tempera-
ture basement feldspars unidenti¢able petrograph-
ically. Models assume that exsolution lamellae are
non-coherent and exhibit perfect unmixing, i.e.,
adjacent lamellae are pure albite and pure ortho-
clase end members. These models thus predict a
maximum homogenization time as natural sam-
ples may not be perfectly unmixed. Complete
homogenization is assumed when the dimension-

less di¡usion parameter Dt/r2 s 0.5, at which
point 6 1% of the original compositional di¡er-
ence between adjacent lamellae remains [11].

Models for heating in a magma chamber at
750³C yield results similar to those for resetting
of the K/Ar system (Fig. 3). Feldspars with 20^
200-Wm width lamellae undergo complete homog-
enization in 47 days to 18.7 years (Fig. 6A). Slow
cooling in the center of a 100-m lava £ow em-
placed at 750³C (Fig. 4A) yields identical results
with the exception of models for 200-Wm width
lamellae, which reaches only 66% homogeniza-
tion. Models for a point 5 m above the base of
the £ow predict feldspars with 20-, 100-, and 200-
Wm width lamellae reach 84, 17, and 8% homog-
enization (Fig. 6B) when di¡usion ceases at
V550³C. Similar results are predicted for a posi-
tion near the top of the £ow.

Fig. 6. Di¡usional homogenization modelling of exsolution
lamellae in microcline. Models use activation energy, E = 280
kJ/mol; frequency factor, D0 = 16 cm2/s. (A) Models for a
subvolcanic magma chamber at a constant temperature of
750³C. (B) Models for the base of a 100-m thick lava £ow
emplaced at 750³C.

Fig. 5. Cooling histories and corresponding fractional argon
loss for ignimbrites with initial emplacement T = 500³C.
(A) Models for a point at the center of a 50-m thick ignim-
brite. (B) Models for a point at the center of a 7-m thick
ignimbrite. Di¡usion parameters as in Fig. 3.
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It is apparent from the above that no signi¢cant
homogenization of exsolution lamellae would be
expected for xenocrysts in ignimbrites emplaced at
temperatures of V500³C. In contrast, annealing
for su¤cient time at subsolvus temperatures of
V400^600³C induces growth of exsolution lamel-
lae at the nm scale of cryptoperthites (e.g., [12]).
Thus, little change in the appearance of Wm-scale
lamellae as modelled here would occur.

5.1.6. Disordering of the Al^Si tetrahedral siting
Data for Al^Si exchange during disordering of

microcline to sanidine indicate signi¢cantly lower
di¡usion rates than those for Ar, K, or Na, with
most activation energies in the range of 350^420
kJ/mol [13,20]. Laboratory studies typically utilize
temperatures of 1000^1100³C to induce disorder-
ing of Al^Si siting in feldspars [20^22]. Lower
temperatures (e.g., 750³C for 28 days) have been
found to have no measurable e¡ect [22]. The
phase transformation from microcline to sanidine
in metamorphic rocks occurs at V500³C on time-
scales of regional metamorphism spanning mil-
lions of years [23]. Sipling and Yund [20] estimate
that 20^100 Ma are required for disordering at
600³C. The extremely brief timescales which xeno-
crysts may be exposed to such temperatures in
our models suggests no signi¢cant disordering
would occur. Thus, xenocrysts which have been
completely outgassed of pre-existing argon as
well as having undergone homogenization of ex-
solution lamellae may still be identi¢able by their
ordered Al^Si tetrahedral siting.

5.2. Implications of models for xenocrysts in the
McCullough Pass Tu¡

Xenocrysts in the lowermost two £ow units of
the McCullough Pass Tu¡ represent material
from Proterozoic basement rocks (microcline)
and the 15-Ma Tu¡ of Bridge Springs (sanidine)
exposed in the caldera wall. These xenocrysts were
incorporated either within the subvolcanic magma
chamber prior to eruption, during propagation of
the magma to the surface, or during emplacement
of the pyroclastic £ows. All three possibilities ex-
ist for the Proterozoic xenocrysts ; only the ¢nal
two are likely for the V15-Ma xenocrysts.

Crystals may remain suspended in viscous
rhyolitic magmas for periods as long as 100 ka
prior to eruption [17,18]. It is thus unlikely that
xenocrystic microcline with Proterozoic ages was
incorporated into the magma chamber prior to
eruption as complete resetting of the K/Ar system
would occur within weeks to a few years (Fig. 3).
Thus, xenocrysts were likely incorporated during
magma transport to the surface, or upon emplace-
ment of pyroclastic £ows. This would result in
essentially the same thermal history for the xeno-
crysts ; rapid heating followed by cooling at the
surface in the £ow.

Spatial variations in lithic clast components of
ignimbrites often re£ect incorporation of locally
exposed alluvium (e.g. [24]). The correlation of
conglomerates containing Proterozoic clasts be-
neath the two lower ignimbrite units (MPC-42
and MPC-44) with the presence of Proterozoic
K-feldspar xenocrysts in these units suggests con-
tamination occurred during emplacement of the
pyroclastic £ows. The relatively low emplacement
temperatures and rapid cooling rates of small vol-
ume, unwelded ignimbrites would allow such xeno-
crysts to retain s 93% of their pre-existing argon
(Fig. 5). The discrete age populations which
are preserved are consistent with this prediction
(Table 1). The lack of Proterozoic material in the
uppermost ignimbrite (MPC-43) further argues
for incorporation of xenocrysts during emplace-
ment of the pyroclastic £ows. The underlying
ignimbrites blanket the paleosurface over which
the upper £ow was emplaced, thus isolating the
upper ignimbrite from Proterozoic material dur-
ing emplacement.

The V15-Ma xenocryst populations present in
all three tu¡s exhibit ages which overlap with
those measured for the Tu¡ of Bridge Springs,
but which range down to 14.6 Ma (Table 1).
The younger ages could be due to small amounts
of radiogenic argon loss from xenocrysts follow-
ing emplacement. For example, a 15-Ma crystal
which undergoes 1.4% argon loss will be reduced
in apparent age from 15.0 to 14.6 Ma. This is in
agreement with the small amounts of degassing
predicted for thin, low-volume ignimbrites such
as these.

Samples from the Jean Lake Rhyolite and Cap-
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stone Rhyolite domes lacked identi¢able xeno-
crystic contamination (Table 1). This is consistent
with models presented above which indicate that,
especially in the more central parts of such units,
complete resetting of xenocrysts may occur. In-
corporation of foreign material at the surface
may also be less likely in a slowly advancing
lava £ow or dome compared to an explosively
erupted ignimbrite. Thus, xenocrysts, if present,
may be more commonly incorporated prior to
eruption with an increased exposure time to mag-
matic temperatures.

5.3. Other examples and implications

The models presented here predict that xeno-
crystic contamination would be more apparent
in rapidly cooled distal pyroclastic deposits, near
the base or top of large ignimbrites and lava
£ows, the carapace breccias of domes and £ows,
thin lava £ows or ignimbrites, and pyroclastic air
fall units. An increased occurrence of contamina-
tion might also be apparent in explosively versus
e¡usively erupted rocks.

Numerous examples that conform to these ex-
pectations have been revealed by laser fusion
40Ar/39Ar dating. Mixed juvenile and xenocrystic
feldspar populations were documented in the Hut-
tenberg tephra, a small volume phonolite unit in
the East Eifel Volcanic Field of Germany [25].
Dating of the Laacher See Tephra, another small
volume (V5 km3) unit in the East Eifel Volcanic
Field, indicated that V20% of analyzed crystals
were xenocrysts [4]. Xenocrystic contamination of
a small volume 580-ka trachyte pumice £ow with
basement feldspars up to 330 Ma was docu-
mented by LoBello et al. [3]. Most of these exam-
ples would have had post-emplacement cooling
histories similar to those calculated for the
McCullough Pass Tu¡ (Fig. 5B). Sanidine phe-
nocryst ages from rhyolite domes at Mono Cra-
ters, California, showed no signi¢cant xenocrystic
contamination [26]. In contrast, heavily contami-
nated crystal populations were found in tephra
layers produced in initial explosive phases of the
same eruptions [27]. In studies of Yellowstone
volcanic ¢eld rhyolites, large-volume ignimbrites
generally showed greater degrees of xenocrystic

contamination than lava £ows [16]. Analyses of
sanidine from lava domes and £ows of the Taylor
Creek Rhyolite, southwestern New Mexico,
yielded highly reproducible ages with no evidence
of xenocrysts [1]. In these cases preservation of
xenocrysts is likely due to the cooler emplacement
temperatures of pyroclastic £ows or tephra depos-
its. These examples show that the occurrence of
detectable xenocrystic contamination is more
common in explosively erupted and thin deposits
emplaced at lower temperatures, however it is ap-
parent that regardless of the size and emplace-
ment temperature of the eruptive unit, more
quickly cooled parts (e.g., edges of £ows) are
more likely to preserve detectable xenocrysts.

Some models invoke incorporation of xeno-
crysts into the subvolcanic magma chamber prior
to eruption. Suggested mechanisms include scav-
enging of the crystallized magma chamber margin
(i.e., cognate material) [28], or incorporation of
material from previously solidi¢ed magma bodies
[4]. Active volcanic systems with pluton emplace-
ment on intervals of 72^12 ka [4] would have
highly elevated geotherms, as timescales for ther-
mal relaxation following pluton emplacement are
of similar, or longer, intervals [18]. Thus, temper-
atures may be as high as V500³C at pre-eruptive
silicic magma chamber depths of V6 km, espe-
cially near active magma reservoirs. Xenocrysts
with ages hundreds of thousands of years older
than eruptive ages would have been maintained
at such elevated temperatures for hundreds of
thousands of years. Under such conditions sani-
dines with 1^4-mm diameters are s 99% out-
gassed after 8^120 ka, respectively. Microclines
are totally outgassed in 6 10 ka. Thus, severe
restrictions are placed on derivation of detectable
xenocrystic material from this environment; am-
bient temperatures must be relatively low and
xenocrysts must be incorporated into the magma
very near to the time of its transport to the sur-
face [28]. In general we suggest xenocrysts with
signi¢cantly older ages than juvenile phenocrysts
are not likely to be derived from plutonic levels.

The predicted rapid loss of pre-existing argon
and homogenization of exsolution lamellae for
feldspars incorporated into a silicic magma cham-
ber suggests that most detectable xenocrystic con-
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tamination occurs at, or near the surface. Frag-
mentation of wall rock during propagation of
magma to the surface provides an easily identi¢-
able mechanism, as does erosion of the vent and
incorporation of alluvial material during emplace-
ment of £ows. Data presented here argue for in-
corporation of lithic clasts and xenocrysts during
emplacement of the McCullough Pass Tu¡ on the
paleosurface. A similar conclusion has been
reached for other ignimbrites, e.g., the Peach
Springs Tu¡ [29] and the Bishop Tu¡ [24]. The
presence of detectable xenocrystic K-feldspars in
pumice clasts, however, demands incorporation
into the magma prior to vesiculation and erup-
tion; we suggest such contamination occurs dur-
ing movement of magma towards the surface, not
at plutonic depths. Xenocrysts present in rhyolite
£ows and pumice in the Yellowstone Volcanic
Field are attributed to incorporation of wall
rock during movement of the magmas to the
surface [16]. Consistent with our conclusions,
40Ar/39Ar analyses showed that more contamina-
tion was apparent in tu¡s, which was attributed
to further degassing of xenocrysts during ex-
tended cooling of the lava £ows [16].

The models presented suggest that well-de-
signed sampling strategies may minimize the
problems presented by the presence of xenocrysts.
Samples from the central parts of thick rhyolitic
domes, lavas or thick, welded ignimbrite sheets
are more likely to preserve a homogeneous age
population of crystals, regardless of the origin of
those crystals as juvenile phenocrysts, cognate
material, or xenocrysts. Lavas and large ignim-
brites may initially preserve xenocrysts at the
edges, but with time these edges may be eroded
away, exposing parts of the £ow/ignimbrite which
experienced a more extended cooling history and
thus greater degrees of resetting of any xenocrysts
that may have been present.

6. Summary

Small volume ignimbrites at MPC preserve evi-
dence for signi¢cant contamination by xenocrystic
K-feldspars derived from a stratigraphically lower
ignimbrite as well as Proterozoic basement. In

contrast, crystal populations from thick lava
domes yield homogeneous eruptive ages, with no
evidence for xenocrystic contamination. Xeno-
crysts in the ignimbrites were preserved due to
being incorporated into magmas near, or at the
surface, and experiencing little reheating on rapid
cooling of the thin out£ow sheets. Despite severe
contamination 40Ar/39Ar dating provides reliable
eruption ages for all units at V14 Ma.

Xenocrystic feldspars may be recognized petro-
graphically, structurally (i.e., X-ray di¡raction)
and isotopically. If incorporated into a subvol-
canic magma chamber at V750³C, low-tempera-
ture basement K-feldspars would undergo homog-
enization of exsolution lamellae and be totally
outgassed of previously accumulated radiogenic
argon within a few years, making them petro-
graphically and isotopically indistinguishable
from juvenile sanidine phenocrysts. However,
such xenocrysts may still be chemically and struc-
turally distinct, e.g., retaining the ordered Al^Si
tetrahedral siting of low-temperature feldspars.
E¡usive eruptions of silicic magma typically
form lava domes or £ows which may be hundreds
of meters thick and ignimbrites with similar thick-
nesses and initial temperatures in £ow interiors
near magmatic values. Temperatures may remain
signi¢cantly elevated for periods of time ranging
into decades. Thus, partial, or complete resetting
of the argon isotopic system may also occur dur-
ing cooling in thick rhyolite domes, £ows and
large ignimbrites, although the possibility of pres-
ervation of exsolution lamellae and anomalously
old ages is signi¢cantly higher, especially for crys-
tals near the edges of these units where cooling is
relatively rapid. In contrast, post-emplacement
cooling in thin, non-welded pyroclastic £ows
(6 10 m) may be rapid enough that complete
preservation of low-temperature feldspar textures
retention of inherited Ar isotopic systematics may
often occur.
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