
Abstract Large volumes of silicic magma were pro-

duced on a very short timescale in the nested caldera

complex of the SW Nevada volcanic field (SWNVF).

Voluminous ash flows erupted in two paired events:

Topopah Spring (TS, >1,200 km3, 12.8 Ma)–Tiva

Canyon (TC, 1,000 km3, 12.7 Ma) and Rainier Mesa

(RM, 1,200 km3, 11.6 Ma)–Ammonia Tanks (AT,

900 km3, 11.45 Ma; all cited ages are previously pub-

lished 40Ar/39Ar sanidine ages). Within each pair,

eruptions are separated by only 0.1–0.15 My and

produced tuffs with contrasting isotopic values. These

events represent nearly complete evacuation of sheet-

like magma chambers formed in the extensional Basin

and Range environment. We present ion microprobe

ages from zircons in the zoned ash-flow sheets of TS,

TC, RM, and AT in conjunction with d18O values of

zircons and other phenocrysts, which differ dramati-

cally among subsequently erupted units. Bulk zircons

in the low-d18O AT cycle were earlier determined to

exhibit ~1.5& core-to-rim oxygen isotope zoning; and

high-spatial resolution zircon analyses by ion micro-

probe reveal the presence of older grains that are

zoned by 0.5–2.5&. The following U–Pb isochron

ages were calculated after correcting for the initial U–

Pb disequilibria: AT (zircon rims: 11.7 ± 0.2 Ma;

cores: 12.0 ± 0.1 Ma); pre-AT rhyolite lava: (12.0 ±

0.3 Ma); RM: 12.4 ± 0.3); TC: (13.2 ± 0.15 Ma);

TS: (13.5 ± 0.2). Average zircon crystallization ages

calculated from weighted regression or cumulative

averaging are older than the Ar–Ar stratigraphy, but

preserve the comparably short time gaps within each

of two major eruption cycles (TS/TC, RM/AT).

Notably, every sample yields average zircon ages that

are 0.70–0.35 Ma older than the respective Ar–Ar

eruption ages. The Th/U ratio of SWNVF zircons are

0.4–4.7, higher than typically found in igneous zircons,

which correlates with elevated Th/U of the whole

rocks (5–16). High Th/U could be explained if ura-

nium was preferentially removed by hydrothermal

solutions or is retained in the protolith during partial

melting. For low-d18O AT-cycle magmas, rim ages

from unpolished zircons overlap within analytical

uncertainties with the 40Ar/39Ar eruption age com-

pared to core ages that are on average ~0.2–0.3 My

older than even the age of the preceding caldera

forming eruption of RM tuff. This age difference, the

core-to-rim oxygen isotope zoning in AT zircons, and

disequilibrium quartz–zircon and melt-zircon isotopic

fractionations suggest that AT magma recycled older

zircons derived from the RM and older eruptive cy-

cles. These results suggest that the low-d18O AT

magmas were generated by melting a hydrothermally-

altered protolith from the same nested complex that
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erupted high-d18O magmas of the RM cycle only

0.15 My prior to the eruption of the AT, the largest

volume low-d18O magma presently known.

Keywords Paintbrush tuff Æ Timber Mountain tuff Æ
Oxygen isotopes Æ Geochronology Æ Isotope zoning Æ
Zircon Æ Yucca Mountain

Introduction

Isotopic zoning in phenocrysts in large silicic

magma bodies

The generation and eruption of large-volume silicic

magmas continue to present challenges in answering

questions about size and longevity of crustal magma

bodies, their physical state (e.g., stagnant, near-solidus

cumulate mushes, or near-liquidus convecting liquids),

and time and the depth of their segregation (e.g.,

Broxton et al. 1989; Bachmann and Bergantz 2003,

2004; Annen and Sparks 2002; Dufek and Bergantz

2005). Isotopic analysis of individual phenocrysts or

intra-crystal domains is a novel tool to fingerprint

crystal sources and to recognize separate magma bat-

ches or solid sources from which the crystals crystal-

lized or evolved (Tepley et al. 1999; Bindeman and

Valley 2001; Wolff and Ramos 2003). Many examples

of isotopic zoning and disequilibria in volcanic phe-

nocrysts have been described, and a small level of

residual zoning may in fact characterize the majority of

igneous rocks, even in slowly cooled plutonic examples

(Tepley and Davidson 2003). The presence of isotopi-

cally zoned phenocrysts needs to be viewed as a

blessing rather than a curse, because it potentially

provides an important record of sources of magmas

and timescales of magmatic processes. Timescales of

diffusive equilibration of isotopes and trace elements

are usually short (10–1,000 years) and provide a chro-

nological resolution that is unattainable by most other

methods, especially for older rocks in which U-series

methods cannot be used (e.g., Bindeman et al. 2006;

Costa et al. 2003). In this respect, accessory minerals

with slow diffusion coefficients, and particularly zircon

(Watson and Cherniak 1997; Valley 2003) are valuable

probes of transient changes by diffusion and solution

reprecipitation at high magmatic temperatures. Addi-

tionally, zircon is enriched in U and Th, whose radio-

active decay is used widely as chronometer. The focus

of the present paper is zircon U–Pb geochronology in

combination with oxygen isotopic heterogeneity to

deduce the genesis of large volume silicic magmas

erupted from the Timber Mountain/Oasis Valley cal-

dera complex.

Lessons from Yellowstone

Insights from studies of voluminous volcanism at Yel-

lowstone (Hildreth at al. 1984; 1991; Bindeman and

Valley 2001; Bindeman et al. 2001; Vazquez and Reid

2002) provide guidance for the evaluation of oxygen

isotopic data from the SWNVF earlier described by

Bindeman and Valley (2003). Low-d18O magmas of

Yellowstone bear clear evidence that they were gen-

erated at very shallow crustal levels by remelting of

hydrothermally-altered volcanic caldera-fill of the

previous magmatic cycles. This interpretation is based

on the discovery of inherited high-d18O cores in quartz

and zircon crystals and the ages of zircons in low-d18O

units that show a predominance of pre-eruptive zircon

ages similar to those from the stratigraphically lowest

caldera-forming tuff—the ~2 Ma Huckleberry Ridge

tuff (Bindeman et al. 2001). It is important to stress

that the highly radiogenic isotopic ratios of Sr, Nd, and

Pb of all Yellowstone rhyolites and basalts are consis-

tent with assimilation of the Archean crust of the

Wyoming block (Hildreth et al. 1991; Vazquez and

Reid 2002). However, no Archean zircon xenocrysts

and only three Cretaceous and Triassic xenocrysts were

present among > 200 individual zircons analyzed in

studies of Bindeman et al. (2001) and Vazquez and

Reid (2002). The majority of xenocrysts were of

Pleistocene to Late Oligocene age, consistent with the

age of Yellowstone volcanism. Bindeman and Valley

(2001) and Bindeman et al. (2001) estimated that more

than 50% of dated zircon cores, including cores in the

isotopically-zoned smallest zircon (50–70 lm) were

inherited. The timescale of generation of ~40 km3 of

most d18O-depleted rhyolites is constrained by partial

isotopic annealing and overgrowth of zircon and quartz

and implies that significant volumes (tens of km3) of

rhyolite magma were generated by bulk remelting

within 500–5,000 years and at very shallow crustal

levels (Bindeman and Valley 2001). Vazquez and Reid

(2002) used U–Th disequilibrium methods to date zir-

cons in younger, less d18O-depleted intracaldera rhyo-

lites that lack isotopic zoning and disequilibrium with

other mineral phases. They found fewer, yet > 10%,

inherited zircons but inferred a protracted residence of

zircons in a crystal mush, rather than remelting.

Recently, Boroughs et al. (2005) presented pheno-

cryst evidence that many voluminous older tuffs

(10–12 Ma) along the Yellowstone hot spot track are

d18O-depleted, thus significantly expanding the number

of known low-d18O magmas. However, these authors
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interpreted the origin of these rhyolites as a result of

remelting of the Cretaceous Idaho batholith. This

interpretation, versus volcanic cannibalism of the pre-

existing volcanic pile is pending confirmation from

dating zircons and determining their d18O values.

Timber Mountain/Oasis Valley Caldera Complex

The voluminous volcanic rocks of the SWNVF provide

the second best example after Yellowstone of shallow

level volcanic cannibalization of rocks from the previ-

ous volcanic activity in the area.

The magmatic activity in the SWNVF, one of the

largest centers of silicic magmatism in the western

USA, extended from ~16 to <9 Ma (Fig. 1). The

present work focuses on the voluminous ‘‘ignimbrite

flare-up’’ in the SWNVF that happened between 13

and 11 Ma, generated >4,000 km3 of silicic magma, and

led to the formation of four major overlapping calderas

(Christiansen et al. 1977; Byers et al. 1989). From a

plate-tectonic perspective, SWNVF is a part of the 37–

5 Ma volcanism in the Southern Basin and Range,

which has been related to subduction of the Farallon

Plate and subsequent regional extensional tectonism in

the Great Basin (Lipman et al. 1972; Eaton 1984). A

remarkable feature of SWNVF magmatism is that

some tuffs are depleted in 18O/16O ratio with respect to

their preceding higher-d18O tuffs (Friedman et al. 1974;

Lipman and Friedman 1975), while others are enriched

in d18O. The >1,000 km3 Ammonia Tanks (AT) cycle

(AT tuff, pre-AT and post-AT lavas) is the largest-

volume, single, low-d18O magmatic unit known, with

d18O values of minerals and calculated melt one to

1.5& lower than the mantle.

Repeated eruption of voluminous ignimbrites over a

~7 Ma time-span resulted in a group of nested calderas

within the same lithospheric block of late Proterozoic

to Paleozoic metasedimentary rocks overlying Pre-

cambrian basement (Christiansen et al. 1977; Byers

et al. 1989). In general, the 16–13 Ma silicic volcanics

are less exposed because they are overlain by younger

tuffs and lavas. Compositionally-zoned silicic ash flow

sheets of Paintbrush (12.8–12.7 Ma) and Timber

Mountain (11.6–11.45 Ma) groups are the most volu-

minous and regionally abundant units and they are the

primary focus of this paper. Paintbrush Group tuffs:

Topopah Spring (TS, > 1,200 km3, 12.8 Ma), Tiva

Canyon (TC, 1,000 km3, 12.7 Ma); and Timber

Mountain Group tuffs: Rainier Mesa (RM, 1,200 km3,

11.6 Ma), and Ammonia Tanks (AT, 900 km3,

11.45 Ma) are related to four major caldera-forming

events in the same general area (Fig. 1). Significantly,

the 40Ar/39Ar ages of sanidine in each tuff unit (Sawyer

et al. 1994; Huysken et al. 1994, 2001) demonstrate that

only 100 k.y. separate TS from TC, and 150 k.y. sepa-

rate RM from AT, two subsequent caldera-forming

eruptions within the Paintbrush and Timber Mountain

cycles, respectively. Additionally, smaller volume

(~40 km3) tuffs, such as Pah Canyon, are present in

between these TS and TC ignimbrite units (Flood et al.

1989). These relatively short time intervals between

large volume eruptions are critical constraints for

understanding the petrogenesis of these magmas. Ta-

ble 1 summarizes mineralogical and chemical compo-

sition of samples studied in this paper. A majority of

the samples for this study comes from within the Ne-

vada Test Site or Yucca Mountain, where TS and TC

tuffs make the bulk of the proposed US nuclear waste

repository.

Each of these four ash-flow sheets (here called tuffs

for brevity) is zoned in composition and phenocryst
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Fig. 1 Map of the Timber Mountain/Oasis Valley caldera
complex of South Western Nevada Volcanic field (SWNVF).
Caldera rims for the four ash-flow sheets overlap. Eruptions of
Paintbrush Group (Topopah Spring, Tiva Canyon tuffs, 12.8–
12.7 Ma, > 2,200 km3), and Timber Mountain Group (Rainier
Mesa and Ammonia Tanks tuffs, 11.6–11.45 Ma, > 2,200 km3)
resulted in formation of Oasis Valley and Timber Mountain
Calderas, respectively (Byers et al. 1976a, b; Christiansen et al.
1977). Smaller volume rhyolitic and basaltic (unmarked darker
grey) lavas erupted following caldera collapses. Yucca Mountain
is made of Topopah Spring and Tiva Canyon tuffs. Exploratory
tunnel facility (ETF) for long-term storage of nuclear waste is
shown
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content, with smaller-volume crystal-rich (15–25%)

upper latitic (or even more mafic) portions residing on

top of voluminous crystal-poor (1–15%) lower rhyolitic

portions (Table 1, Warren et al. 1989). Such strati-

graphic sequences are traditionally interpreted to rep-

resent inverted stratigraphy of the magma chamber,

implying that the position of latites and rhyolites was

reversed in the magma chamber prior to eruption (e.g.,

Lipman 1984). Pumice clast compositions, and Fe–Ti

oxide equilibration temperatures vary continuously in

each tuff unit (Lipman et al. 1966, Lipman 1971; Flood

et al. 1989; Mills et al. 1997), and reflect compositional

and temperature zoning in pre-climactic magma

chambers. Study of melt inclusions in sanidine and

quartz phenocrysts in rhyolitic and latitic portions of

TS, RM and AT tuffs (Vogel and Aines 1996) dem-

onstrates that volatile content increased upward (to-

wards the rhyolites) in magma chambers. Despite wide

variations in composition and temperature in each tuff

unit, there is a small compositional gap at ~65 wt%

SiO2 (Mills et al. 1997) separating rhyodacitic to high-

silica rhyolitic (~67–76 wt% SiO2), and basaltic to lat-

itic chemical groups (53–65 wt% SiO2), although mafic

pumices are rare (Schuraytz et al. 1989; Flood et al.

1989; Warren et al. 1989, 2000).

Oxygen isotope zoning in zircons

In an attempt to find oxygen isotope zoning similar to

that in Yellowstone (Bindeman and Valley 2001), zir-

cons from Timber Mt tuffs were separated into size

fractions. Oxygen isotope analyses were performed by

laser fluorination of: bulk, smaller (<53 lm in diame-

ter), and larger (>105 lm, >149 lm) size fractions, and

air-abraded cores of large zircons. Rhyolitic and latitic

portions of normal- to high-d18O TS, TC, and RM tuffs

exhibit no difference between large and small zircons,

or zircon cores retrieved by air-abrasion (Fig. 2), and

their d18O values are in equilibrium with those of other

minerals for the same tuffs. However, low-d18O rocks

of the AT cycle—pre-AT rhyolitic lava, rhyolitic and

latitic portions of AT tuff, and post-AT crystal-rich

latitic lava, (Table 1) exhibit evidence of isotopic

zoning. Air-abraded cores of larger (> 105 lm diame-

ter) zircons are consistently 0.4–0.5& higher in d18O

than smaller (< 53 lm) zircons in three samples

(Bindeman and Valley 2003). These differences exceed

analytical uncertainty (± 2 standard deviations of rep-

licate measurements < 0.2&) and suggest 1.5–2& d18O

zoning in AT zircons when compared to the calculated

curves based on diffusion modeling calculations

(Fig. 3). Similar zoning would be inferred if low d18O

rims formed as new zircon overgrowths.

Additionally, D18O(Qz–Zrc) for these samples is

1.6–1.8&, while D18O(melt-Zrc cores) is 0.6–0.9&

(Fig. 2b), which is 0.5–0.9& smaller than the expected

D18O(Qz–Zrc) equilibrium values between 750� and

850�C (2.5–2.1&, Valley et al. 2003). Even smaller

(<53 lm) zircons show somewhat lower differences in

D18O(Qz–Zrc) and D18O(melt-Zrc), although they are

closer to equilibrium. The D18O(Qz–Zrc) and

D18O(melt-Zrc) disequilibria are a direct result of iso-

topic zonation of zircon where elevated d18O is pre-

served in zircon cores, because quartz is in equilibrium

Table 1 Summary of petrologic and isotopic parameters of analyzed samples

Sample ident Unit Phenocrysts SiO2 (%) D18O, T �C TZrc
(�C)

d18O
melt

�Nd 87Sr/86SrI

Vol% Abundance Qz-Mt San-Mt Mt-Ilm

Topopah spring tuff, > 1,200 km3, 12.8 Ma
TM-10 TS, upper 16 PSQBHCSpZMI 67.3 872 965 978 896 8.06 –10.6 0.7150

Tiva canyon tuff, 1,000 km3, 12.7 Ma
TM-12 TC, upper 11 PSBHCSpZMI 67.0 970 838 852 7.25 –10.77 0.7088

Rainier mesa tuff, 1,200 km3, 11.6 Ma
TM-16 RM, upper 23 PSQBHCSpZMIO 76.8 748 711 718 797 8.13 –10.45 0.70843

Pre-ammonia Tanks rhyolite
TM-24 pre-AT 7 SPQHCSpZMI 75.5 754 744 710 776 5.73 0.71358

Ammonia tanks tuff, 900 km3, 11.45 Ma
TM-15 AT, lower 14 SQPBHCSpZMI 75.7 762 766 662 809 5.57 –10.3 0.7150
TM-17 AT, upper 19 PSQBHCSpZMI 73.1 870 899 816 842 5.39 –9.45 0.7078

Post-ammonia Tanks rhyolite
TM-21 20 PSQBHCSpZMI 74 784 795 5.45 –9.64 0.70776

P plagioclase, S sanidine, Q quartz, B biotite, H hornblend, C clinopyroxene, sp sphene, Z zircon, M magnetite, I ilmenite

Oxygen isotopic values for melt are calculated from phenocrysts (Bindeman and Valley 2003); Nd and Sr analyses are from Farmer
et al. (1991)
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with the melt and other minerals (Bindeman and

Valley 2003). The discovery of oxygen isotope zoning

in zircons from low-d18O tuff and lavas of SWNVF,

second to Yellowstone, is a significant result.

Samples and procedure

Samples selected for U–Pb age analysis are described

in detail by Bindeman and Valley (2003) and refer-

ences therein, and are briefly characterized in Table 1.

One sample of each TS, TC, and RM tuff was selected

for high spatial resolution U–Pb zircon dating, along

with three samples of the younger AT cycle: samples

TM-15 and TM-17, for lower and upper AT tuff,

respectively, and one precursor rhyolitic lava—TM-24.

Zircons were separated from crushed and sieved rocks

using standard heavy liquid separation techniques.

Additionally, zircons were extracted by dissolving

0

1

2

3

4

5

6

7

8

9

10

δ 1
8 O

(m
in

er
al

,m
el

t)
,

‰
V

S
M

O
W

Sequence

11.6 Ma

Calculated
Melt

bulk
cores

Magnetite

Sphene

Zircon:
Sanidine
Quartz

TCTS RM AT post-ATpre-AT

TS - Topopah Spring Tuff, 1200 km3

TC - Tiva Canyon Tuff, 1000 km3

RM - Rainier Mesa Tuff, 1200 km3

AT - Ammonia Tanks Tuff, 900 km3

12.8 Ma 12.7 Ma 11.45 Ma

rhy

latrhy

lat

Oldest Youngest

0

1

2

3

∆1
8 O

 (
Q

z-
Z

rc
),

 (
M

el
t-

Z
rc

)

EruptionAge, Ma

TS TC RM AT

bulk Zrc

∆ 18O(Qz-Zrc):
bulk Zrc
Zrc cores,
Small zircons
<53um

Zrc cores
Small zircons
<53um

∆ 18O(melt-Zrc):

12.8 12.7 11.6 11.45

Equilibrium
∆ 18O(Qz-Zrc)

Equilibrium

∆ 18O(melt-Zrc)

Less than equilibrium
∆ 18O(Qz-Zrc), and ∆ 18O (melt-Zrc)
of the Ammonia Tanks cycle

A

B

rhy lat

lat
rhy

latrhy

Fig. 2 a Evolution of d18O in minerals (measured) and melt
(calculated) of four major tuffs and two lavas from SWNVF
(data are from Bindeman and Valley 2003). Notice sudden
depletion of d18O after TS and RM. AT represents a low-d18O
magma. First column(s) of each unit is rhyolite, second is latite;
there are two samples of latite and rhyolite in RM, and two
samples of rhyolite and three samples of latite in AT. Notice
smaller mineral-mineral isotopic fractionation in latites as
compared to rhyolites due to higher temperature of the former.
Air-abraded cores of zircons are higher in d18O than bulk zircons
or smaller zircons in AT tuffs, pre-AT, and post-AT lavas.
b Isotope fractionations between zircons and quartz, and zircon

and melt. Calculated Quartz–Zircon values are based on
D18O(Quartz-Mt) temperatures from Table 1, with envelope
showing a range of ± 50�C, and A factor D18O(Quartz-Zrc) of
2.64 (Valley et al. 2003). Values of D18O(Melt-Zircon) of 1.4&

(latites, 870�C) and 1.9& (rhyolites, 750�C) correspond to
equilibrium values at respective melt compositions and temper-
atures as measured in Bishop tuff (Bindeman and Valley 2002).
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phenocryst-free glass shards of samples TM-15 and

TM-17 in order to avoid any zircons included in phe-

nocrysts. No difference in age between zircons ex-

tracted from bulk samples or by HF-dissolution of glass

was found. Thus, HF-extracted zircons are discussed

together with their parental samples.

Typically, 30–40 zircon grains per sample were

hand-picked, mounted in epoxy, polished to ~75 % of

their midsection, and mapped in reflected light and

back-scattered electron imaging. Analyses of U–Pb

age were performed using the UCLA Cameca 1270

ion microprobe using standard protocols for the

analysis of youthful zircons (Schmitt et al. 2003a). Ion

intensities were measured in 12–15 cycles using a

mass-filtered O– primary ion beam of ~15 nA focused

to an oval 25–30 lm spot. AS-3 (Paces and Miller

1993) and 91,500 (Wiedenbeck et al. 1995, 2004)

reference zircons were used to calibrate U, Th, and

Pb sensitivities, following the technique of Compston

et al. (1984). The analytical procedure included initial

scanning ion microscopic imaging of UO+ in order to

identify comparatively U-rich grains. These grains

were then chosen for subsequent analysis. In addition

to analysis of polished grains, unbroken, euhedral

zircon crystals were placed flush on sticky-tape and

mounted in epoxy. The crystal growth faces of these

grains were analyzed without polishing to determine

rim compositions. From depth profiling of the sputter

pits (using a DEKTAK surface profilometer), we

estimate that each ‘‘rim’’ analysis sampled the out-

ermost ~0.3 to ~1.5 lm margins of the grains, which

allows a linear spatial resolution that is one order of

magnitude smaller perpendicular to the crystal face

than by conventional spot analysis. Note that pre-

cleaning of the surface and stabilization of the sec-

ondary ion signal prevented the use of the first ~200 s

of the analysis, which removed ~0.3 lm of each zir-

con. Subsequently, grains were ground twice at depth

intervals of ~5 lm, and a new analysis spot was

placed directly below the remaining 0–1 lm-deep pit.

Using this technique, ages have been determined for

one grain (TM17-Mount 2-g3) at ~0, 5, and finally

10 lm depth. The reproducibility of U-Pb sensitivity

factor based on the age reproducibility of reference
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Table 2 Summary of U-Pb ages of zircons in studied units of SWNVF

Unit Eruption
age, (Ma)

Zircons
analyzed

Spots
analyzed

Xenocrysts U-Pb agea

(Ma)
± 1rc MSWD U-Pb ageb

accepted
±1rc MSWD

Ammonia Tanks (rims) 11.45 5 9 0 11.63 0.18 1.20 11.73 0.20 2.39
Ammonia Tanks (cores) 11.45 27 30 0 11.85 0.17 1.07 11.97 0.14 1.18
pre-AT rhyolite 11.6–11.45 10 10 0 11.76 0.27 2.87 11.95 0.30 5.35
Rainier Mesa 11.6 10 10 1 12.12 0.35 4.82 12.35 0.30 5.19
Tiva Canyon 12.7 10 11 0 13.19 0.18 1.33 13.18 0.15 1.38
Topopah Spring 12.8 10 10 0 13.41 0.23 0.64 13.45 0.23 0.64

Euption age is Ar-Ar sanidine ages from Sawyer et al. (1994)
a Weighted average of individual 207Pb-corrected and disequilibrium corrected ages
b Errors multiplied with square-root of MSWD if MSWD > 1
c Concordia intercept age from regression through 207Pb/206Pb = 0.8283
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zircon AS3 during the four days of data acquisition

was as follows (all values 1 standard deviation): 4.9%

(December 20, 2004, n = 10), 1.4% (December 21,

2004, n = 9), 2.8% (December 22, 2004, n = 11), and

1.3% (December 23, 2004, n = 9).

We have also measured core and rim oxygen isoto-

pic ratio of eight mounted and polished zircons from

the Ammonia Tanks tuff at the University of Wiscon-

sin-Madison on a CAMECA 1280 ion microprobe

using a Cs primary beam using KIM-5 zircon standard

(Valley et al. 2005); analytical details will be reported

in detail elsewhere.

Results

U–Pb ages of major tuff units

Figure 4 and Table 2 presents U–Pb ages of zircon

populations in four tuffs from caldera-forming erup-

tions and one precursor lava (TM-24) with MSWD

values and individual uncertainties, individual analyses

are given in the Appendix. Unlike the U-rich Yellow-

stone zircons, which crystallized from intraplate mag-

ma with high HFSE, and high U and Th magmas, the

subduction-related magmas of the SWNVF are HFSE-

depleted and thus U-poorer, but have Th/U values

highest than that measured for other igneous zircons

worldwide, see below. Consequently, U abundances of

the analyzed zircons are on average only ~100 ppm,

with somewhat higher abundances in RM (~400 ppm)

and pre-AT rhyolite (~700 ppm). This results in rela-

tively low radiogenic 206Pb yields (on average ~95%)

that limits analytical precision: only ~55% of the

analyses have 206Pb/238U age uncertainties that are

within the ~2 to 5% analytical uncertainty that can be

achieved for grains with high radiogenic 206Pb yield

(>99%).

After correcting for the initial U–Th disequilib-

rium (Schärer 1984, Wendt and Carl 1985), the fol-

lowing U–Pb isochron ages were obtained using the

fixed-intercept regression method of Mahon (1996):

AT (rims 11.73 ± 0.20 Ma, MSWD = 2.4; cores

11.97 ± 0.14 Ma, MSWD = 1.2; pre-AT rhyolite lava

11.95 ± 0.30 Ma, MSWD = 5.3; RM 12.35 ± 0.30,

MSWD = 5.19; TC 13.18 ± 0.15 Ma, MSWD = 1.38;

TS 13.45 ± 0.23, MSWD = 0.64. Individual zircon
206Pb/238U model ages were calculated using a 207Pb-

based common Pb correction and are plotted in

Fig. 4 as cumulative probability curves and individu-

ally in Fig. 4. The following observations result from

inspection of our data.

1. Both, the isochron and cumulative population ages

show short time gaps between TS and TC, and RM

and AT units, comparable to the Ar–Ar stratigra-

phy for these tuff units (Sawyer et al. 1994; Huys-

ken et al. 2001). This independent geochronologic

result confirms the outstanding feature of the

SWNVF—that large volume silicic magmas were

rapidly generated and erupted from the same

nested caldera complex on timescales of 104–

105 years.

2. Xenocrysts older than the age of initiation of vol-

canism at Timber Mt. are lacking, except for a

single zircon of Proterozoic age. This result adds to

(A)

(B)

(C)

(D)

(E)

Fig. 4 Tera-Wasserburg Concordia diagrams showing ages of
four major caldera-forming tuffs (a, c, d, e), and one precursor
lava (b). Panels on right show cumulative probability curves of
207Pb-corrected 206Pb/238U zircon ages of the same analyses
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the growing database of individual zircon U–Pb

dates in different magmatic environments, showing

surprising rarity of xenocrysts that predate the

initiation of magmatic activity (Lowenstern et al.

2000; Bindeman et al. 2001; Vazquez and Reid

2002; Schmitt et al. 2003a, b; Simon et al. 2005;

Charlier et al. 2003; Bacon and Lowenstern 2005).

3. The average U–Pb ages in each of the five analyzed

samples are 0.7–0.35 Ma older than their respec-

tive Ar–Ar eruption ages; ages of zircon popula-

tions in TC and AT units are coeval or even older

than Ar–Ar ages of the preceding units of the same

cycle, TS and RM respectively. Collectively, zir-

cons in the TC, and AT, and pre-AT units not only

predate the Ar–Ar age of the caldera formation,

but also that of the preceding volcanic cycle.

4. Zircons in three samples of the last, low-d18O AT

volcanic cycle, one sample of the precursor rhyo-

litic lava, and samples of early and late-erupted

tuffs have overlapping U–Pb ages, which are col-

lectively older than the Ar–Ar sanidine eruption

age of the AT tuffs. At the same time, U–Pb ages

of zircon rims in AT cycle (11.7 ± 0.2 Ma) are

closer to the Ar–Ar sanidine age (11.45 ± 0.07 Ma,

Sawyer et al. 1994) and agree with it within two

sigma errors. We explore these results in greater

detail below.

U–Pb ages of low-d18O magmas of AT cycle

with d18O-zoned zircons

A total of 30 spot analyses on individual zircons from

the AT cycle were performed and the data are plotted

in Fig. 5. The relatively large uncertainties of many

individual analyses, and the short time intervals be-

tween successive caldera-forming eruptions makes it

very difficult to resolve the origin of individual zircons

in the AT magmas as being derived from each pre-

ceding particular tuff unit, nor does the ion microprobe

depth profiling for a single grain TM17-Mount 2-g3

(Table 1) resolve a significant age increase toward the

core. We notice, however, that nine rim ages are col-

lectively on average younger than core ages. If we only

include analyses that have radiogenic yields >99%,

then average rim and core ages for AT zircons are

different by ~600,000 years, with the rim ages essen-

tially indistinguishable from the Ar–Ar eruption age

(AT cores 12.1 ± 0.2 Ma, MSWD = 1.8, n = 7; AT

rims 11.5 ± 0.2 Ma, MSWD = 0.6, n = 5). In summary,

there are indications for a heterogeneous AT zircon

population, with a significant portion being older than

even the age of the preceding caldera-forming eruption

of the RM tuff. This result is supported by the d18O

zircon zoning of the same zircon population (Fig. 2),

performed by air abrasion, and by individual SIMS

analyses below, which shows 1.5& core to rim zoning

(Fig. 2). Therefore, the older age, and the presence of

higher-d18O zircon cores are discussed in conjunction.

d18O values of individual zircons in the AT magmas

SIMS analyses of eight individual zircons in two AT

samples (TM15 and TM17) confirm 0.5–2.6& core-

to-rim d18O zoning within four individual zircons, while

the other four zircons exhibit more subdued zoning

(Table 3; Fig. 6). Zircon cores span the range from 7.1

to 3.9&, and the average value of eight core analyses is

4.9&, or 0.2–0.3& higher than the average laser anal-

ysis of bulk cores retrieved by air abrasion of large

zircon crystals (Bindeman and Valley 2003; Fig. 3). At

the same time, the average composition of zircon rim

analyses of this study is 4.02 ± 0.33& (1 standard

deviation on 12 analyses); this value is 0.3& lower than

one estimated based on mass-balance during the suc-

cessive air abrasion of fractions of large zircons

(Fig. 3). Therefore, due to higher spatial resolution of

the 10 lm spot ion microprobe analysis, larger average

core-to-rim zoning is observed, and a more complex

individual zircon d18O zoning is found that may have

formed by a combination of oxygen diffusion through

early formed zircon and overgrowths of new zircon.

More importantly, SIMS analysis of eight individual
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Ammonia Tanks
zircon core ages

AT

RM

TC

TS

Fig. 5 Zircon ages with uncertainties in the Ammonia Tanks
cycle magmas that extend the entire history of magmatism in
Timber Mountain Caldera Complex, SWNVF; horizontal lines
denote Ar–Ar sanidine ages of caldera-forming eruptions
(Sawyer et al. 1994)

656 Contrib Mineral Petrol (2006) 152:649–665

123



zircons yielded two high-d18O zircon cores, character-

istic of older eruption units.

Th/U ratios of Timber Mountain zircons

Compared to zircons from other silicic igneous sys-

tems, the Timber Mountain zircons have much higher

Th/U ratios between ~0.4 and 4.7 (Fig. 7). This range

exceeds the ‘‘canonical’’ range for igneous zircon of

0.1–0.5, for which exceptions are only stated for mantle

xenoliths (Th/U ~0.2–1.0) or carbonatitic zircons (Th/

U up to 9,000; all values cited from the compilation by

Hoskin and Schaltegger 2003). In order to address this

issue in greater detail, we compiled Th/U for magmatic

zircons from a range of compositions. Felsic composi-

tions are dominantly for Cenozoic volcanic suites from

the Western USA, and mafic compositions include

Proterozoic Duluth gabbro, Proterozoic anorthosites,

and Miocene MORB gabbros/diorites (Fig. 7 and ref-

erences therein). This compilation corroborates the

result of Hoskin and Schaltegger (2003) that most

igneous zircons have Th/U ~ 0.5 with a range from ~0.2

to ~0.9), and therefore the exceptionally elevated Th/U

of Timber Mountain zircons warrant special discussion.

Also indicated on Fig. 7 are DTh/U (ratio of the min-

eral/melt partitioning coefficients for Th over U) that

were calculated from average Th/U of the whole-rock

samples used in the compilation of zircon Th/U data.

While the uncertainties for DTh/U are relatively large

due to the observed spread in zircon Th/U, it is

remarkable that DTh/U is rather constant for the entire

compositional range taken into consideration, includ-

ing the Timber Mountain suite. The average DTh/U of

~0.2 that we obtained for a wide compositional range is

comparable to the DTh/U ~0.17 measured by Hinton

et al. (cited as written communication in Blundy and

Wood 2003). We find that elevated Th/U in Timber

Mountain zircons are thus inherited from their high

Th/U magmas, the significance of which is discussed

below.

Crystal size distribution of zircon and quartz

In an additional attempt to find textural evidence for

zircon inheritance in AT magmas, we measured crystal

size distribution and volume abundance of zircon and

quartz (Fig. 8, Table 4) following dissolution and

measurement techniques described in Bindeman

(2003). The motivation in this effort was to find dis-

tinctive features indicating inheritance in the shapes of

CSD graphs. Figure 8 shows that the CSD of each

Table 3 SIMS analyses of individual zircons for oxygen isotopic
ratios; uncertainty is based on eight KIM5 zircon standards
analyzed before and after these analyses

Crystal-spot (core, rim) U-Pb core age ± 1SD

Sample TM-15, Ammonia Tanks tuff, lower
TM15-1-1c 5.79 0.18
TM15-1-2r 4.09 0.18
TM15-1-3c/r 4.59 0.18
TM15-1-4r 3.37 0.18
TM15-2-1c 4.59 0.18
TM15-2-2r 4.01 0.18
TM15-2-3r 4.17 0.18
TM15-2-4r 3.91 0.18
TM15-3-1c 4.50 0.18
TM15-3-2r 4.60 0.18
TM15-4-1c 4.30 0.18
TM15-4-2r 4.17 0.18
TM15-5-1r 3.74 0.18
TM15-5-2r 3.78 0.18
TM15-5-3c 3.88 0.18
TM15-6-1r 3.86 0.18
TM15-6-2c 4.45 0.18

Sample TM-17, Ammonia Tanks tuff, upper
TM17-4-1c 7.05 0.18
TM17-4-2r 4.45 0.18
TM17-3-1r 4.15 0.18
TM17-3-2c 4.60 0.18
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Fig. 6 Oxygen isotope ratios in individual zircons from the
Ammonia Tanks magmas. Histograms of cores and rims are
based on 21 analyses of eight crystals (Table 3); Individual
analyses have d18O uncertainty of ± 0.18& (1 SD), based on the
block of eight KIM-5 zircon standards mounted and analyzed
together with the AT zircons
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sample defines a unique pattern with progression to-

ward larger crystals with greater abundance of crystals

per volume of magma from precaldera to postcaldera

magmas of the AT cycle. Notably, CSDs for zircon and

quartz share the same overall lognormal pattern, sim-

ilar to other silicic extrusive rocks (Poldervaart 1956;

Bindeman 2003). The CSD of zircon in the RM tuffs is

similar in shape and mode of maximum abundance, but

lower in concentration, than zircons in the upper and

lower AT tuffs. The pre-AT lava is however distinct in

having fewer and smaller zircons (Table 4, Fig. 8), and

quartz, while postcaldera AT lava has the largest

quartz (Table 4). These features are easily interpreted

as reflecting the progress of zircon and quartz crystal-

lization from earlier to later units. Although there are

some hints of inheritance in the CSD zircon pattern –

the pre-AT lava TM-24 has a distinct bend at ~100 lm

zircons showing larger proportion of large grains than

is typical for crystallization, the inherited zircon pop-

ulation in subsequent AT tuffs is texturally blended

with newly crystallized, and overgrown grains. The

same conclusion was reached in comparing CSD of

zircons from the Deadman Creek dome in Long Valley

caldera that were dated by the ion microprobe (Bind-

eman 2003): while these zircons showed significant

inheritance (Reid et al. 1997), post inheritance

recrystallization modified the zircon CSD. It should

also be pointed out that slopes of the CSD of both

quartz and zircons vary insignificantly (e.g. < 2 ·), and

we do not interpret these slopes as reflecting crystal

residence times.

Estimation of zircon inheritance proportion

The zircon saturation temperatures are on average 30�C

higher than D18O(Qz-Mt) oxygen isotope equilibration

temperatures and also higher than the Fe–Ti oxide

equilibration temperatures (Fig. 9). Provided that the

two latter temperatures reflect temperature of erupted

magma, the higher temperature based on whole-rock Zr

concentration may result from the excess zirconium due

to zircon inheritance, or due to the presence of earlier

crystallized zircons. Higher zircon saturation tempera-

ture is typical for many plutonic rocks, which segregated

from metamorphic protoliths (e.g., Miller et al. 2003).

An estimate can be made based on the Watson and

Harrison (1983) zircon solubility equation for relevant

peraluminous rhyolitic compositions at 700–850�C. This

calculation suggests to us that 30�C higher temperature

would result from ~100 ppm of additional Zr, which

would correspond to 30–50% of the total zirconium (i.e.

modal zircon) in the rock.

Discussion

Zircon inheritance, isotope zoning, and the origin

of magmas in SWNVF

In order to better understand the significance of the

U–Pb zircon ages, the results need to be considered in

Fig. 7 A compilation of Th/U ratios in zircons and magmas from
silicic igneous rocks with an emphasis on Cenozoic igneous rocks
from the western USA (with the exception of d and e, which are
for low-Si whole rock compositions including granodiorites,
gabbroic anorthosites, and gabbros from MORB and intracon-
tinental rift settings) in comparison to high Th/U ratios of
Timber Mt latites and rhyolites. Note that DTh/U ratios
calculated from literature whole-rock values are remarkably
constant over a wide compositional and temperature range,
suggesting a minor influence of these parameters on the relative
partitioning behavior of Th and U in zircon. References: high
silica rhyolites: Simon and Reid (2005), Vazquez and Reid
(2002), Bindeman et al. (2001), Miller and Wooden (2004);
intermediates (65–75 wt% SiO2): Schmitt et al. (2003a, b), Bacon
and Lowenstern (2005), Lowenstern et al. (2000); intermediates
(55–65 wt% SiO2): Schmitt et al. (2003a), Lowenstern et al.
(2000), John et al. (2004); anorthosites/gabbros: Adirondack:
McLelland et al. (2004), Duluth gabbroic anorthosite AS3
(unpublished data; this study) with calculated interstitial melt
values from Grant and Chalokwu (1992), Black et al. (2004) and
Southwest Indian Ridge gabbros from Schwartz et al. (2005)
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the petrological context of the SWNVF large-volume

tuffs and lavas. Each tuff is characterized by a distinct

range of d18O values, as well as distinct 87Sr/86Sr and

�Nd values (Table 1 and Farmer et al. 1991), suggesting

that the individual tuffs evolved separately, and that

closed-system fractionation and assimilation in a single

zoned, long-lived magma chamber is inconsistent with

the observed isotopic heterogeneity. Instead, they

represent independent large-volume magma batches

that were generated on short timescales between suc-

cessive caldera-forming eruptions. Furthermore, the

isotopic and chemical differences between rhyolites

and latites within individual eruptive sequences

(Farmer et al. 1991; Mills et al. 1997; Bindeman and

Valley 2003; Tefend 2005), including different d18O,

indicate that rhyolites and latites themselves represent

distinct magma batches that could not be derived from

each other by fractionation. Tefend (2005) and Tefend

et al. (2006) further subdivided SWNVF rhyolites into

low Th/Nb (0.5–0.8) and high Th/Nb (1.5–2) composi-

tional groups. Indistinguishable d18O(Quartz) in low and

high Th/Nb rhyolites measured on these end member

samples (Tefend and Bindeman, unpublished data)

suggest, however, that these two types can be produced

by accessory-mineral fractionation.

Zircon populations as a whole define ages that are

significantly older than the eruption age. Without the

petrological context outlined above, these zircon pop-

ulations might have been interpreted as representing

extended magma residence times on the order of a few

million years. However, the isotopically distinct nature

of each tuff unit, and especially oxygen isotopic zoning

of zircons from the AT cycle, the presence of individ-

ual zircons that are much older (i.e., > 2r, Fig. 5), and

individual zircons with significantly higher d18O values

(Fig. 6) indicate that they are ‘‘inherited’’ and variably
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Fig. 8 Crystal size distribution of zircons from five samples in
Timber Mt caldera complex: showing that zircons in AT tuff
have both greater abundance and larger size than the RM tuff
zircons, but similar modal abundance. Notice that zircons
increase in abundance from pre-caldera to early, and then later
tuffs. The pre-caldera lava sample TM-24 has a concave

downward bend at ~100 lm interpreted to represent inherited
larger grains. The lognormal shape is explained by annealing(s)
of smaller zircons upon reheating, and/or subsequent size-
dependent growth. The vertical axis plots logarithm population
density in standard coordinates of number of crystals per unit
volume (measured, Table 4), per bin size (10 lm)

Table 4 Abundance of quartz and zircon in Ammonia Tanks and Rainier mesa tuff units

Zr (ppm WR) Tsat (�C) Crystals (%) Quartz (%) Zircon (ppmv) Number of
crystals/cm3

Zircon Quartz

Rainier mesa tuff
TM-13 Early 97 757 16 4.9 7 47
TM-16 Late 169 797 23 6.8 13 48

Ammonia Tanks tuff and lavas
TM-24 Pre-caldera 135 776 7 2.3 7 125 241
TM-17 Early 215 809 14 2.9 16 47 171
TM-15 Late 293 842 19 7.0 22 67 83
TM-21 Post-caldera 153 795 20 3.0 105

Contrib Mineral Petrol (2006) 152:649–665 659

123



equilibrated zircon populations. In this interpretation,

the source magma cooled below its solidus, crystallized

to develop open fractures, and was altered by hydro-

thermal circulation of meteoric waters, so the d18O of

bulk rocks got depleted. Zircons, however, were

unaffected, and preserved older inherited cores with

higher d18O values. The voluminous low-d18O magmas

of the AT cycle inherited their oxygen isotopic signa-

ture from the 18O-depleted hydrothermally-altered

rocks of the previous volcanic cycles (TS, TC, and

RM). Based on the remaining D18O(Quartz–Zircon)

and D18O(melt-zircon) disequilibria (Fig. 2b), and

overlapping U–Pb zircon ages (Fig. 5), we concluded

that the AT magma formed by remelting of hydro-

thermally-altered rocks of previous cycles only ~10 ka

before its climactic eruption at 11.45 Ma (see Bind-

eman and Valley 2003). Zircon saturation tempera-

tures of studied samples (Table 4), as well as

D18O(Quartz–magnetite), and Fe–Ti oxide tempera-

tures for the AT magmas are in the vicinity of 800�C, at

the boundary of ‘‘cold’’ and ‘‘hot’’ granites (Miller

et al. 2003). The survival of higher-d18O inherited cores

in these samples additionally suggests that the heating

pulse could not have lasted for longer than a few

thousand years, based on the dissolution calculations

by Watson (1996) for the dissolution of a typically sized

zircon grain in peraluminous silicic melt upon reheat-

ing.

Experimental and empirical oxygen diffusion rates in

zircon (Watson and Cherniak 1997; Peck et al. 2003) is

seven to eight orders of magnitude slower than zirco-

nium diffusion in melt, the rate-limiting step for zircon

dissolution or crystallization (Harrison and Watson

1983). This suggests that during episodes of heating the

zircon-melt boundary of a dissolving grain advances

much faster towards the center of the grain than the

oxygen diffusion front, as zircons are dissolving. Even if

the increase in temperature upon reheating has resulted

in initial dissolution of a certain fraction of inherited

zircons, the surviving cores should have preserved their

high-d18O cores. Examples of d18O preservation in

inherited zircon cores are documented in migmatites

(Page et al. 2006). Zircons will be preserved even better

if they are armored in other phases, but we estimate the

proportion of such zircons to be small (Bindeman

2003). Then, the surviving zircons were stored in the

magma for several 1,000 years and developed isotopic

zoning due to diffusion and overgrowth. In the case of

multiple heating-reprecipitation cycles, this would still

only recycle the outermost zircon layers that are in

isotopic equilibrium, while leaving d18O in the cores

relatively unchanged. Thus, upon dissolution, surviving

zircons may preserve sharp boundaries with respect to

oxygen isotopes; subsequent cooling episodes will lead

to precipitation of new zircon rims, which are in oxygen

isotopic equilibrium with respect to the host melt. In

this case, d18O will show a step-function rather than

bell-shaped profile will develop, but subsequent diffu-

sive annealing may smooth it.

Precursor rhyolites in caldera settings

We observe that an AT cycle rhyolitic lava TM-24

contains zircons that are indistinguishable in age from

those of the subsequent large-volume AT tuffs, and

these zircons show similar patterns in oxygen isotopic

heterogeneity (Fig. 2). The 40Ar/39Ar eruption age of

the pre-AT rhyolite was not determined, but strati-

graphic relations indicate that it shortly preceded the

AT tuff. Chemically, isotopically, and mineralogically,

the pre-AT lava closely matches the first erupted por-

tions of the AT tuff (Table 1, Bindeman and Valley

2003; Farmer et al. 1991). Moreover, post-AT intrac-

aldera lava (sample TM-21, Tables 1 and 4, not dated

in this study) preserves the same character of isotopic

zoning in zircons and D18O(Quartz–Zircon) and

D18O(melt-zircon) disequilibria, as is observed in large

volume AT tuffs, and TM-24 lava (Fig. 2). The timing

of these two eruptions should therefore, be not much

younger, or older, than the climactic caldera-forming

eruption that produced AT tuff.
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Sack 1991) for the same samples, data are from Bindeman and
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higher by 30–50�C with the exception of two samples; crosses
denote AT cycle magmas
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The identification of the pre-AT lava—sample TM-

24—as a precursor volcanic unit contributes to the

growing database of less voluminous lavas that often

precede massive caldera-forming eruptions, such as the

Pagosa Peak dacite that preceded the Fish Canyon tuff

(Bachmann et al. 2000) or the Cleetwood lava that

heralded the Mt Mazama eruption (Bacon 1983).

Identification of these units may serve as petrological

early-warning signal by providing an early sampling of

a much larger magma body at depth.

Zircons as probes for crustal recycling

In recent years, extensive ion microprobe dating of

zircon crystallization in volcanic samples complements

traditional eruption age dating based on Ar–Ar and

K–Ar methods. The underlying theme of these publi-

cations is that the zircon crystallization (and closure for

subsequent U–Pb exchange) commonly predates the

eruption of their host lavas as determined by the clo-

sure of the Ar–Ar system during cooling on the surface

after eruption. This has been demonstrated for a range

of differently sized magma systems, including Yellow-

stone as described above. Miller and Wooden (2004)

found that zircons in Devils Kitchen rhyolite (Coso

volcanic center, CA, USA) are up to 200 ky older than

corresponding K–Ar ages, and several zircon popula-

tions with different pre-eruptive histories could be

identified suggesting an origin from different magma

batches. Simon and Reid (2005) suggested that zircons

in the Glass Mountain rhyolites (Long Valley, CA,

USA) record episodes of punctuated and independent

evolution rather than the periodic tapping of a long-

lived magma chamber. U–Pb zircon ages in combina-

tion with Ar–Ar potassium feldspar ages for the Gey-

sers pluton (California Coast Ranges) indicate that the

shallow portions of the pluton cooled to <350�C within

~200 ka, whereas at the same time zircons from just

solidified granitoids at deeper levels became remobi-

lized by the heat of newly intruded magma (Schmitt

et al. 2003a, b). Charlier et al. (2003) found zircon ages

spanning 100 ky in the Taupo volcanic zone in New

Zealand, and interpreted zircons to be derived by bulk

remobilization of crystal mush and assimilation of

metasediment and/or silicic plutonic basement rocks.

In their study of Crater Lake volcanic rocks, Bacon and

Lowenstern (2005) succeeded in identifying and fin-

gerprinting parental rocks as a source for antecrystic

zircons and plagioclase in the form of co-erupted

granodioritic blocks and magmas.

The conclusions that we reach here for the SWNVF

support the emerging evidence for zircon recycling

from earlier-intruded, solidified plutonic and subvol-

canic rocks, or buried volcanic rocks, rather than

‘‘long’’ magma residence in large, long-lived magma

reservoirs. However, the independent oxygen isotopic

record for phenocrysts in the SVNVF, and the

discovery of isotopically zoned zircons, allows us to

further these interpretations and to discuss how large-

volume silicic magmas could be generated so quickly.

Origin of high Th/U magmas

High Th/U ratios of Timber Mt zircons may yet present

another evidence for hydrothermal alteration in the

source region, because oxidizing meteoric water has a

strong potential to mobilize U relative to Th during

hydrothermal alteration (Sturchio et al. 1987). The

high Th/U ratios of Timber Mt zircons corresponds to

elevated Th/U ratios in SWNVF whole rocks (3 to 16,

data extracted from a compilation by Warren et al.

2000), which result from moderately elevated Th (18–

31 ppm), and moderately depleted (1–7 ppm) U con-

centrations. These Th/U ratios in Timber Mountain

rocks are higher than median values for Th/U in basalts

(3.5 ± 1.2; 1 standard deviation; n = 6061) and rhyoda-

cites–rhyolites (median 3.9 ± 2.7; n = 695; data com-

piled from GEOROC-Geochemical Database http://

www.georoc.mpch-mainz.gwdg.de/georoc/). Moreover,

high and low Th/Nb groups identified by Mills et al.

(1997) and Tefend (2005) in RM cycle magmas are

correspondingly high Th/U and low Th/U, which also

result from higher (lower) than average Th (U) con-

centrations. Because Timber Mountain zircons also

preserve unusually high Th/U (Fig. 7) and are chemi-

cally inert during weathering, post-eruption U deple-

tion can be ruled out as a cause for high Th/U in whole

rocks. In the light of prolonged volcanism and hydro-

thermal activity in this area (since ~16 Ma, Christian-

sen et al. 1977), 4–3 million years long U removal via

hydrothermal fluids in precursor intrusions or buried

tuffs may instead explain high Th/U in Timber Mt.

magmas. In this respect, it is interesting to compare

Timber Mt with other areas of long-lived silicic caldera

systems with associated hydrothermal activity. Low-

d18O rhyolites from Yellowstone, for example, have

Th/U between four and five (Sturchio et al. 1987),

which is only slightly elevated compared to ‘‘average’’

rhyodacites–rhyolites. As another example, Taupo

rhyolites have normal Th/U of ~4, but granitoid

xenoliths in Taupo tuffs can reach Th/U of up to 30

(Charlier et al. 2005). Notably, some granitoid xeno-

liths from Taupo are also low in d18O (minimum

+ 1.7&). In summary, while hydrothermal alteration by

oxidizing fluids remains a potentially important mech-

anism for fractionating U and Th, alternative expla-
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nations such as an imprint of pre-existing high Th/U

crust via assimilation on the Timber Mt. magmas or

accessory mineral fractionation in generation of high

Th/Nb magmas (e.g., Tefend 2005) cannot be dis-

missed.

Implications for the generation and longevity

of large silicic magma bodies

The formation of large silicic magma bodies is likely to

occur by incremental addition of silicic portions

formed either by differentiation of basaltic magmas in

the crust, and/or by partial melting of the crust due to

heat of basaltic intrusions (e.g., see Annen and Sparks

2002, and Dufek and Bergantz 2005 for a review of the

current literature). Partial melting of the crust will very

often generate isotopically-distinct individual magma

batches. For example, Glass Mountain rhyolites,

erupted over a time-span exceeding 1 Ma, exhibit

heterogeneity with respect to Sr, Nd, Pb, and O iso-

topes between different domes (Davies and Halliday

1998; Bindeman and Valley 2002; Simon and Reid

2005). Subsequent accretion of such magma batches

led to the formation of the Bishop tuff magma body,

which averaged out isotopic differences in the melt,

equilibrated d18O in minerals, and rejuvenated U–Pb

age of zircons (Reid and Coath 2000), thus erasing the

memory of smaller batch segregation. For example,

zircons in individual pumice clasts from both late and

early Bishop tuff are in perfect isotopic equilibrium at

respective D18O(Qz-Mt) temperatures (Bindeman and

Valley 2002) and lack any U–Pb evidence of inheri-

tance from the Glass Mountain magmas (Simon and

Reid 2005).

On the other end of the spectrum, Yellowstone in-

tracaldera volcanic rocks are an example where almost

the entire population of zircons is inherited from var-

iable precaldera source rocks spanning 2 Myr (Bind-

eman et al. 2001). These rhyolites are the products of

nearly wholesale remelting and recycling of hydro-

thermally-altered materials from earlier eruptive cy-

cles, and they preserve extreme oxygen isotopic

variability and zoning in phenocrysts, including quartz

with relatively high diffusivity for oxygen (Bindeman

and Valley 2001). This suggests that there was little

time for isotopic exchange between melting and erup-

tion. Large-volume ignimbrites of Yellowstone are

much more homogeneous.

An obvious difference between Yellowstone and

SWNVF is that the recurrence intervals between large-

volume eruptions was shorter for the SWNVF: in the

case of Rainier Mesa and AT the recurrence interval

was only ~150 ka, as compared to ~700 ka between the

two last caldera-forming eruptions at Yellowstone

(Mesa Falls Tuff and Lava Creek Tuff). There is also a

possibility that extensional tectonic settings of the

Basin and Range at SWNVF caused different styles of

magma ascent and emplacement. It appears that within

the SWNVF, individual, isotopically-distinct melt bat-

ches with variable d18O zircons (Fig. 6) generated by

reheating of hydrothermally-altered rocks were able to

coalesce into a ~1,000 km3 size magma body. It is

remarkable, however, that neither different parts of

this large magma body, exemplified by the study of

individual pumice clasts dispersed by the caldera-

forming eruptions (Mills at al. 1997; Tefend 2005), nor

crystal populations, exemplified by this study of AT

cycle magmas, achieved isotopic equilibration.

The short magma segregation time for low-d18O AT

cycle magmas is the time to melt and digest hundreds

of cubic kilometers of hydrothermally-altered low-

d18O protolith, and inherit zircons with older ages and

higher-d18O cores. High magma production rates re-

quire intrusion of substantial volumes of basaltic

magmas on the order of several hundreds of km3, that

could preceded the melting process. Intrusion and

differentiation of basaltic magma prior to melting/

assimilation of the shallow low-d18O crust could have

taken longer. Thermomechanical modeling by Annen

and Sparks (2002) and Dufek and Bergantz (2005)

implies that a series of small intrusions closely clus-

tering in space and time, rather than a single episode of

intrusion of a thick basaltic sill is the preferred mech-

anism both from the perspective of heat and space

conservation. Rapid, nearly whole-sale melting of

shallow crust presents a significant challenge to melting

scenarios by basaltic underplating.

Results presented here for the SWNVF are consis-

tent with melting at shallow crustal level where mete-

oric water percolated, i.e. most likely at depths

< 10 km, or potentially only a few kilometers. Such

shallow levels raise the question: how is space created

for large and shallow magma chambers? Cambray et al.

(1995) and Vogel et al. (2001) suggested that exten-

sional tectonics in the Basin and Range produces

‘‘releasing steps’’ in normal dip–slip detachment faults

that then can serve as magma traps. These magma

traps may expand with further extension and can

accommodate further influxes of magma, thus forming

sheet-like large-volume magma bodies by incremental

addition. Furthermore, this tectonic framework creates

conditions for shallow-level generation of magma

bodies, and the spatial separation of isotopically dis-

crete magma batches.

We propose that hydrothermally-altered intra-cal-

dera crustal segments are heated following significant
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(ca. 1–4 km) vertical down-drop associated with each

caldera collapse. Furthermore, complex geometry of

collapsed blocks (e.g., Lipman 1997) can be expected,

causing faster temperature increase and preferential

melting in sheets, slivers and corners. Heat-flow cal-

culations using the HEAT software (Ken Wohletz;

http://www.ees1.lanl.gov/Wohletz/Heat.htm) suggest

that a collapsed block immersed into the hot interior of

a magma chamber will melt ~3–5 times faster than by

unidirectional heat conduction as in the case of mag-

matic underplating. Bulk digestion process starts when

interstitial melt forms an interconnected network,

causing the roof rock to collapse and to disintegrate

into individual phenocrysts or crystal clusters (Bacon

and Lowenstern 2005; Beard et al. 2005). The resulting

crystal mush then collapses and becomes homogenized

by convection. This process may generate chemical and

isotopic differences between the crystal poorer rhyo-

lites, and crystal-richer latites. Magmatic overgrowth,

and isotopic diffusion and re-equilibration of crystals

will last until the time of eruptive quench.
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