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Abstract

Unusual monotonous intermediate ignimbrites consist of phenocryst-rich dacite that occurs as very large volume
(s 1000 km3) deposits that lack systematic compositional zonation, comagmatic rhyolite precursors, and underlying
plinian beds. They are distinct from countless, usually smaller volume, zoned rhyolite^dacite^andesite deposits that
are conventionally believed to have erupted from magma chambers in which thermal and compositional gradients
were established because of sidewall crystallization and associated convective fractionation. Despite their great
volume, or because of it, monotonous intermediates have received little attention. Documentation of the stratigraphy,
composition, and geologic setting of the Lund Tuff ^ one of four monotonous intermediate tuffs in the middle-
Tertiary Great Basin ignimbrite province ^ provides insight into its unusual origin and, by implication, the origin of
other similar monotonous intermediates.
The Lund Tuff is a single cooling unit with normal magnetic polarity whose volume likely exceeded 3000 km3. It

was emplaced 29.029 0.04 Ma in and around the coeval White Rock caldera which has an unextended north^south
diameter of about 50 km. The tuff is monotonous in that its phenocryst assemblage is virtually uniform throughout
the deposit : plagioclasesquartzWhornblendes biotitesFe^Ti oxidesWsanidines titanite, zircon, and apatite.
However, ratios of phenocrysts vary by as much as an order of magnitude in a manner consistent with progressive
crystallization in the pre-eruption chamber. A significant range in whole-rock chemical composition (e.g., 63^71 wt%
SiO2) is poorly correlated with phenocryst abundance.
These compositional attributes cannot have been caused wholly by winnowing of glass from phenocrysts during

eruption, as has been suggested for the monotonous intermediate Fish Canyon Tuff. Pumice fragments are also
crystal-rich, and chemically and mineralogically indistinguishable from bulk tuff. We postulate that convective mixing
in a sill-like magma chamber precluded development of a zoned chamber with a rhyolitic top or of a zoned pyroclastic
deposit. Chemical variations in the Lund Tuff are consistent with equilibrium crystallization of a parental dacitic
magma followed by eruptive mixing of compositionally diverse crystals and high-silica rhyolite vitroclasts during
evacuation and emplacement. This model contrasts with the more systematic withdrawal from a bottle-shaped
chamber in which sidewall crystallization creates a marked vertical compositional gradient and a substantial volume
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of capping-evolved rhyolite magma. Eruption at exceptionally high discharge rates precluded development of an
underlying plinian deposit.
The generation of the monotonous intermediate Lund magma and others like it in the middle Tertiary of the

western USA reflects an unusually high flux of mantle-derived mafic magma into unusually thick and warm crust
above a subducting slab of oceanic lithosphere. D 2002 Elsevier Science B.V. All rights reserved.

Keywords: monotonous intermediate; crystal-rich dacite; ash-£ow tu¡; very large volume ignimbrite; magma chamber shape;
eruptive mixing; convective mixing; equilibrium crystallization

1. Introduction

Numerous publications over the past three dec-
ades have described compositionally zoned ash-
£ow deposits presumed to have been derived
from magma chambers in which convective frac-
tionation was driven by sidewall crystallization.
However, Hildreth (1981, p. 10,157) recognized
a distinctly di¡erent class of ash-£ow deposits
which he designated as monotonous intermediates
that are ‘‘T mostly phenocryst-rich sheets of large
volume but limited compositional rangeT.’’ He
further noted that ‘‘These phenocryst-rich inter-
mediate magmas appear to represent the ‘domi-
nant volume’ from which silicic upper layers
sometimes develop within magma chambers.’’
Nonetheless, some magmas appeared to have
erupted voluminously without a precursory rhyo-
lite. He indicated this scenario ‘‘T may be related
T to system dimensions, crustal thickness, crustal
stress distribution, and rate of input of basaltic
magma into the roots of the system.’’
In subsequent decades, these unusual monoto-

nous intermediate ignimbrites have received little
attention. Little is known regarding: (1) just how
‘monotonous’ their compositions really are; (2)
the nature of compositional gradients ^ if any ^
in the pre-eruption magma chamber; (3) possible
overprinting of the primary magmatic character-
istics by mixing of crystal and glass clasts during
eruption or by their fractionation by winnowing;
and (4) the role of chamber attributes and tecton-
ic setting in the origin and evolution of the mag-
mas.
Hildreth (1981) speci¢cally designated cooling

units of the Needles Range Formation (now
Group) in the Great Basin as monotonous inter-
mediates. The Lund Tu¡, which is one of these

units, has been studied in an attempt to better
understand this intriguing class of ignimbrite.
In this paper, we de¢ne a monotonous inter-

mediate tu¡ as a very large volume (s 1000
km3) deposit of crystal-rich (generally s 25%
phenocrysts on a dense rock basis) dacite that
lacks conspicuous compositional zonation and
an extensive underlying comagmatic rhyolitic pre-
cursor. Part of the ‘monotonous’ designation
arises from the uniform appearance of the ignim-
brite through intracaldera thicknesses of 2 km or
more and diameters of tens of km and out£ow
sheets to as thick as 500 m covering present areas
as much as 50 000 km2.
This contribution on the Lund Tu¡ should not

be construed as the ¢nal word on monotonous
intermediate tu¡s. Ongoing research in the San
Juan volcanic ¢eld by P.W. Lipman, M.A. Dun-
gan and associates, in the remote central Andes
by S.L. de Silva and others, and in the Great
Basin by us will undoubtedly shed additional in-
sights into monotonous intermediates that will
test the conclusions presented here.

2. Overview of monotonous intermediate tu¡s

2.1. Fish Canyon Tu¡

The best known monotonous intermediate is
the Fish Canyon Tu¡ ^ a crystal-rich dacite em-
placed 28 Ma in the San Juan volcanic ¢eld (Lip-
man, 1975; Renne et al., 1998) of southwestern
Colorado (Fig. 1). Pumice clasts large enough to
separate from the tu¡ are rare, but the bulk tu¡
ranges from 65 to 69% SiO2 and Rb, Sr, and Ba
vary by a factor of about 1.3. The tu¡ has 37^
54% phenocrysts of plagioclases sanidineWbioti-
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teshornblendeWquartzsFe^Ti oxidess titan-
ite, apatite, and zircon. Whitney and Stormer
(1985) concluded that (p. 757) ‘‘The Fish Canyon
tu¡ magma was extremely homogeneous in major
and trace element abundances, and phenocryst
assemblage. The main mechanism responsible
for minor chemical di¡erences [in the tu¡] is var-
iation in the phenocryst to groundmass ratio
probably caused by glass winnowing during erup-
tion’’ and that (p. 745) ‘‘There is no evidence for a
regular chemical strati¢cation in the magma
chamber.’’ Lipman et al. (1997) and Lipman
(2000) rea⁄rmed the compositional uniformity
of the Fish Canyon and increased the estimated
volume from about 3000 to about 5000 km3. The
Fish Canyon lacks a plinian precursor, rhyolitic
or otherwise, but pyroclastic surge deposits are
locally present. The source caldera is about
35U75 km.

2.2. Central Andes deposits

Reconnaissance work on the 2.2 Ma Cerro Gal-
an ignimbrite at the southern end of the high
Altiplano^Puna in the central Andes by Francis
et al. (1989) suggests it is a monotonous inter-
mediate. It has a minimum volume of 1000 km3

and extends as much as 100 km in radial direc-
tions from the 30U50 km resurgent caldera. A
plinian ash-fall precursor is absent. Phenocrysts
are abundant (41^53% of whole rock), lithic and
pumice clasts are rare, Rb, Sr, and Ba vary by a
factor of nearly 2, and pumice clasts range from
66 to 70 wt% SiO2. Francis et al. (1989) conclude
that the ignimbrite was derived from a weakly
zoned, or perhaps only a somewhat heterogene-
ous, magma chamber.

2.3. Monotonous intermediates of the Great Basin

The middle-Tertiary Great Basin ash-£ow prov-
ince (Fig. 1; Best et al., 1989b, 1993) developed
during the great ignimbrite £areup that accompa-
nied subduction of an oceanic plate beneath west-
ern North America (Severinghaus and Atwater,
1990). An arc signature (calc-alkaline rocks with
negative Nb and Ti anomalies on normalized
trace element diagrams) is evident in the £areup
tu¡s and contemporaneous lava £ows.
The Great Basin harbors at least four monoto-

nous intermediates. In the volcanic ¢eld in and
around the Indian Peak caldera complex (Best et
al., 1989a), three intermediate tu¡s in the Needles
Range Group, in ascending order, are the Cotton-

Fig. 1. Shaded relief map of the middle Rocky Mountains (west of Denver), Colorado Plateaus, and Great Basin showing out-
lines of monotonous intermediate tu¡s. For clarity, the Cottonwood Wash Tu¡, which is overlapped by the Lund and Wah Wah
Springs out£ow sheets in the Great Basin, has been omitted. Base map courtesy of Ken Perry, Chalk Butte Inc.
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wood Wash (emplaced at 31.0 Ma), Wah Wah
Springs (30.2), and Lund (29.0) ^ the subject of
this paper. In the Central Nevada volcanic ¢eld is
the Monotony (27.5) (Ekren et al., 1971; Phillips,
1989).
Where exposed, bedded pyroclastic surge de-

posits are 6 1 m thick and plinian fallout deposits
are apparently absent beneath the ignimbrites.

There are no signi¢cant volumes of underlying
rhyolite that could represent an erupted di¡eren-
tiate capping the dacitic ‘dominant volume’ of the
pre-eruption magma chamber. The Wah Wah
Springs Tu¡ lies directly on the Cottonwood
Wash with no intervening rhyolite. Bedded, well-
sorted sandstone a few meters thick separates
Cottonwood Wash and Lund tu¡s from underly-
ing low-silica rhyolite tu¡s. In addition to the
implied time breaks, the compositions of the
rhyolite tu¡s render them improbable di¡erenti-
ates of the dacite magmas. The rhyolite tu¡s are

Fig. 2. Map of part of Great Basin in Nevada and Utah showing extent and thickness of the Lund Tu¡ and its White Rock cal-
dera source (as well as the older Silver King tu¡). Zero isopach of the Lund Tu¡ shown queried where its location is conjectural.
Margin of the White Rock caldera shown as a bold solid line where mapped and as a dashed line where known only approxi-
mately (Best et al., 1989a). A preserved segment of the older Indian Peak caldera is shown by dashed line. Sample localities (de-
tailed in Appendix A2): Closed circles, only Lund Tu¡ present; inverted triangles, only Silver King tu¡ present; asterisks, both
units present. Localities where stratigraphic thicknesses are known shown as small ¢lled circles. Thickness in meters; where both
units are present, thickness of Lund/thickness of Silver King. Locations where the Lund Tu¡ is known to be absent shown as
open diamonds.

2 See Electronic Supplements on http://www.elsevier.com/
locate/jvolgeores
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low-silica (V71 wt% SiO2) and contain 10^15%
phenocrysts of chie£y plagioclase and biotite with
very little quartz and sanidine; such rhyolite mag-
ma would not be expected as a di¡erentiate from
dacite magma in which the melt was high-silica
(s 76 wt% SiO2 ; see below) and in equilibrium
with sanidine and quartz. The only rhyolite de-
posits underlying the Monotony are tu¡s more
than 1.5 Myr older.
Cognate pumice clasts in monotonous inter-

mediates are typically inconspicuous; where
present, they are generally intensely compacted
lapilli in densely welded tu¡.
The four monotonous intermediates in the

Great Basin were emplaced during a brief 3.5
Myr episode (31.0^27.5 Ma) within the much lon-
ger ignimbrite £areup (34^17 Ma) but comprise a
volume nearly that of the rhyolite tu¡s that dom-
inate the remainder of the £areup (Best et al.,
1989b; Best and Christiansen, 1991). The brevity
of this unique monotonous intermediate burst is
all the more remarkable when it is realized that
volcanism in western North America related to
subduction has persisted diachronously up to the

present since at least the early Mesozoic. Large
volumes of lavas (chie£y andesitic, no basalt)
were extruded before and within several Myr after
the monotonous intermediate burst in the Great
Basin (Best and Christiansen, 1991; Barr, 1993).
Despite assertions of regional tectonic extension

during the ignimbrite £areup, we ¢nd no direct
stratigraphic evidence for such activity in the out-
£ow areas surrounding the Central Nevada and
Indian Peak caldera complexes (Best and Christi-
ansen, 1991). Out£ow stratigraphic sections con-
sist of tu¡ sheet lying conformably upon tu¡ sheet
separated only by local ¢ne-grained sedimentary
deposits and intervening lava £ows. Coarse epi-
clastic deposits of volcanic detritus between out-
£ow sheets, which would be expected during re-
gional synvolcanic extension, are notably absent,
as are angular discordances, which only occur in
the vicinity of the local piles of lava. Beginning
about 23 Ma, the ignimbrite £areup waned, non-
arc geochemical signatures appeared, volcanism
became increasingly bimodal, and widespread ex-
tension created the well-known basin and range
structure and topography.

Table 1
Paleomagnetic directions in the Lund Tu¡ and Silver King tu¡

Site Latitude Longitude N Tr. R k K95 I D PLA PLO

Lund Tu¡
De 37.844 245.601 7 L 6.97220 215.8 4.1 65.2 347.1 76.7 204.6
Dw 37.832 245.641 7 L 6.99412 1020.0 1.9 51.3 326.4 62.0 153.8
E 38.020 245.136 7 L 6.98269 346.5 3.3 55.5 320.7 58.8 163.9
F 37.913 245.348 8 L 7.96504 200.2 3.9 56.1 323.3 60.9 164.4
O 38.377 245.608 8 L 7.99408 1181.7 1.6 62.1 311.5 53.5 179.3
P 38.472 246.531 10 40 9.97861 420.7 2.4 46.4 329.5 62.4 142.6
U 37.708 245.065 8 L 7.98671 526.9 2.4 55.3 320.4 58.5 164.0
Z 37.897 244.981 8 L 7.99369 1109.2 1.7 55.0 324.3 61.4 161.3

Silver King Tu¡
E 38.021 245.135 8 L 7.97037 236.2 3.6 359.4 127.5 349.8 355.2
Jb 38.143 245.270 8 L 7.97227 252.4 3.5 369.5 102.4 336.6 18.5
Ja 38.144 245.270 8 L 7.92982 99.7 5.8 372.4 140.1 357.6 25.2
X 38.319 245.034 8 L 7.98657 521.2 2.4 369.8 108.8 340.5 17.5
Y 38.229 244.693 8 L 7.99767 3003.3 1.0 377.4 115.0 335.7 37.6
Yv 38.231 244.693 6 L 5.98460 324.7 3.7 373.4 142.2 358.2 28.1

Site, site designation from Fig. 2. (e, eastern fault block; w, western fault block; v, vitrophyre; a, b, lower and upper parts of
unit, respectively). Latitude and longitude of site (degrees). N, number of oriented cores at site. Tr., magnetic cleaning treatment
(L, best-¢t lines (Kirschvink, 1980); 40, blanket demagnetization at 40 mT). R, sum of N unit vectors. k, Fisher (1953) concentra-
tion parameter. K95, radius of 95% con¢dence cone (Fisher, 1953). I, inclination (degrees, negative upward signifying reversed po-
larity). D, declination (degrees eastward). PLA, latitude of virtual geomagnetic pole (degrees, negative in southern hemisphere).
PLO, longitude of virtual paleomagnetic pole (degrees eastward).
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3. Stratigraphy of the Lund Tu¡

3.1. Recognition of an older ignimbrite beneath the
Lund Tu¡

In order to understand the nature and origin of
the Lund Tu¡, it is mandatory to have a clear
understanding of what is and what is not part
of the tu¡. This correlation problem is com-
pounded by the super¢cial similarities among
the sequentially emplaced sheets of the Indian
Peak volcanic ¢eld. Recent work shows that
some deposits mapped as part of the Lund Tu¡
are in fact a separate ignimbrite, herein informally
named the Silver King tu¡. This crystal-rich titan-
ite-bearing dacite underlies the northwestern part
of the Lund Tu¡ (Fig. 2) and has an estimated
volume of about 200 km3. It is reversely magne-
tized, unlike the Lund (Table 1; Fig. 3). Ekren
and Page (1995) mapped a stratigraphic sequence
in which the two cooling units are separated by a

thin andesitic lava £ow at locality E in Fig. 2.
This ¢gure and table indicate four additional sites
where both cooling units have been found and
sampled. Precise single crystal 40Ar/39Ar analyses
(Table 2) disclose an age di¡erence of about 0.2
Myr between the two units. Maughan (1996) dem-
onstrated that the Silver King tu¡ is distinct from
the Lund Tu¡ in other ways as well : (a) it has less
than 6% hornblende phenocrysts ; (b) it has lower
P2O5, Fe2O3, Sc, V, and Cr and higher SiO2 at
similar TiO2 ; (c) ma¢c phenocrysts have compo-
sitions di¡erent from those in the Lund Tu¡.
These data show no possibility of a closed system
lineal descent of the Lund magma from the Silver
King magma. No source caldera for the Silver
King tu¡ has been found.

3.2. Paleomagnetism

Oriented cores were collected at 14 sites in the
Lund and Silver King units; paleomagnetic re-
sults are shown in Table 1 and Fig. 3. Data for
one site (P in Table 1) were previously reported
by Gromme¤ et al. (1972, site N13) when it was
erroneously thought to be the Wah Wah Springs
Tu¡. Standard methods were used for the ¢eld
collection and laboratory measurements (Gromme¤
et al., 1972; Scott et al., 1995). We have paleo-
magnetic data from one locality (E in Fig. 2)
where the Lund Tu¡ and the underlying Silver
King are in unquestionable stratigraphic order.
Fig. 3 shows the reverse and normal polarity of
the Silver King and Lund Tu¡, respectively. With-
in each polarity group, the between-site angular
di¡erences may be due in part to geomagnetic
secular variation, but more likely are the result
of imperfect knowledge of original horizontal at
the times of cooling and acquisition of thermo-
remanent magnetization (Gromme¤ et al., 1972).
For both polarity groups the di¡erences between
the tu¡ paleomagnetic directions and the pre-
dicted directions are well within the normal range
of geomagnetic secular variation.

3.3. 40Ar/39Ar chronology

Sanidine phenocrysts extracted from two sam-
ples of the Lund Tu¡ and two samples of the

Fig. 3. Equal-area projection of site-mean paleomagnetic di-
rections in the Silver King tu¡ and Lund Tu¡. Circles are
95% con¢dence radii centered on mean directions (Fisher,
1953). Labels correspond to Fig. 2 (and Appendix A). Aster-
isk (normal polarity) and open star (reversed polarity) with
95% con¢dence ellipses are Oligocene paleomagnetic axial di-
pole ¢eld directions expected for eastern Nevada, calculated
from North America reference dipole of Diehl et al. (1983).
Note that the data for site P (N13 in Gromme¤ et al., 1972)
was used in their compilation.
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Silver King tu¡ were dated by the single-crystal,
laser-fusion 40Ar/39Ar method. Details of the
methodology have been presented earlier (Best et
al., 1995). Results are summarized in Table 2. The
dating results are straightforward; within-sample
replicate analyses have simple, gaussian-like dis-
tributions (re£ected in mean sums of weighted
deviates near or less than 1), and between-sample
reproducibility is on the order of 10 ka. The
weighted mean age for the Lund Tu¡ is
29.029 0.04 Ma and that for the Silver King tu¡
is 29.229 0.03 Ma, a di¡erence of 200 ka.

3.4. Source caldera and dimensions of the Lund
Tu¡

De¢nition of the northern and eastern margins
of the White Rock caldera (Fig. 2) that was the
source of the Lund Tu¡ is based on thick accu-
mulations of densely welded, pumice-poor tu¡
comprising a compound cooling unit. Intercalated
lenses of monolithologic breccia of Paleozoic car-
bonate rock within the intracaldera tu¡ are inter-
preted to have formed by collapse of the unstable
wall of the subsiding caldera (Best et al., 1989a,b).
In the northern Wilson Creek Range, the thick-
ness of the intracaldera facies of the Lund Tu¡
ranges from 1 km to possibly more than 2.5 km.

In the Fairview Peak Range (Best et al., 1998) and
in the central Needle Range it is as much as 1 km
thick. Elsewhere the caldera is de¢ned by thinner
remnants of intracaldera tu¡s and by a Bouguer
gravity signature (Best et al., 1989a).
Calculation of the eruptive volume of any ash-

£ow deposit in the Great Basin depends critically
on the amount of crustal extension after emplace-
ment. But extension was heterogeneous, di¡ering
signi¢cantly between di¡erent structural domains,
and in some domains apparently occurred before
the ignimbrite £areup as well as afterward. De-
tailed evaluation of post-Lund extension in the
area of the tu¡ has not been made. However, in
an east^west transect now 400 km long between
about 39‡N and 40‡N (just north of the Lund
out£ow sheet), Smith et al. (1991) determined an
average extension of 55%. The amount of post-
Lund extension may be less than this total value.
Using lower and upper limits of 30 and 70%

extension and thicknesses shown in Fig. 2, vol-
umes of the Lund out£ow sheet are 1200 and
1000 km3 and for the intracaldera accumulation
2400^1900 km3, respectively. The volume of the
tu¡ within the White Rock caldera is a minimum
because a uniform thickness of only 1 km was
assumed. The eruptive volume of the Lund Tu¡
was, therefore, likely s 3000 km3. The uncertain-

Table 2
40Ar/39Ar data on sanidines from the Lund Tu¡ and the Silver King tu¡

Unit Lab ID# J91c n/n0 Ca/K91c 40Ar*/39Ar9 1c MSWD Age
Sample # (Ma91c)

Lund Tu¡
MIN-8V 7729 0.016919 0.00002 8/9 0.00969 0.0062 0.95899 0.0008 0.9 29.029 0.05
WATER-1-22M 21020 0.010439 0.00001 10/10 0.01279 0.0010 1.55479 0.0013 1.2 29.039 0.05

Silver King tu¡
SILVRWL-1E 7726 0.016959 0.00002 9/9 0.00649 0.0031 0.96289 0.0008 0.7 29.219 0.04
WATERNE-1C 7727 0.016959 0.00002 8/9 0.00549 0.0027 0.96339 0.0008 0.5 29.229 0.04

J is the neutron £uence parameter determined by analysis of a standard of known age co-irradiated with the unknowns. The
samples were irradiated in two batches. The ¢rst batch (samples MIN-8V, SILVRWL-1E, and WATERNE-1C) was irradiated
for 60 h in the Cd-shielded CLICIT facility of the Oregon State University TRIGA reactor, using 22.782 Ma old sanidine from
the Pahranagat tu¡ as the age standard (Best et al., 1995 modi¢ed for revised age of Fish Canyon Tu¡ of 28.02 Ma as per
Renne et al., 1998). The second batch (sample WATER-1-22M) was irradiated in the same facility for 40 h, using 27.84 Ma old
sanidine from the Fish Canyon Tu¡ as the standard (Renne et al., 1998). n/n0 refers to the number of individual grain analyses
accepted for calculation of weighted mean 40Ar*/39Ar calculation, over the total number of analyses performed; grains falling
more than two standard deviations beyond the overall weighted mean age were rejected. MSWD is the mean sum of weighted de-
viates of the individual ages. Error in age is 1c standard error of the mean, and incorporates error in J. See Fig. 2 and Appendix
for locations of samples.
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ties in the correction for extension are larger than
the correction to the dense rock equivalent vol-
ume, but based on a measured average tu¡ den-
sity of 2.3 g/cm3, the volume would be reduced by
about 10%. The disparity in relative intracaldera

and out£ow volumes, approximately equal for
some large ignimbrites (Lipman, 1997), probably
re£ects the fact that initial Lund ash £ows were
erupted within an older caldera formed during
eruption of the Wah Wah Springs ash £ows. Sub-

Table 3
Chemical and modal composition of selected samples of the Lund Tu¡

Sample
number

COYOT-1E HOR-11 LAM-5V MIN-8V PAHRC-2C ROSE-1 WATER-1-34M MLLR-6-65-1A MLLR-6-65-1PE
Tu¡ Tu¡ Vitrophyre Vitrophyre Tu¡ Tu¡ Tu¡ Pumice Pumice

wt%
SiO2 65.30 68.34 66.43 64.81 66.65 64.47 69.98 66.29 66.65
TiO2 0.68 0.57 0.68 0.71 0.70 0.77 0.48 0.68 0.62
Al2O3 15.71 14.92 15.19 15.81 15.48 16.23 14.44 15.68 15.25
Fe2O3 4.99 4.33 5.03 5.37 4.95 5.65 3.59 4.99 4.76
MnO 0.08 0.05 0.09 0.09 0.07 0.07 0.07 0.09 0.08
MgO 1.41 1.39 2.02 2.06 1.61 1.67 0.99 1.41 1.46
CaO 4.82 3.85 4.19 4.87 3.99 4.56 2.78 3.87 3.67
Na2O 2.80 2.82 3.21 2.88 2.35 3.15 2.88 2.92 3.09
K2O 4.03 3.57 2.95 3.20 4.00 3.19 4.62 3.87 4.15
P2O5 0.19 0.16 0.22 0.21 0.21 0.24 0.16 0.20 0.27
LOI 1.17 0.86 2.02 1.38 2.25 0.80 1.02 0.76 0.92
Anal. total 99.41 99.74 99.69 99.68 99.30 99.33 99.83 99.54 99.70
ppm
F 664 684 1042 964 783 962 651 698 948
S 94 141 133 125 151 94 69 75 83
Cl 129 134 271 261 135 153 54 122 142
Sc 11 8 12 12 11 14 8 11 11
V 84 76 97 105 102 109 59 89 74
Cr 15 14 16 20 20 19 5 17 15
Ni 15 14 14 16 15 19 3 15 17
Cu 13 11 14 18 16 15 16 15 21
Zn 56 51 62 67 62 70 53 57 50
Ga 19 18 19 21 19 21 18 19 18
Rb 110 98 119 100 138 96 167 116 126
Sr 552 537 545 606 524 640 378 565 586
Y 22 21 23 23 22 21 17 23 21
Zr 206 194 229 232 226 227 216 216 222
Nb 12 12 12 11 10 13 14 10 10
Ba 933 982 950 896 820 901 874 981 1006
La 42 42 57 50 49 46 63 50
Ce 95 101 108 107 116 101 104 131 103
Nd 37 38 43 41 45 40 34 49 40
Sm 7 7 8 7 8 6 9 8 8
Pb 20 19 24 21 23 20 27 25 24
Th 18 17 20 18 20 16 34 21 21
U 5 4 6 6 6 4 4 4 4
Modal proportions
Plagioclase 60.6 52.4 57.7 62.0 58.3 59.2 53.1 58.2 57.6
Quartz 10.9 17.7 5.0 5.7 2.9 17.3 11.1 16.9 12.2
Sanidine 2.3 9.7 0.0 0.2 0.0 0.0 3.3 0.0 3.3
Biotite 9.1 9.9 8.2 9.4 11.1 8.3 16.3 10.7 6.4
Hornblende 12.1 7.7 21.4 19.0 21.6 12.7 10.6 11.6 16.8
Clinopyroxene 0.5 0.2
Opaques 4.6 2.1 7.0 3.5 5.6 2.5 5.1 2.6 3.4
Titanite 0.4 0.5 0.7 0.2 Trace Trace 0.5 Trace 0.1
Tot Pheno 40.6 56.5 41.9 51.4 33.4 56.5 22.1 55.4 54.2

Oxide values in wt% have been recalculated to 100% on a volatile-free basis. Anal. Total = actual analytical total. LOI= loss on ignition. Trace ele-
ment concentrations are given in ppm. Modal proportions relative to phenocrysts (vol%) except for Total phenocrysts, which is given compared to
dense rock.
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sequent collapse of the White Rock caldera obli-
terated most of this older depression (Best et al.,
1989a).

4. Petrography and composition of the Lund Tu¡

The Lund Tu¡ is typically moderately to
densely welded and contains abundant pheno-
crysts of plagioclase, lesser quartz, hornblende,
biotite, minor sanidine, magnetite, and trace
amounts of ilmenite, apatite, and zircon. Trace
amounts of wedge-shaped titanite grains 1^1.5
mm long are present in most samples and are
the most obvious di¡erence between the Lund
Tu¡ and the three otherwise similar large monot-
onous intermediate tu¡s in the Great Basin. In
three Lund samples, sparse orthopyroxene (parti-
ally altered to hornblende and Fe^Ti oxides)
is probably xenocrystic. Phenoclasts (Best and
Christiansen, 1997) of plagioclase are commonly
6 1 mm but range to as much as 3.5 mm and
contain inclusions of, in decreasing order of abun-
dance, apatite, magnetite, biotite, hornblende, il-
menite, and zircon; some inclusion-rich cores of
plagioclases may be restite. Embayed phenoclasts
of quartz are as much as 4 mm in diameter and
rarely less than 1 mm in diameter; the lack of
strain and healed microcracks in quartz grains
suggest none are xenocrysts or restite. Phenocrysts
of biotite are common and most have inclusions
of apatite, magnetite, plagioclase, hornblende, il-
menite, and zircon. A similar suite and propor-
tions of inclusions are found in hornblende phe-
nocrysts, except biotite is present instead of
hornblende. Electron microprobe analyses indi-
cate a lack of compositional zoning in the ma¢c
phenocrysts.
Lithic clasts are virtually nonexistent in the

Lund Tu¡. Cognate pumice clasts are uncommon
in the intracaldera facies but more widespread in
the out£ow sheet. Unfortunately, their generally
small (lapilli) size and dense compaction precludes
extraction for laboratory analyses. Only ¢ve cog-
nate inclusions (from two sites) were of su⁄cient
size for study. The mineral assemblage in these
phenocryst-rich inclusions is identical to the
bulk tu¡.

4.1. Modal composition

Modal analyses of thin sections show that the
total phenocryst proportions in the tu¡ are typi-
cally high, with a median of 47 vol% phenocrysts,
an average of 43%912 (1 standard deviation),
and a range of 14^56%, all on a dense rock basis.
Pumice clasts are also rich in phenocrysts with an
average of 529 4%. Samples from the western
part of the tu¡ sheet, especially those collected
from the Y section, have fewer total phenocrysts.
These anomalous samples are considered further
below.
Within these crystal-rich rocks, there are sub-

stantial variations in proportions of plagioclase
(64^48% of total phenocrysts), sanidine (10^0%),
quartz (26^2%), biotite (20^6%), hornblende (22^
8%), and opaques (essentially Fe^Ti oxides, 8^
2%) (Table 3; Figs. 4 and 5). Unlike many zoned
rhyolitic tu¡ deposits, no major crystalline phase
appears or disappears vertically or laterally
through the Lund Tu¡. Some samples contain
no sanidine but its absence is not systematic spa-
tially in the deposit. However, some phenocryst

Fig. 4. Modal proportions of phenocrysts in the Lund Tu¡
and its pumice clasts (accessory titanite, apatite, and zircon
not shown). Modal % of individual phase, e.g., plagioclase,
is with respect to total phenocrysts whereas modal % of phe-
nocrysts is with respect to whole rock. Pumice clasts are sim-
ilar to bulk tu¡ samples. Phenocryst-poor samples are from
the WATER section (site Y in Fig. 2) in the distal western
part of the out£ow sheet, but individual phase proportions
are not distinguishable from other samples of the tu¡.
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ratios vary by more than an order of magnitude,
including hornblende/quartz (11^0.3), plagioclase/
quartz (32^2), and opaque minerals/quartz (1.75^
0.15). The felsic/ma¢c phenocryst ratio varies be-
tween 5 and 1. Quartz varies antithetically with
hornblende (Fig. 5), plagioclase, opaque grains
(Fe^Ti oxides), and biotite but sympathetically
with sanidine and total phenocrysts (Fig. 5).
Some workers have suggested that phenocryst ra-
tios in an initially homogeneous magma might
change during eruption and emplacement of an
ash-£ow tu¡. Perhaps, comminution during erup-
tion or £ow preferentially ‘destroys’ some phases
and preserves others (i.e., makes grains so small

that they appear to be part of the matrix or are
blown out of the tu¡ during £ow). If this hypoth-
esis is invoked to explain mineral proportions
seen in the Lund Tu¡, then quartz and sanidine
whose proportions increase must be resistant to
fragmentation and plagioclase, hornblende, and
Fe^Ti oxides would fragment easily and be obli-
terated. We see no reason why quartz and sani-
dine would be more resistant to comminution
than opaques or plagioclase. Moreover, the com-
minution hypothesis predicts that quartz and sa-
nidine abundance would change little and other
phases would decline in abundance to elevate
the quartz/plagioclase ratio. This is contrary to

Fig. 5. Modal proportions of phenocrysts (as % of total phenocrysts) in Lund Tu¡. Error bars represent maximum range in
modes of replicate thin sections of same sample at indicated modal %.
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our observations; quartz abundance (corrected to
dense rock) varies and plagioclase abundance is
less variable. In other words, the quartz/plagio-
clase ratio decreases because of increasing quartz,
none of which appears to be restitic or xenocrys-
tic. Finally, Best and Christiansen (1997) showed
that phenoclasts in large-volume ash £ows are not
signi¢cantly a¡ected by abrasion during £ow and
instead are fragmented by explosive expansion of
melt inclusions. Consequently, we conclude that
the changes in mineral proportion are not the
result of emplacement processes, but re£ect di¡er-
ent mineral proportions in the parental magma.
In fact, these modal trends (increasing propor-
tions of quartz and sanidine with declining pro-
portions of ma¢c phases) are consistent with the
normal evolution of a crystallizing silicic magma.
In our small suite of pumice samples, pheno-

cryst proportions do not vary as much as in the
tu¡, but they fall within the range for the tu¡
(Figs. 4 and 5).

4.2. Whole-rock chemical composition

Most samples of Lund Tu¡ (Table 3; Fig. 6;
Appendix B3) are dacites but post-eruption mo-
bility of alkalies probably displaced some into the
trachydacite ¢eld. Two samples in the phenocryst-
poor Y (WATER) section are low-silica rhyolites.
The Lund Tu¡ is calc-alkaline, based on low Fe/
(Fe+Mg) ratios, and is high-K. Normalized trace
element patterns (McDonough and Sun, 1995)
show negative Ba, Nb, Sr, P, and Ti anomalies
and decreasing enrichment of the more compat-
ible elements (Fig. 7). Negative Nb and Ti anoma-
lies indicate a subduction-related magma, or one
containing components from preexisting continen-

Fig. 7. Normalized (McDonough and Sun, 1995) trace ele-
ment diagrams of representative Lund Tu¡ samples. The
most evolved sample is WATER-1-12 and the least evolved
is ROSE-1.

Fig. 6. IUGS chemical classi¢cation (LeMaitre, 1989) of
Lund Tu¡. Oxide percentages normalized to 100% volatile-
free.

3 See Electronic Supplements on http://www.elsevier.com/
locate/jvolgeores
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tal crust. The depletion in Ba may re£ect removal
of biotite. The Sr, P, and Ti anomalies are slightly
more pronounced in the most silicic samples, sug-
gesting that separation of plagioclase, apatite, and
Fe^Ti oxides a¡ected them. The Lund Tu¡ com-
positions also lie in the volcanic arc-granite ¢eld
of Pearce et al. (1984) on the discriminant plot of
Rb vs. Y+Nb.
The range of major element variations in the

Lund Tu¡ (Figs. 6 and 8) is comparable to those
in many systematically zoned tu¡ deposits.

Although virtually all of the Lund samples are
dacite, the range in silica (about 8% on an anhy-
drous basis) is no less than that of many deposits
zoned from rhyolite to dacite. However, strongly
compatible elements in the Lund Tu¡ vary by rel-
atively small factors (Mg, 2.7; Sr and P, 1.7)
whereas in the zoned Pahranagat Tu¡ (Best et
al., 1995) these elements vary by factors of 5^7
and in the Bishop Tu¡ by factors of about 10
(Hildreth, 1979).
An apparent paradox is that variations in

Fig. 8. Selected whole-rock major and trace element compositions plotted against TiO2 for the Lund Tu¡. Major element oxides
are normalized to 100% volatile-free.
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whole-rock chemical and modal compositions cor-
relate only weakly and not at all if the glass-rich
WATER samples are ignored (Figs. 9 and 10).

4.3. Vertical and lateral compositional variations

Stratigraphic sections were sampled to test for
vertical compositional variations in the Lund de-
posit. These include out£ow sections A on the east
and U on the west, intracaldera section C, and
older caldera ¢ll section S on the east (Fig. 2).
Representative modal and chemical data for these
sections are shown in Fig. 11. There is no system-
atic vertical variation in ratios of phenocrysts in
the Lund deposit. On the other hand, in all but the
western out£ow section, there is a subtle and in-
consistent reverse zonation shown by decreasing
MgO and TiO2 and increasing K2O. This may
re£ect a small upward decrease of about 10% in
the crystal/glass ratio in two of the sections.
With regard to lateral variation, the aver-

age elemental composition of the out£ow tu¡
is indistinguishable from the intracaldera tu¡s.
For example, average SiO2 (66.4%91.9 versus
66.4%9 1.0) and TiO2 (0.64%90.8 versus 0.63%
90.06) are practically identical in the out£ow tu¡
and intracaldera tu¡ respectively. Likewise, we

have not detected any sectoral di¡erences in the
elemental composition of the out£ow sheet. On
the other hand, there are signi¢cantly fewer phe-
nocrysts (on a dense rock basis) in the out£ow
than in the intracaldera tu¡s (33.8 9 11.9% versus
50.6 9 4.0%). The signi¢cance of this di¡erence is
compromised somewhat by the correction to
dense rock equivalent percentages, but seems to
be outside of the 10% error in our density correc-
tions. In terms of phenocryst proportions, quartz
is lower (8.9%95.2 versus 16.9%94.5) and total
ma¢cs higher (32.2%97.0 versus 24.9%93.4) in
the out£ow compared to the intracaldera tu¡.
This is another example of the apparent decou-
pling of elemental composition from phenocryst
proportions.

Fig. 10. Whole-rock SiO2 and TiO2 versus modal proportion
of quartz in the Lund Tu¡. Note the lack of chemical varia-
tion with respect to modal quartz. Other elements, such as
Fe2O3, MgO, Sc, and V, also show no covariation with mo-
dal quartz. Three samples from the WATER (Y) section
have lower TiO2 and higher SiO2 as a result of glass enrich-
ment.

Fig. 9. Whole-rock SiO2 versus total abundance of pheno-
crysts, adjusted to dense rock equivalent, in the Lund Tu¡
compared with the Pahranagat Tu¡ (Pah; Best et al., 1995)
and selected other tu¡ deposits from Hildreth (1981) as fol-
lows: BT, Bishop Tu¡; AT, Ammonia Tanks; RM, Ranier
Mesa; FC, Fish Canyon; KN, Kneeling Nun; M, Monoto-
ny; SM, Snowshoe Mountain.
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5. Chemical composition of phases

Phenocrysts and glass were analyzed by elec-
tron microprobe in seven Lund Tu¡ samples. Sil-
icate and ilmenite phenocrysts are unaltered and
gave acceptable analytical totals. Magnetite grains
are slightly oxidized along fractures and rims but
unaltered interiors were analyzed. The only ob-
vious zoning in mineral grains occurs in plagio-
clases; di¡erent ma¢c grains within a sample are
somewhat variable in composition but unzoned.
Representative analytical data are in Table 4.
Plagioclase is zoned andesine, about An35 to

An50 ; disregarding possible restite cores of labra-
dorite found in one sample. Sanidine varies be-
tween Or84 and Or74 and was not found in the

most ma¢c (high-TiO2) samples. Compositions
of biotites and amphiboles, which are almost all
low-Al magnesiohornblendes, vary signi¢cantly
and do not correlate strongly with host rock
chemical composition (Fig. 12). However, Mg-
rich and Mn-poor phenocrysts occur in the
more ma¢c samples. Magnetites have a small
but signi¢cant range in composition as well and
are rich in Mg and Al in the more ma¢c samples.
Variations in ilmenite are limited. The high Mg/
Fe ratios in biotite and hornblende found in the
low-TiO2 WATER samples show the rocks are
not rhyolitic di¡erentiates of the Lund magma,
but instead mechanical mixtures enriched in
TiO2-poor (and silica-rich) glass and depleted in
phenocrysts (Fig. 12).

Fig. 11. Representative modal (dashed lines) and chemical (solid lines) data for stratigraphic sections in the Lund Tu¡ (Fig. 2).
Logarithmic scales are used to display the wide range of concentrations and to allow direct comparison of percent of vertical
change. Intracaldera section lies within its own White Rock caldera; caldera-¢ll section lies within older unrelated Indian Peak
caldera.
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The ranges of chemical variation in phenocrysts
in the Lund Tu¡ are comparable to those in sys-
tematically zoned deposits (Fig. 13), such as the
Bishop Tu¡ (Hildreth, 1979) and Pahranagat Tu¡
(Best et al., 1995) indicating that there was signi¢-
cant variability in the parental magma chamber
before eruption, despite the apparent absence of
systematic zoning.
Even though electron microprobe analyses re-

veal perturbed alkali concentrations, glass in the
Lund Tu¡ is a high-silica, low-Ti^Fe^Mg^Ca
rhyolite.

6. Intensive parameters in Lund magma

Calculations of intensive parameters from min-
eral compositions in bulk tu¡ samples are compli-
cated by phenocryst mixing that may occur dur-
ing eruption. However, within individual samples
grain to grain composition di¡erences are not
great compared to the total compositional range

(Maughan, 1996). Consequently, we used average
compositions for the unzoned ma¢c phases and
sodic rims of zoned plagioclase grains (to get min-
imum temperature estimates). In addition, Fe^Ti
oxide temperatures were calculated only from
magnetite and ilmenite grains that passed a test
for equilibrium (Bacon and Hirschmann, 1988).
The highest temperatures were found for the
more ma¢c rocks, with the exception of the
WATER samples (Table 5). Calculated tempera-
ture and oxygen fugacities follow a trend two to
three log units above QFM. This is the same fO2
trend as other silicic igneous rocks that contain
titanite, magnetite, and quartz (Wones, 1989).
Temperatures derived from hornblende^plagio-
clase (Holland and Blundy, 1994), biotite (Luhr
et al., 1984), and two feldspar geothermometers
(Fuhrman and Lindsley, 1988) are generally sim-
ilar. Pressures, calculated from the Al-in-horn-
blende calibration of Johnson and Rutherford
(1989a), cluster at about 2.5 kb (Fig. 14).
The inferred fO2, temperature, and pressure of

Table 4
Representative electron microprobe analyses of minerals in the Lund Tu¡1

Sanidine Plagioclase Biotite Hornblende Magnetite Ilmenite

COYOT PAHRC COYOT PAHRC COYOT PAHRC COYOT PAHRC COYOT PAHRC COYOT
1E 2C 1E 2C 1E 2C 1E 2C 1E 2C 1E

SiO2 63.74 58.24 58.55 37.54 37.23 46.20 46.38 0.03 0.04 0.02 0.03
TiO2 4.73 4.24 1.57 1.39 5.43 4.73 35.22 36.18
Al2O3 19.18 26.27 26.39 13.55 13.53 8.18 7.83 1.75 1.47 0.20 0.10
V2O3 0.61 0.53 1.51 1.42
Cr2O3 0.06 0.06 0.03 0.01
FeOt 0.13 0.27 0.25 16.14 16.93 14.13 14.73
Fe2O3* 54.96 57.99 32.28 30.72
FeO* 33.54 34.33 28.51 29.94
MnO 0.21 0.29 0.48 0.50 0.73 0.49 0.77 0.53
MgO 14.12 13.90 13.56 13.52 1.03 0.67 1.35 1.17
CaO 0.15 8.50 8.09 0.01 0.01 11.33 11.41
Na2O 2.73 6.36 6.58 0.48 0.46 1.46 1.41
K2O 12.07 0.65 0.66 9.03 9.06 0.91 0.89
BaO 0.95 0.06 0.04
F 0.51 0.57 0.30 0.27 0.38
Cl 0.14 0.13 0.09 0.11
H2O* 3.65 3.61 1.89 1.91
Total 98.95 100.34 100.56 99.86 99.69 99.97 100.20 99.15 100.31 99.91 100.10

Average analyses in weight percent, used in intensive variable calculations. H2O* calculated from cation normalized formulas as-
suming full occupancy of the hydroxyl site in biotite and hornblende. FeO* and Fe2O3* calculated using method of Ghiorso and
Sack (1991).
1 For other electron microprobe analyses are given in Appendix C; see Electronic Supplements on http://www.elsevier.com/locate/
jvolgeores
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crystallization and the phenocryst assemblage of
the Lund Tu¡ agree with the Fish Canyon phase
equilibria determined experimentally by Johnson
and Rutherford (1989b). Of samples plotted in
Fig. 14, only the high-temperature samples
PAHRC-2C, LAM-5V, and ROSE-1 lack sani-

Fig. 13. Compositions of Lund phenocrysts (¢lled circles;
pfu, per formula unit) compared to those in systematically
zoned rhyolite tu¡ deposits. Bishop Tu¡ (Hildreth, 1979).
Pahranagat Tu¡ (Best et al., 1995).

Fig. 12. Fe/(Fe+Mg) in (A) biotites and (B) hornblendes ver-
sus whole-rock TiO2 concentrations in host-rock Lund Tu¡.
Two samples (WATER-12M and -34M from site Y) with
low TiO2 concentrations are believed to have been displaced
(dashed line) o¡ the main compositional trend (solid line) be-
cause of enrichment of host rock in low-TiO2 glass (see Fig.
15).
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dine whereas the other samples contain pheno-
crysts of sanidine+quartz+plagioclase+biotite+
hornblende+Fe^Ti oxides+titanite. A few Lund
samples contain trace amounts of clinopyroxene
partially reacted to hornblende that might be re-
licts of higher temperatures of crystallization. In
short, the Lund Tu¡ magma appears to have crys-
tallized at modest depth (about 8 km) under ox-
idizing but water-undersaturated (XH2O = 0.5)
conditions. However, pre-eruption temperatures
in the tu¡ were not homogeneous and ranged
from about 740‡C to 800‡C. Di¡erent equilibra-
tion temperatures could have caused the varying
phase proportions and presence or absence of sa-
nidine.

7. Implications of the composition of the Lund Tu¡

7.1. Summary of facts

Nearly all samples of the Lund Tu¡ contain the
same phenocryst assemblage; in this regard the
Lund Tu¡ is monotonous. Only in ma¢c samples,
with high equilibration temperatures and high
TiO2, is sanidine absent. Phenocryst ratios vary
by as much as an order of magnitude in a manner
consistent with progressive crystallization of cool-
ing silicic magma. Element concentrations vary by
as much as a factor of two or three along normal
di¡erentiation trends for calc-alkaline magmas.
Major element composition is only weakly corre-

Table 5
Intensive parameters calculated for the Lund Tu¡ magma

Sample PAHRC-2C LAM-5V COYOT-1E HOR-11 WATER-1-12M ROSE-1 WATER-1-34M

Temperature (‡C)
Two-feldspar 770 745
Fuhrman and Lindsley
(1988)

Biotite 8159 2 8059 29 7659 32 7319 21 8189 22 8009 17 7659 29
Luhr et al. (1984)

Hornblende^plagioclase 7629 22 7559 21 784 7559 6 7729 8
Holland and Blundy
(1994)

Fe^Ti oxides
Ghiorso and Sack
(1991)

8609 5 8029 12 708

Preferred temperature 788 765 773 735 818 800 765

Pressure (kb)
Hornblende
Johnson and Rutherford
(1989a)

2.5 9 0.3 2.69 1.4 2.2 2.5 9 0.4 2.99 0.5 2.59 0.2 2.59 0.3

Anderson and Smith
(1995)

1.9 9 0.3 2.89 0.4 2.0 2.9 9 0.4 1.59 0.5 2.09 0.2 2.49 0.3

Oxygen fugacity
Fe^Ti oxides
Ghiorso and Sack
(1991)

log fO2 310.7 311.7 314.1
vQFM 2.7 2.8 2.7

Water fugacity (kb)
Biotite^magnetite^sanidine 2.7 9 0.2 3.1 9 0.3 2.1 9 0.4
Bohlen et al. (1980)

Hornblende pressures and water fugacities calculated using preferred temperature.
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lated (r2W0.5) with proportions of plagioclase,
hornblende, opaques, and total phenocrysts (Fig.
10). Mineral compositions are not strongly corre-
lated with whole-rock chemical composition (if
the glass-rich WATER samples are included,
Fig. 12). Matrix glass in the Lund Tu¡ is high-
silica rhyolite. The Lund deposit lacks systematic
vertical variations in modal composition but a
weak reverse zonation is evident in some elements
in some sections that may re£ect a slight upward
increase in the proportion of glass to phenocrysts.
The absence of a plinian fallout tu¡ and of a
rhyolitic base beneath the voluminous crystal-
rich dacite tu¡ are especially signi¢cant.
The Lund deposit, therefore, appears monoto-

nous in some respects but has variations in modal,
mineralogical, and bulk chemical composition.

7.2. Anomalous WATER samples at site Y

The samples from the western Y section are
anomalous in several respects. That they are truly
from the Lund Tu¡ cannot be doubted because
WATER-22M has a Lund age (Table 2) and min-

eral compositions are like those in the rest of the
tu¡. Relative to other Lund samples, they have
extreme major and trace element compositions,
such as low TiO2, Fe2O3, Sc, and V and high
silica (Figs. 6, 8 and 15) and include the only
low-silica rhyolites analyzed. They are also phe-
nocryst-poor (Fig. 9), to as little as 10% of the
whole rock (about 13% on a dense rock basis),
and the phenocrysts are uniformly smaller. These
rhyolites are not simply silicic di¡erentiates of the
main dacitic part of the magma chamber because
their biotite and hornblende phenocrysts have low
Fe/(Fe+Mg) ratios and yield high equilibration
temperatures just like the dacites (Fig. 12; Table
5).
However, their attributes are consistent with

enrichment in high-silica rhyolite vitroclasts (Fig.
9). As apparent in Fig. 15, 1.4 times as much glass
must be added to a Lund Tu¡ that has 0.76 wt%
TiO2 to create the WATER-12M sample that con-
tains 0.40 wt% TiO2. This added glass would con-
vert an average Lund Tu¡ containing 40% pheno-
crysts into one that has the same phenocryst
content as WATER-12M.

7.3. Discussion

The conclusion of Whitney and Stormer (1985)
that the compositional variability of the Fish
Canyon Tu¡ was created by di¡erent degrees of
winnowing of vitroclasts from an initially homo-
geneous magma during explosive eruption and
emplacement cannot apply to the Lund Tu¡.
From major element plots (Figs. 8 and 15), it
might be concluded that whole-rock chemical var-
iations in the Lund Tu¡ simply resulted from dif-
ferential winnowing of glass from phenocrysts.
However, it is inconceivable that any elutriation
process could have created these features from a
homogeneous magma. Four lines of evidence sup-
port this contention: (1) order-of-magnitude var-
iations exist in ratios of phenocrysts ; (2) there are
systematic modal variations; (3) the phenocrysts
are chemically variable; and (4) there is a signi¢-
cant range of inferred crystallization tempera-
tures. Elutriation of glass would have created a
marked correlation between whole-rock chemical
composition and total abundance of phenocrysts,

Fig. 14. P^T diagram comparing preferred eruption tempera-
tures and average pressures for Lund Tu¡ to mineral stabil-
ity ¢elds for the Fish Canyon magma system at XH2O = 0.5
(Johnson and Rutherford, 1989b). Solid curves represent the
beginning of crystallization with decreasing T of indicated
crystalline phases. Dashed line labeled ‘Cpx out’ represents
the low-T stability limit of clinopyroxene as it reacts with
melt to produce hornblende. Crosses for each sample are 9 1
standard deviation (Table 5).
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but any such correlation for the Lund Tu¡ is
weak and, if the silicic WATER samples ^ which
cannot be regarded as parental glass-rich magma
^ are disregarded the correlation is nonexistent
(Fig. 9). The absence of signi¢cant phenocryst
enrichment is also illustrated by the high pheno-
cryst proportions in the cognate inclusions when
corrected to a dense rock basis. In fact, they are
on average slightly enriched in phenocrysts
(529 4% versus 439 12%). Glass elutriation
would create the opposite trend. The conclusion
seems inescapable that the erupted, very large vol-
ume Lund magma was inhomogeneous with re-
gard to proportions and ratios of phenocrysts,
mineral compositions, and equilibration temper-
atures.
We next examine the possibility that some of

the variability in bulk composition and in pheno-
cryst ratios and compositions represent di¡ering
degrees of crystallization at di¡erent values of in-
tensive parameters, especially temperature. We
have already noted that the trends of variations
in phenocryst proportions are consistent with pro-
gressive crystallization of a dacitic magma. Yet,
on the other hand, Figs. 9 and 10 show a weak
correlation between bulk rock composition and
phenocryst compositions. There is also little cor-
relation between phenocryst abundance and ele-
mental composition. A 2^25% variation in the
proportion of quartz phenocrysts to total pheno-

crysts does not correspond with any signi¢cant
variation in any chemical constituent, not even
silica.
What then caused the range of compositions?

Fractional crystallization of ma¢c dacite was
tested by Maughan (1996) using the major ele-
ment fractional crystallization program of Storm-
er and Nicholls (1978) and found to be an unsat-
isfactory solution to the whole-rock chemical
variation ^ as expected for a phenocryst-rich
rock treated as a liquid.
Trace element models (Fig. 16) can also be used

to test this and other evolutionary hypotheses.
Bulk partition coe⁄cients were calculated from
the average modal proportions and partition co-
e⁄cients from Rollinson (1993). The relatively
small variations in compatible element concentra-
tions (like Sr) are inconsistent with simple frac-
tional crystallization (Fig. 16A). Nor are the trace
element trends consistent with combined fraction-
al crystallization and mixing of melts (pyroclasts)
during eruption (cf. Best et al., 1995). The only
pyroclast mixing trends (Fig. 16B) that satisfy the
bulk of data involve highly fractionated melts
(F6 0.2, where F is the fraction of residual liquid)
mixing with rather primitive melts (Fs 0.9). Mix-
tures involving intermediate compositions along
the fractionation trend are not apparent but
should be much more common than mixtures of
the extremes. We have no evidence of the exis-
tence of contrasting liquids ^ all of the analyzed
glasses are fairly homogeneous rhyolitic glasses.
In addition, modeling a phenocryst-rich magma
as an evolving liquid seems inappropriate.
Batch partial melting followed by accumulation

of di¡erent batches of magma in a sub-caldera
chamber might explain the observed trace element
trends (Fig. 16C). Here we have assumed parti-
tion coe⁄cients appropriate for a broadly dacitic
melt ^ rather high DSr (3) because of abundant
plagioclase and low DRb (0.1) to represent little or
no biotite in the residuum. Liquid compositions
produced by partial melting crust of broadly an-
desitic composition (CRbo = 70 ppm, CSro = 900
ppm) correspond rather closely with the Lund
Tu¡. However, such models require very high de-
grees of melting, ranging as high as 0.8. To match
the magma composition by using lower degrees of

Fig. 15. Compositions of glass in Lund Tu¡ connected by
tie-lines to their corresponding whole-rock hosts. WATER-1-
12, -22, and -34 whole-rock samples (+) lie at the extremity
of the tu¡ ¢eld because of enrichment in low-TiO2 glass.
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melting, the source must have unrealistically high
Sr contents (Sro = 1300^1400 ppm; Rbo = 35). In
any case, it is di⁄cult to see how separate batches
of magma could be inserted sequentially in a shal-
low magma chamber without thorough mixing or
systematic zoning. In addition, these partial melt-
ing models do not directly address the high crys-
tallinity of the rocks, since the models are for
melts only.
Several open system models must also be con-

sidered as possible explanations for the trace ele-
ment data. For example, the composition of the
Lund Tu¡ lies on potential mixing trends between
some andesites and rhyolites (Fig. 16D) that
erupted both before and after the tu¡ (Best and
Christiansen, 1989a). However, if magma mixing
occurred, homogenization was extensive as phe-
nocrysts with compositions similar to those found
in the andesites are absent (calcic plagioclase
cores have inclusions of biotite and are unlikely
to have crystallized from Indian Peak andesites
that generally contain two-pyroxenes or olivine).
Nor are disequilibrium textures the rule in the
Lund Tu¡. Again, this model provides no explan-
ation for the phenocryst-rich magma. Mixing
would have to have been followed by re-equilibra-
tion and considerable crystallization.
Another relatively unsuccessful set of open-sys-

tem models involves assimilation combined with

fractional crystallization (Fig. 16E). Two end-
member models are shown. One involves assimi-
lation of average upper continental crust (Taylor
and McLennan, 1985). Even over a wide range of
possible contamination/assimilation ratios (r=0.3
for the model shown) these models do not match
the trends seen in the tu¡. A closer match can be
made by assuming that a highly evolved rhyolite
was mixed into a fractionating dacitic magma.
However, the composition of assimilated rhyolite
must be rather extreme (at r=0.3; 1000 ppm Rb
and 50 ppm Sr-like a topaz rhyolite; Christiansen
et al., 1983). At higher rates of assimilation/crys-
tallization (r=0.95), the hypothetical rhyolite con-
taminant is less unusual but still 400 ppm Rb is
required to match the shallow trend of the Lund
Tu¡. However, Rb-rich topaz rhyolite lava £ows
in the area post-date the Lund Tu¡ by at least
6 Myr. Open system models like this also predict
a large range in isotopic compositions of the ma¢c
versus the more silicic rocks. Isotopic data col-
lected thus far do not demand large amounts of
open system addition of extraneous components ^
solids or liquids ^ to the Lund magma system.
N
18O for quartz in ma¢c versus more silicic
Lund Tu¡ varies by 1x and for plagioclase
shows no discernible di¡erences (Hart, 1997).
Likewise, Pb^Sr^Nd isotope ratios (Hart et al.,
1998) show very little isotopic variation across

Fig. 16. Petrogenetic models for the compositional variation in the Lund Tu¡. (A) Rubidium and strontium variations in the
Lund Tu¡ compared to the evolution of a magma experiencing fractional crystallization (line labeled by fraction of residual liq-
uid ^ F). Bulk partition coe⁄cients (DRb = 0.25, DSr = 3.8) were calculated from the modal mineralogy and initial concentrations
were taken from the most ma¢c rock composition (CRbo = 95 ppm, C

Sr
o = 650 ppm), but the conclusions are not sensitive to a

rather wide range of assumptions. (B) The thin lines illustrate only a few of the many mixing lines between melts produced by
varying degrees (F) of fractional crystallization. Mixtures close to the fractionation line would be expected to be abundant but
are not apparent in the Lund Tu¡. (C) Melts produced by variable degrees of batch partial melting (shown with line labeled
with fraction of melting) correspond to the compositional variation of the Lund tu¡. A crustal source with CRbo = 70 ppm.
CSro = 900 ppm was assumed. (D) The Lund Tu¡ lies on nearly straight-line mixing trends between some of the andesites and
rhyolites that erupted before and after (30^25 Ma) the Lund Tu¡. (Includes unpublished data from the Indian Peak Volcanic
Field collected by M.G. Best and E.H. Christiansen). (E) The e¡ect of assimilation and fractional crystallization on rubidium
and strontium concentrations (lines labeled with F ^ fraction of residual liquid) as compared to the Lund Tu¡. The ratio of the
rate of assimilation to crystallization is r and assumed to be 0.3. Assimilation of upper continental crust (Rb=112, Sr= 350;
Taylor and McLennan, 1985) does little to perturb the fractional crystallization curve. However, hypothetical evolutionary trends
can be found that fall near the bulk rock compositions by assuming assimilation of highly evolved rhyolite (Rb=1300 ppm,
Sr= 50 ppm). Bulk partition coe⁄cients (DRb = 0.25, DSr = 3.8) and initial composition of melt (CRbo = 95 ppm, C

Sr
o = 650 ppm) are

the same as those in model A. (F) Equilibrium crystallization with the production of coexisting crystals and liquids (solid curves
labeled with F ^ the fraction of residual liquid). The dots are the compositions of 50/50 mixtures of crystals and melts produced
by mixing at each 10% crystallization increment. Mixing may have occurred during eruption. The tu¡ compositions correspond
to the most common set of these mixtures.
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the compositional spectrum in the Lund Tu¡.
Therefore, open system models are not very at-
tractive explanations for the variation in the
tu¡. These models also su¡er because they treat
the evolving magma as a crystal-free melt.

These model calculations do not preclude batch
partial melting, magma mixing, or assimilation as
important processes in the generation of the Lund
magma; the models simply show that these pro-
cesses were not responsible for the observed chem-
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ical variation in the tu¡. In fact, it is our conten-
tion that the chemical evidence is consistent with
the generation of the Lund parental magma by
interaction of ma¢c magmas with more silicic
crust and magmas derived from it.
More successful models of the trace element

and phenocryst variations of the Lund Tu¡ can
be created by assuming that varying degrees of
fractional crystallization (+/3some small amount
of assimilation or mixing) of a parental magma
produced a range of complementary melts and
crystals that coexisted in the same chamber. If
these components were then separated and re-
mixed during explosive eruption, they would pro-
duce a shallow trend on a Rb^Sr diagram. How-
ever, for the assumptions used here, the models
predicts that the bulk tu¡ samples should consis-
tently have s 50% phenocrysts, when in fact few
of our samples do. Choosing a more Rb-rich par-
ent as the initial melt only makes this problem
worse; assuming an initial magma with less Rb
is unable to explain the high Rb rocks.
The most successful closed system models in-

volve equilibrium crystallization, rather than frac-
tional crystallization. Equilibrium crystallization
may be a better model for a large convecting mag-
ma system such as the one that must have fed the
Lund Tu¡. The range of phenocryst proportions,
phenocryst compositions, and inferred tempera-
tures implies that the degree of evolution varied
in di¡erent parts of the parental magma chamber.
Thus, ‘discrete parcels’ of melt and crystals may
have coexisted in a thermally inhomogeneous,
convecting magma chamber. Each parcel would
have had a di¡erent degree of crystallinity. On
this diagram (Fig. 16F), the bulk tu¡ composi-
tions are enclosed by a ¢eld of hypothetical
50:50 mixtures (small dots) of melts and coexist-
ing solids produced at 10% increments of crystal-
lization. Physical mixing could have occurred dur-
ing eruption of vitroclasts and phenoclasts. Glass
from one parcel could mix with crystals from an-
other parcel and produce a wide range of pheno-
cryst proportions and bulk rock compositions.
The compositions of the tu¡ samples fall within
the densest cluster of mixtures.
This, our preferred model, explains many as-

pects about the Lund Tu¡: (1) the compositional

variation in the tu¡ but the absence of systematic
zonation in the deposit ; (2) the crystal-rich char-
acter of the pumices and of the tu¡, (3) the rela-
tively £at Rb^Sr trends (and for other elements
not shown here for lack of space), (4) the varying
compositions of the phenocrysts (and the temper-
atures calculated from them) but the homogeneity
of individual ma¢c phenocrysts, and (5) the highly
evolved character of the glass. Finally, this erup-
tive mixing model explains the anomalous
WATER samples as glass-enriched products of a
mixing of ma¢c phenocrysts with abundant silicic
glass. Exactly when or how this mixing occurred
is not constrained by the models. Mixing (without
re-equilibration) could have occurred in the mag-
ma chamber during rapid withdrawal, during
fragmentation in the conduit, or during pyroclas-
tic £ow and emplacement.
Certainly, these trace element models do not

provide a unique solution but combine to suggest
that progressive crystallization over a range of
temperatures followed by eruptive mixing may ex-
plain much of the chemical and mineralogical var-
iation in the tu¡. Further studies of suites of
pumices and of the trace element analyses of glass
shards and glassy groundmasses may help con-
strain this evolutionary model for the Lund and
for monotonous intermediates in general.

8. Geologic controls on the composition of the
Lund Tu¡

We next explore crustal thickness, rate of input
of basaltic magma into the roots of the magma
system, crustal stress distribution, and magma
chamber shape as possible factors in the origin
of the monotonous intermediate Lund magma.

8.1. Crustal thickness

Crustal thickness during the burst of Oligocene
monotonous intermediate volcanism in the Great
Basin can only be inferred indirectly because of
subsequent east^west extension and consequent
crustal thinning. The early Cenozoic crust had
been thickened by Jurassic to Paleocene contrac-
tional orogenies to as much as an estimated 50^60
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km (Jones et al., 1998; Zandt et al., 1995), com-
pared to the current 25^35 km. Coney and Harms
(1984) show a north^south trending 50^60 km
thick crustal welt positioned along the Nevada^
Utah stateline through the Indian Peak caldera
complex (Fig. 17) and suggested (p. 553) that
the eastern Great Basin ‘‘was a vast Tibetan or
Andean altiplano plateau prior to middle-Tertiary
crustal extension.’’ Independent veri¢cation of a
thick, early to middle-Tertiary crust is a¡orded by
the compositions of the volcanic rocks of this age.
In a comparison of subduction-related volcanic
rocks worldwide (Barr, 1993), middle-Tertiary
high-K lava £ows in the Great Basin are composi-
tionally most like Neogene rocks in the central
Andean Altiplano^Puna and Oligocene rocks in
the San Juan volcanic ¢eld. In these two volcanic
¢elds, the thickness of the crust, which probably
has not been modi¢ed signi¢cantly since volcan-
ism, is currently 50^70 km (Allmendinger et al.,
1997) and 48 km (Prodehl and Lipman, 1989),
respectively. Comparisons of middle-Tertiary
Great Basin rocks with the geochemical parame-
ters of Leeman (1983) suggest the crust was 60^70
km thick; the magmas are markedly dissimilar to
those erupted on thinner (6 40 km) crust.
Thermal models of the e¡ects of crustal thick-

ening disclose peak elevation of temperature in
the crust a few tens of millions of years after
peak contraction (e.g., Huerta et al., 1996). For
the area that is now the eastern Great Basin, ma-
jor contractional deformation occurred about 90-
60 Ma (DeCelles et al., 1995). Therefore, during
the monotonous intermediate burst 31 to 27 Ma,
lower and middle crustal temperatures were still
likely elevated with respect to a normal geotherm,
thereby facilitating crustal assimilation. However,
thickened crust alone cannot account for genera-
tion of monotonous intermediate magmas. This is
obvious from the fact that a mid-Tertiary amag-
matic zone lies immediately south of the Great
Basin ash-£ow province in crust that is believed
to have been 50^60 km thick (Fig. 17).

8.2. Flux of mantle-derived ma¢c magma into the
crust: magma generation

The critical heat source powering crustal mag-

ma generation has to be in£ux of mantle-derived
ma¢c magma (e.g., Hildreth, 1981; Laube and
Springer, 1998). In this area during the early to
middle Tertiary, ma¢c magma was likely gener-
ated in the mantle wedge overlying subducting

Fig. 17. Western US crustal thickness. Restored early Terti-
ary crustal thickness in what is now the Basin and Range
province of the southwestern USA. Thickness contours at 30,
40, 45, 50, and 60 km from Coney and Harms (1984). The
thickest crustal ‘welt’ re£ects the e¡ects of Mesozoic oroge-
nies. The areas with bold outlines show Oligocene^Miocene
ash-£ow ¢elds formed about 34^20 Ma. The Great Basin
ash-£ow province of Nevada and Utah includes the central
Nevada and the Indian Peak caldera complexes (shaded) that
were the source of four monotonous intermediate ash-£ow
tu¡s, including the Lund Tu¡. These caldera complexes
formed where the ignimbrite belt intersected the thickest
crust. The monotonous intermediate Fish Canyon Tu¡ in the
southwestern Colorado San Juan volcanic ¢eld lies on some-
what thinner crust in this reconstruction (but currently about
48 km) whereas no monotonous intermediate tu¡s occur in
the southwestern New Mexico Mogollon^Datil volcanic ¢eld
on still thinner crust.
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oceanic lithosphere (Severinghaus and Atwater,
1990). Prior to the ignimbrite £areup, volcanic
activity had swept southward through the north-
ern Great Basin area (accompanying slab roll-
back) at a rate of about 50 km/Myr but during
the £areup the sweep slowed to almost an order
of magnitude less (Best and Christiansen, 1991).
Thus, the ignimbrite £areup occurred in an arcu-
ate, east-west zone across the central to southern
Great Basin (Fig. 17) where there was a more
focused in£ux of ma¢c magma into the crust. Mo-
notonous intermediate magma generation oc-
curred at the intersection of this east^west zone
and the north^south-trending welt of most thick-
ened crust (Coney and Harms, 1984).
O, Pb, Nd, and Sr isotopic data (Hart et al.,

1998; Askren et al., 1997) indicate that substantial
amounts of crustal rock, including upper crustal
sediment, was assimilated into the mantle magma
driving the silicic magma systems. For example,
N
18O in plagioclase separates from ¢fteen samples
of the three Indian Peak monotonous intermedi-
ates is 7^9x (Hart, 1997), compared to a mantle
value of 5.7 9 0.3x and initial 87Sr/86Sr ranges to
as high as 0.712 (Hart et al., 1998).

8.3. State of stress and crustal magma chamber
shape

In the Great Basin, there is clear evidence for
regional tectonic quiescence ^ neither extension
nor contraction ^ during eruption of the monot-
onous intermediate tu¡s (Best and Christiansen,
1991). The volume of ma¢c mantle-derived mag-
ma required to generate this huge volume of mag-
ma (e.g., Grunder, 1995) could not have been en-
tirely emplaced as subvertical dikes because that
would have produced signi¢cant horizontal crus-
tal extension, for which there is no evidence.
Rather, the magma was likely emplaced into the
crust mostly as sills, necessarily fed from dikes
tapping the mantle source. Magma chamber con-
struction was probably accomplished by lifting
the overlying crust against the least principal
stress (c3), rather than forcing horizontally
against the walls of dikes. Emplacement of ma¢c
magma as sills rather than dikes e⁄ciently re-
leases more heat at a particular level and thus

provides for more extensive melting of country
rock (Huppert and Sparks, 1988). Stagnation of
many basalt sills near the same crustal horizon
could generate large volumes of dacitic magma
by partial fusion of crustal rock and mixing
with mantle-derived ma¢c magma. Existence of
a plexus of basalt sills su⁄cient to drive silicic
magma generation could be tested seismically.
The present-day Altiplano^Puna of the central

Andes serves as analog of the middle-Tertiary
Great Basin area. de Silva (1989) has proposed
a similar scenario as just outlined for the late
Miocene central Andean ignimbrite £areup.
Isaaks (1988, p. 3228) postulated emplacement
of sills during the Neogene into the crust and
Allmendinger et al. (1997) envisage magmatic
underplating contributing to plateau uplift.
More direct seismic evidence for a £at slab of
magma about 0.8 km thick underlying much of
the central Altiplano^Puna at a depth of about 19
km has been documented by Chmielowski et al.
(1999). They suggest it is a long-lived crustal stor-
age zone replenished from deeper sources, per-
haps lodged at the brittle^ductile transition (G.
Zandt, 1999, written communication).
It seems likely, therefore, that the Lund magma

was lodged in a £at sill, or perhaps a swarm of
multiple sills. Such a con¢guration can account
for the lack of signi¢cant compositional gradients
in the Lund deposit. de Silva (1991) and de Silva
and Wol¡ (1995) proposed that an important con-
trol on the degree of compositional variability in a
pyroclastic deposit and in the pre-eruption mag-
ma chamber is its shape. In upright bottle-shaped
chambers, signi¢cant sidewall crystallization
yields less dense, fractionated residual melt which
convectively buoys upward and collects as a layer
of rhyolite magma at the top of the magma cham-
ber (Fig. 18). However, in slab-like chambers,
heat is lost chie£y through the roof but in thick
slabs crystallization can occur at the £oor as a
result of the contrast in adiabatic and liquidus
gradients. Cooling and densifying magma at the
roof is negatively buoyant and tends to sink
whereas £oor crystallization releases less dense,
compositionally buoyant, residual melt (e.g., Mar-
tin et al., 1987). Floor magma may also become
thermally buoyant as it is heated by replenishing
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hot magma from below. This buoyant magma
would mix with the overlying magma rather
than accumulating in a separate pool at the
roof. The slab of magma is, therefore, stirred
and mixed from above and below with the prob-
able result that systematic, chamber-wide compo-
sitional and thermal gradients were limited in the
milieu of rising and sinking plumes. A signi¢cant
proportion of evolved rhyolitic melt could not
segregate from crystals as in bottle-shaped cham-
bers. Progressive crystallization would, nonethe-
less, occur causing mineral compositions to vary.
Even if compositional zoning existed in a slab-

like chamber it would tend to be destroyed during
eruption (S. De Silva, written communication,
1999), rather than preserved as in the systematic

withdrawal of increasing diameter, deeper erup-
tive volumes of a zoned bottle-shaped chamber
(e.g., Best et al., 1995, Fig. 18).
Therefore, despite the lack of systematic com-

positional gradients in the Lund Tu¡, adjacent
parcels of magma in a stirred magma slab could
have varied somewhat in temperature, melt and
mineral composition, and mode ^ even though
the bulk composition of the parcels might have
been similar. The lack of zoning in the ma¢c phe-
nocrysts suggests that they remained in equilibri-
um with the melt in each parcel during crystalli-
zation. Possibly, there were multiple slab-like
magma chambers of about the same bulk compo-
sition and each having evolved to a di¡erent de-
gree that were tapped during the eruption.

Fig. 18. Schematic contrast in magma evolution between an upright bottle-shaped magma chamber and a horizontal lens-shaped
chamber. In the bottle-shaped chamber (depth scale unspeci¢ed), prominent sidewall fractional crystallization and associated ther-
mochemical convection allows magma ‘unmixing’ and development of a di¡erentiated rhyolitic cap. During evacuation from the
top downward, chamber zonation is essentially preserved, but inverted, in the ignimbrite. In the hypothetical monotonous inter-
mediate magma lens, sidewall crystallization is absent and development of a compositional gradient (especially of a separate
body of evolved rhyolite magma) is limited because of convective stirring. Plumes of magma rise from the £oor or fall from the
roof as a result of density changes caused by crystallization and mix with the surrounding magma. Continued input of ma¢c
magma stirs the pot as well. If any compositional or thermal gradients develop they tend to be erased during eruptive mixing
and the resulting ignimbrite is compositionally heterogeneous but lacks systematic vertical or lateral zonation.
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8.4. Eruptive aspects

The sill model for the Lund magma chamber
would be consistent with rather wholesale evacu-
ation at a high discharge rate. Perhaps, the 9 km
thick roof of Precambrian and Phanerozoic
quartzites and carbonate rocks (density about
2600^2800 kg/m3) broke when it was no longer
strong enough to span the s 50 km diameter
magma chamber. The roof would have subsided
into the less dense (about 2450 kg/m3) magma,
forcing it out at a high rate. Relative to an end-
member bottle-shaped chamber, a greater propor-
tion of chamber magma might have been forced
out. The large volume rate of eruption probably
created a sustained collapsing pyroclastic fountain
(Sparks et al., 1997) from which ash £ows spread
laterally for great distances.

9. Conclusions

The dacitic Lund Tu¡ is a very large volume
ash-£ow deposit in the Indian Peak volcanic ¢eld
of the Oligocene Great Basin ignimbrite province.
It is a distinctive monotonous intermediate tu¡.
The tu¡ contains abundant phenocrysts of (in
generally decreasing amounts) plagioclase, quartz,
hornblende, biotite, sanidine, Fe^Ti oxides, and
titanite. It was emplaced at 29.029 0.04 Ma, has
a normal paleomagnetic direction, and has an es-
timated volume of at least 2900^3600 km3 (ad-
justed for 30^70% uniform post-volcanic crustal
extension; 2600^3200 km3 on a dense rock basis).
The White Rock caldera has a north^south unex-
tended dimension of about 50 km. The Silver
King tu¡, which was originally included with
the Lund Tu¡ stratigraphic unit, is older
(29.229 0.03 Ma), reversely polarized, an order
of magnitude smaller in volume, and composi-
tionally distinct.
The Lund Tu¡ is compositionally monotonous

^ it has virtually the same phenocryst assemblage
throughout; it lacks systematic compositional zo-
nation; and it lacks an underlying co-genetic
rhyolitic precursor or precursory plinian fallout.
Nonetheless, there are signi¢cant variations in

bulk-rock compositions and in proportions and
compositions of phenocrysts, all of which vary
along normal calc-alkaline di¡erentiation trends.
The tu¡ typically has 40^50% phenocrysts and
cognate pumice fragments are similarly pheno-
cryst-rich.
We postulate that the distinctive attributes of

the Lund Tu¡, resulted from the following fac-
tors:

1. The coincidence of unusually warm orogeni-
cally thickened crust and an unusually high
£ux of ma¢c mantle magma generated during
roll back of a subducting slab combined to
enhance crustal melting and assimilation. This
created a very large volume of dacitic magma.

2. This magma accumulated in a £at sill-like
chamber about 50 km across at a depth of
about 9 km. Sills were the dominant shape in
this thick crust under the quasi-hydrostatic
state of stress that prevailed during the middle
Tertiary in the Great Basin.

3. Convective mixing in the sill precluded develop-
ment of a strong chamber-wide compositional
gradient that could be inverted systematically
upon eruption (as occurs in chambers where
extensive sidewall crystallization and convective
fractionation create a cap of evolved rhyolite
magma).

4. Nonetheless, varying temperatures in the
chamber created separate magma parcels that
experienced di¡erent degrees of equilibrium
crystallization. Each parcel had its own distinc-
tive temperature (730^800‡C), phenocryst pro-
portions, and mineral compositions.

5. Fragmentation and physical mixing of glass
and phenocrysts from these parcels occurred
during evacuation and eruption and created a
range of tu¡ compositions.

6. The large size of the chamber combined with
roof subsidence created high mass eruption
rates and a continuously collapsing eruption
cloud. No plinian fallout preceded the erup-
tion.

7. Separation of glass from phenocrysts was not a
major factor in creating the compositional
spectrum.
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