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The BishopTuff is a giant silicic ignimbrite erupted at 0·76Ma in

eastern California, USA. Five pumice clasts from the late-erupted

Bishop Tuff (Aeolian Buttes) were studied in an effort to better

understand the pre- and syn-eruptive history of the Bishop magma

body and place constraints on the timescales of its existence.

This study complements and expands on a previous study that

focused on early-erupted BishopTuff pumice clasts. Bulk densities

of pumice clasts were measured using an immersion method, and

phenocryst crystal contents were determined using a sieving and win-

nowing procedure. X-ray tomography was used to obtain qualitative

and quantitative textural information, particularly crystal size dis-

tributions (CSDs).We have determined CSDs for crystals ranging

in size from �10 to �1000 mm for three groups of mineral phases:

magnetite (�ilmenite), pyroxeneþ biotite, quartzþ feldspar.

Similar to early-erupted pumice, late-erupted pumice bulk density

and crystal contents are positively correlated, and comparison of

crystal fraction vs size trends suggests that the proportion of large

crystals is the primary control on crystallinity. Porosity is negatively

correlated with crystal content, which is difficult to reconcile with

closed-system crystallization. Magnetite and pyroxeneþ biotite size

distributions are fractal in nature, often attributed to fragmentation;

however, crystals are mostly whole and euhedral, such that an alter-

native mechanism is necessary to explain these distributions.

Quartzþ feldspar size distributions are kinked, with a shallow-

sloped log^linear section describing large crystals (4140 mm) and a

steep-sloped log^linear section describing small crystals (5140 mm).

We interpret these two crystal populations as resulting from a shift

in crystallization regime.We suggest that the shallow-sloped section

describes a pre-eruptive quartzþ feldspar growth-dominated regime,

whereas the steep-sloped section represents a population that grew

during a nucleation-dominated regime that began as a result of

decompression at the onset of eruption.Timescales of quartz growth

calculated from the slopes of these two segments of the size distribu-

tions indicate that the pre-eruptive crystal population grew on time-

scales on the order of millennia and may describe the timescale

of crystallization of the Bishop magma body.The syn-eruptive popu-

lation gives timescales of51^2 years (but possibly much less) and

probably marks the onset of eruptive decompression.

KEY WORDS: Bishop Tuff; crystal size distributions; textures;

supereruptions; X-ray tomography

BACKGROUND AND MOTIVAT ION

The existence of giant magma reservoirs within the Earth’s

crust is evidenced most strikingly by huge pyroclastic

deposits, often comprising hundreds to thousands of km3

(Self, 2006), inferred to have erupted in a matter of days to

weeks (Smith & Bailey, 1966; Ledbetter & Sparks, 1979;

Wilson & Hildreth, 1997). The size of the deposits and the

potential threat that similar eruptions pose to society

(Lowenstern et al., 2006) make these deposits both interest-

ing and important to study. In trying to understand the his-

tory and evolution of these large magma bodies, we gain

significant insights into igneous systems in general, as well

as information that may become useful in efforts to predict

future supereruptions.

The BishopTuff (Fig. 1) is a very well-studied example of

a giant silicic eruption. The Bishop Tuff stratigraphy and
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petrography (Bailey et al., 1976; Hildreth,1977,1979;Wilson

& Hildreth, 1997), whole-rock geochemistry (Hildreth,

1977; Wilson & Hildreth, 1997), geochronology (for a

review, see Simon & Reid, 2005), and mineral and melt in-

clusion compositions (e.g. Hildreth, 1977, 1979; Wallace

et al., 1999; Anderson et al., 2000; Hervig & Dunbar, 1992;

among many others) have been studied in some detail.

Compositional zonation of the Bishop magma body

has been inferred based on a number of lines of evidence,

particularly the stratigraphic zonation of the deposit as

a whole (Hildreth, 1977; Hildreth & Wilson, 2007), major,

trace and O isotope compositions of phenocrysts

(Hildreth, 1979; Bindeman & Valley, 2002), and volatile

and trace-element compositions of melt inclusions (Hervig

& Dunbar, 1992; Wallace et al., 1995, 1999; Anderson et al.,

2000). This compositional stratigraphy of the Bishop

Tuff mainly reflects variation that developed prior to the

onset of the eruption, as indicated by the pressures of

formation (�1000 atm) of melt inclusions in phenocrysts.

U^Pb zircon ages span an interval of 4100 kyr prior to
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Fig. 1. Map of the LongValley region in central eastern California showing the distribution of the BishopTuff. Map of distribution simplified
from Hildreth and Mahood (1986) overlain on Google Earth image. Late-erupted samples were collected from the Aeolian Buttes location.
Early-erupted samples are from the Chalfant Quarry.
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eruption (Simon & Reid, 2005), and have been inferred to

represent the timescales of existence of the Bishop magma

body. Stratigraphic relations (Wilson & Hildreth, 1997)

suggest that eruption of the Bishop Tuff was short-lived,

giving a temporal framework of some 125 h of continuing

eruption, with only one or two short breaks.

It is natural to expect that such dramatic changes in the

prevailing conditions would be reflected in crystal and

bubble populations, and textures may provide a particular-

ly useful record of the different stages in the evolution of

the Bishop magma. Thus, in this work we focus on crystal

textures as a means to better understand the history of the

Bishop magma and, more generally, to better understand

magmatic evolution in a giant magma reservoir.

Crystal size distributions are a useful tool in textural stu-

dies of igneous rocks, as they can reveal information

about crystal nucleation and growth histories in magmas

(e.g. Cashman & Marsh, 1988; Marsh, 1988b, 1998, 2007;

Bindeman, 2003). Additionally, they have been used to sug-

gest multiple stages of magmatic crystallization (e.g.

Cashman,1988) and to estimate the timescales of magmat-

ic crystallization (Cashman, 1988, 1992, 1993; Cashman &

Marsh, 1988). Fragment size distributions have been used

to document crystal fragmentation and characterize frag-

mentation mechanisms (Bindeman, 2005; Gualda, 2006).

These prior studies provide a framework to interpret quan-

titative textural information as it pertains to the pre- and

syn-eruptive crystallization of the Bishop magma.

SAMPLE DESCR IPT ION

The pumice clasts focused on in this study are from the ash

flow exposed on the hill known as Aeolian Buttes and

designated as Bishop Tuff stratigraphic unit Ig2NWb by

Wilson & Hildreth (1997). The Aeolian Buttes hill is in sec-

tion 14 of T 1S and R 26 E (UTM metric grid 17.4 east/

92.1 north, approximately), about 12 km north of the cal-

dera rim and the California highway maintenance station

at Crestview on USHighway 395.The BishopTuff is lightly

welded in the upper parts of the Aeolian Buttes (above

about 2230m) and densely welded with black glassy

fiamme at elevations below about 2170m.

The lightly welded Ig2NWb Bishop Tuff forms blocks

and towers up to �7m high that lie on boulders and

blocks of granite (Cretaceous). Commonly, the tuff is

eroded away at the contact forming a notch 10^50 cm in

vertical extent; it is possible that even more tuff has been

removed during erosion and that the overlying block of

lightly welded tuff has subsided as unwelded tuff at the

contact was eroded away. The amount of subsidence is

important as it telescopes the lowermost, most rapidly

cooled tuff yielding an apparently steeper fossil tempera-

ture gradient into the overlying, more slowly cooled tuff.

The high degree of welding and abundant glassy fiamme

suggest that the Ig2NWb ash flow was qualitatively hot

enough to cause dense welding, but it cooled rapidly so

that fiamme remained glassy. Importantly for this study,

the lightly welded tuff is uncompacted such that the poros-

ity and vesicles in the pumice have preserved their original

properties from their time of deposition. The original tuff

was evidently thinner over a hill of granite and thicker

above the highly welded tuff at lower elevations.

The Ig2NWb Bishop Tuff at Aeolian Buttes contains

many unwelded to slightly welded pumice blocks up to

about 30 cm diameter. Most of these have buff to reddish

brown rims up to about 4 cm thick and white cores

(Fig. 2), reflecting a range of oxidation and cooling his-

tories and permeabilities.

Hildreth & Wilson (2007) classified Bishop pumice

clasts into seven common and seven rare types based on

texture and crystal content. Four of our Ig2NWb clasts

(AB_5301, AB_6202, AB_6203 and AB_xx02) contain more

than 20wt. % of phenocrysts (Table 1, Fig. 2) and fall into

their crystal-rich Adobe sub-type, which is dominant

in Ig2NWb. However, clast AB_xx02 contains an excep-

tionally large number of vesicles larger than about 5mm

diameter. Our other Ig2NWb clast (AB_6201; see Fig. 2)

has a modest crystal content and is relatively low in bulk

density and rich in small vesicles, corresponding roughly

to sub-type ‘swirly’. Hildreth & Wilson (2007) noted that

their swirly sub-type contains the ‘Lowest density clasts in

the Bishop’, although they did not report quantitative clast

densities.

METHODS

Five properties of each late-erupted pumice clast were ana-

lyzed: clast mass, bulk density, crystallinity, porosity, and

crystal size distribution (CSD). Bulk density determin-

ations were accomplished using an immersion method de-

veloped and applied in previous studies (e.g. Skirius et al.,

1990). A physical separation process based on crushing,

sieving and winnowing was used to determine crystal

and glass mass fractions, as well as bulk porosities.

Finally, X-ray tomography was used to measure crystal

size distributions.

Bulk density determination
The method used for bulk density determinationsçbased

on Archimedes’ principleçhas been used in previous stu-

dies on the Bishop Tuff pumice (e.g. Gualda et al., 2004)

and has been described in detail by Gualda (2007). Each

pumice clast was first lightly cleaned with a dry brush

to reduce the presence of extraneous dust and material.

This ‘dry’ clast was then weighed. Next, the clast was cov-

ered with a thin layer of Silly Putty (just enough to seal

the sample completely), which was subsequently molded

closely to the clast’s form, and extraneous putty was dis-

carded. The Silly Putty-covered clast was then weighed

while submerged in a tub of water to determine the
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weight of the ‘wet’ clast (often yielding negative weight).

The putty was then removed and weighed separately. A

bulk density measurement for each pumice clast was ob-

tained using the measured weights and the formula of

Gualda et al. (2004).

Crystal separation
Crystal concentrates were separated from the bulk pumice

using the crushing, sieving and winnowing technique em-

ployed by Gualda et al. (2004) on early-erupted samples.

The goal of this process was to determine pumice clast

bulk crystallinity (crystal mass fraction), from which bulk

porosity (pore volume fraction) can be calculated if the

bulk density is known. Crystal size distribution informa-

tion can be derived using this procedure, but is variably af-

fected by laboratory fragmentation.

Physical separation consisted of sample crushing fol-

lowed by a series of sieving and winnowing steps. A small

piece from each pumice clast (8·5^13 g) was crushed.

Effort was made to avoid artificial crystal fragmentation

by crushing as lightly and as little as possible. Crushed ma-

terial was subsequently separated through a series of five

sieves: 1·8, 0·8, 0·5, 0·2 and 0·1mm. Each size fraction of

sieved material was then winnowed to separate crystals

from ash. Separates were dried in an oven and weighed,

which yields mass fractions of both crystal and ash separ-

ates. In combination with single clast bulk densities, bulk

porosity can be computed; an average crystal density of

2·65 g cm�3 and a glass density of 2·30 g cm�3 were used

(for details, see Gualda et al., 2004; Gualda, 2007).

X-ray tomography
X-ray tomography is an ideal tool for studying the textures

of pumice clasts (see Gualda & Rivers, 2006; Gualda

et al., 2010; Pamukcu & Gualda, 2010), as it provides three-

dimensional (3D) images (i.e. tomograms) of pumice

AB_6203AB_6202AB_6201

4 cm

AB_5301

AB_xx02

Fig. 2. Pumice clasts from the late-erupted Bishop Tuff (Aeolian Buttes). The lowest-density clast (AB_6201) has few crystals and many small
vesicles. Two of the intermediate-density clasts (AB_6202, AB_6203) are very similar to each other, with large crystals and low porosity. The
third intermediate-density clast (AB_xx02) is notably different, with large and abundant vesicles.The high-density clast (AB_5301) is significantly
more crystal-rich than the other samples. A noteworthy feature is the white cores and darker (orange) rinds of pumice clasts AB_5301 and
AB_xx02, revealing potentially different cooling histories for the rind and core regions; pieces studied from these pumice clasts were cut from
the white regions.
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clasts that can be used to study crystals and vesicles in situ

and in three dimensions. The physical characteristics of

single crystals (e.g. crystal shape, presence of fractures)

and relationships between crystals (e.g. clustering, pres-

ence of inclusions) can be documented (Fig. 3a), and

stereological correctionsçan important source of uncer-

tainties in crystal size distribution studiesçare entirely

avoided. In addition, unlike physical separation tech-

niques, X-ray tomography is relatively non-destructive,

which is fortunate given that Gualda & Rivers (2006) and

Gualda (2006) showed that fragmentation during labora-

tory processing is significant.

All tomographic imaging was performed on the

bending magnet beamline of the GeoSoilEnvironCARS

(GSECARS) sector of the Advanced Photon Source at

Argonne National Laboratory. Detailed descriptions and

illustration of the experimental setup at GSECARS have

been given by Rivers et al. (1999) and Gualda & Rivers

(2006). Incident beam energies were between 16 and

24 keV, and images of an YYG scintillator were captured

using a CCD camera every 0·258, in a total of 720 frames

and a total rotation of 1808.

Tomogram reconstruction from raw data and visualiza-

tion (e.g. Fig. 3) were carried out using ‘tomo_display’

(Rivers & Gualda, 2009). Texture quantification was per-

formed using the 3D image processing tools implemented

in Blob3D (Ketcham, 2005).Volume renderingsçincluding

associated animations (see Discussion, Fig. 1 of

Supplementary Data, available for downloading at

http://www.petrology.oxfordjournals.org)çwere gener-

ated from the output of Blob3D using ‘vol_tools’ (Rivers &

Gualda, 2009).

To cover a suitably large spectrum of crystal sizes (i.e.

�10^1000 mm), our approach was to analyze five cylinders

of systematically varying volume from each of the five

pumice clasts (see Fig. 4). Size distributions were deter-

mined for each cylinder and combined, following the

method of Pamukcu & Gualda (2010), to obtain an overall

crystal size distribution for each pumice clast.

The linear attenuation coefficient reconstructed for each

volume element (or voxel) of a tomogram is a function of

the voxel density and mean atomic number. We make use

of the fact that mineral phases in a sample have very lim-

ited ranges of density and mean atomic number to identify

the various phases present as a function of the observed

linear attenuation coefficients. Because the 3D maps can

be visualized in grayscale, it is possible to visually discern

single phases in a tomogram (Fig. 3b); in this sense, tomo-

graphic slices are similar to back-scattered electron

imagesçphases with a low linear attenuation coefficient

(e.g. air) appear dark, those with a high linear attenuation

coefficient (e.g. magnetite) appear bright, and those of

intermediate composition appear with intermediate bright-

ness. Phases with significantly different linear attenuation

coefficients, such as magnetite and air, are easy to separate

and quantify using image processing. However, phases

with similar density and mean atomic number (e.g. quartz

and feldspar) can be difficult or impractical to separate

(for details, see Gualda & Rivers, 2006).

Given that work with early-erupted pumice (Gualda,

2004; Gualda & Rivers, 2006) showed that quartz is

much more abundant than sanidine and plagioclase, and

that crystal size distributions for quartz and sanidine have

similar shapes, we chose to simplify the processing and

consider quartz and feldspar in combination. Similarly,

we did not distinguish between biotite and pyroxene;

these are much less abundant and it becomes difficult to

reliably distinguish between them when crystals are rela-

tively small (i.e.5100 voxels). We note that mixed CSDs

can be problematic for making interpretations if the

growth rates of the two phases are considerably different

or if the two phases exist in near equal proportions; how-

ever, in both of these cases we would expect to see complex

CSDs, which we do not (see below).

We thus distinguish three components: magnetite

(�ilmenite); pyroxeneþbiotite; quartzþ sanidine

(þminor plagioclase). By limiting the number of compo-

nents being studied, we were able to (1) study a much larger

number of tomograms than would be possible otherwise,

and (2) determine crystal size distributions over a wider

range of crystal sizes (�10^1000 mm), far outweighing the

shortcomings of studyingmineral phases in combination.

Table 1: Bulk densities, crystallinities (crystal mass frac-

tion), and porosities (pore volume fraction) for early- and

late-erupted pumice clasts (see Fig. 5)

Sample Location sampled Unit Bulk

density

Crystal

fraction

Porosity

(g cm
�3
) (wt. %) (vol. %)

F7-14* Chalfant Quarry F7 0·63 9·30 72·81

F7-12* Chalfant Quarry F7 0·50 6·63 78·52

F8-15* Chalfant Quarry F8 0·90 14·35 61·62

Ia-13* Chalfant Quarry Ig2E 0·62 9·53 73·64

Ia-15* Chalfant Quarry Ig2E 0·76 15·25 67·73

IbA1y Chalfant Quarry Ig2E 0·81 16·60 65·66

AB_5301 Aeolian Buttes Ig2NW 1·18 32·20 51·27

AB_6201 Aeolian Buttes Ig2NW 0·42 6·63 82·02

AB_6202 Aeolian Buttes Ig2NW 0·78 25·32 67·42

AB_6203 Aeolian Buttes Ig2NW 0·98 25·90 59·08

AB_xx02 Aeolian Buttes Ig2NW 0·74 21·85 68·66

*Gualda et al. (2004).
yA. T. Anderson (unpublished data).
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RESULTS

Bulk pumice properties
Bulk densities determined for our five late-erupted

pumice clasts from Aeolian Buttes show significant vari-

ation between clasts, ranging from 0·42 to 1·18 g cm�3.

Early-erupted clasts studied by Gualda et al. (2004) encom-

pass a similar but smaller range of densities, ranging from

0·5 to 0·9 g cm�3 (Table 1); the ranges are similar to those

observed by others (e.g. Skirius et al., 1990; Wallace et al.,

1999; Anderson et al., 2000; Anderson, 2010). Overall, the

densities of late-erupted pumice clasts tend to be higher

Air

Quartz

Sanidine

Magnetite

Biotite

(or pyroxene)

VesiclesBiotite in contact 

with sanidine

Fragmented 

Quartz Crystal

)b()a(

Fig. 3. Tomographic slices through tomograms of late-erupted Bishop pumice clasts. Brightness in the image corresponds to the linear attenu-
ation coefficient, which is proportional to the mean atomic number and density of each volume element (voxel) (for details, see Gualda &
Rivers, 2006). Magnetite appears bright, air is dark, and other phases show intermediate brightness. (a) Textural relationships (e.g. crystal
fragmentation, clustering, and contact relationships) can be observed in the tomograms and some can be quantified (e.g. size, aspect ratio).
(b) Six distinct phases (vesiclesþ air, glass, quartz, sanidine, pyroxeneþbiotite, magnetite) can be qualitatively recognized in our samples;
however, only five of these phases can be quantitatively assessed (vesiclesþ air, glass, quartzþ feldspar, pyroxeneþbiotite, magnetite; see text
for details). Pixel size is 17 mm; width of the field of view is 11·05mm.

Run

A, A1

B

C

D

Resolution

(µm/voxel) 

17

8.5

4.5

2.5

Sample volume

(mm3)

700-800

90-115

13-16

1-2.5

A

A1

B

C

D

Fig. 4. Schematic illustration of sample preparation. Five cylinders of varying size were cut from each pumice clast.The resolution of the tomo-
graphic images is determined by the sample size. It should be noted that sample volumes decrease by a factor of �8 with each �2-fold increase
in resolution. [For more details, see Pamukcu & Gualda (2010).]
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than those of early-erupted pumice clasts, the main excep-

tion being sample AB_6201, which has a density lower than

those measured for early-erupted pumice clasts (Gualda

et al., 2004). Although only a small number of pumice

clasts have been documented, existing data suggest that

higher-density clasts are more common in late-erupted

pumice whereas low-density clasts are more common in

early-erupted pumice. It is uncertain if the higher average

densities in late-erupted pumice reflect different propor-

tions of different kinds of pumice, or whether they reflect

higher average densities for the same types of pumice.

Sample AB_6201has a density lower than the densities mea-

sured for early-erupted pumice clasts by Gualda et al.

(2004), but Anderson (2010) has documented some early-

erupted clasts with densities as low as �0·26 g cm�3.

Crystallinity and porosity values determined for late-

erupted pumice clasts indicate a strong positive correlation

between crystallinity and bulk density, as well as a strong

negative correlation between crystallinity and porosity

(Fig. 5), in agreement with results for early-erupted

pumice clasts (Gualda et al., 2004).

The crystal contents of our clasts (Table 1) are similar to

but greater than those for most clasts of Ig2NWb (Adobe

type) reported by Hildreth & Wilson (2007). It is likely

that our sample preparation procedure overestimates the

amount of crystals. The procedures are such that loss of

both crystals and glass occurs during crystal separation.

Reported crystal masses include glass adhering to large

crystals in the crystal-rich fraction, which probably more

than offset mass lost owing to crystals included in pumice

pieces in the glass-rich fraction. Our estimated crystal con-

tents may be high by about 2^10% of the amount re-

corded, depending on the pumice friability, and thickness

and completeness of adhering glass. Further work is

needed to establish the amounts of crystals in pumice

clasts more accurately.

Crushing and sieving data
Our physical separation procedure yields information on

the distribution of crystal mass as a function of sieve size

(Fig. 6). These data have to be analyzed with caution,

given the potential for crystal breakage during crushing.

Nonetheless, we notice that all clasts have similar crystal

abundances at sizes5250 mm, with the exception of clast

AB_6202. Crystal mass fraction increases sharply with size

(with the exception of the low-density clast AB_6201), show-

ing not only that the large crystals dominate the total crys-

tal mass, but also that the differences in crystal mass and

bulk density between the various clasts are explained

by the presence and abundance of large (i.e. 4500 mm)

crystals (see Figs 6 and 7a^c). This is very similar to what

was determined for the early-erupted pumice (Gualda

et al., 2004).

Crystal size distributions
Crystal size distributions for magnetite, pyroxeneþbiotite,

and quartzþ feldspar in the late-erupted pumice were ob-

tained using X-ray tomography.

Magnetite and pyroxeneþ biotite

Magnetite and pyroxeneþbiotite size distributions for

the five late-erupted clasts are similar (for details and

figures, see Pamukcu & Gualda, 2010). For both phases,

the size distributions for all the samples are concave-up

with a paucity of large crystals and enrichment of very

small crystals.When plotted on log^log scale, these distri-

butions appear as straight lines indicative of power-law,

or fractal, distributions (Marsh, 1998; Bindeman, 2005;

Higgins, 2006).

In the case of magnetite, these distributions differ from

the magnetite size distributions determined for the early-

erupted clasts, which were log^linear and did not show

this fractal characteristic (Gualda & Rivers, 2006).

However, the crystal size distributions for magnetite in

the early-erupted clasts are based on a small number of

crystals, and the associated uncertainties are large, such

that the possibility that early- and late-erupted magnetite

size distributions are actually similar cannot be ruled out.

A similar comparison of early- and late-erupted pyrox-

eneþbiotite size distributions is difficult given the very

small number of biotite crystals found in the studied

early-erupted pumice clasts (see Gualda & Rivers, 2006).

Quartzþ feldspar

The size distributions obtained for quartzþ feldspar are

distinct from those of magnetite and pyroxeneþbiotite as

they do not follow the same smooth concave-up, power-law

pattern (Fig. 8a). All five quartzþ feldspar distributions

are similar in that each distribution follows a general pat-

tern of decreasing population density with increasing size.

The curves can be parsed into three distinct parts

(Fig. 8b): (1) a steep curve for small crystal sizes

(�140mm); (2) a shallow curve for large crystal sizes

(�140mm); (3) a more or less distinct drop in population

density between regions (1) and (2). In more detail,

quartzþ feldspar size distributions are variable from

sample to sample (Fig. 9), and the differences correlate with

variations in clast bulk density (Fig. 9), as discussed below.

Intermediate-density clasts are the more common class

(three samples); thus, for presentation purposes, we de-

scribe first the intermediate-density quartzþ feldspar size

distributions and then discuss how high- and low-density

pumice clasts deviate from this pattern.

Intermediate-density clasts. For intermediate-density clasts

AB_6202 (0·74 g cm�3), AB_6203 (0·78 g cm�3) and AB_xx02

(0·98 g cm�3), high population densities typical of Part (1)

of the size distribution are seen for crystals 535 mm; the

shallow slopes typical of Part (2) appear for crystals
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470 mm; and the interval 35^70 mm is characterized by

a drop in population density of nearly an order of magni-

tude from the population densities in adjacent bins

(Figs 8b and 9a).

It is interesting to note that these crystal size distribu-

tions are similar in shape to the whole-crystal quartz

size distributions (obtained by crushing and sieving) for

intermediate-density early-erupted pumice clasts (samples
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Fig. 5. Plots of crystallinity (crystal mass fraction) vs pumice clast bulk density and porosity (pore volume fraction) in early- and late-erupted
pumice clasts. It should be noted that crystallinity and porosity are inversely correlated, resulting in a positive correlation between density
and crystallinity. Four of our five late-erupted pumice clasts have the highest crystallinities of the whole dataset (25^32wt. % crystals), along
with relatively high density (0·74^1·18 g cm�3) and low porosity (51^69%). The fifth pumice clast (AB_6201) has the lowest density
(0·42 g cm�3) and crystallinity (6·6wt. %) and highest porosity (82%) among those studied here and by Gualda et al. (2004). Small dots labeled
‘Skirius’are from Skirius et al. (1990).
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F7-14 and Ia-13; Fig. 9a) studied by Gualda et al. (2004), in

particular what we call here Part (2) of the distributions.

Unfortunately, the extensive fragmentation of quartz crys-

tals in the early-erupted pumice has made it impractical

to quantify the abundances of crystals 550 mm in the

early-erupted pumice, as this size range is dominated by

crystal fragments. It is thus unknown if Part (1) of the size

distributions observed here is present in the early-erupted

pumice.

High-density clast. The quartzþ feldspar size distribution

of the high-density clast, AB_5301 (1·18 g cm�3), has a simi-

lar general shape to the intermediate-density clast distribu-

tions, but it is shifted towards larger sizes (Fig. 9b), such

that the boundaries between the three sections of the size

distributions are shifted accordingly: Part (1) includes crys-

tals570 mm, Part (2) shows a shallow distribution for crys-

tals4140 mm, and Part (3) reveals a modest drop in the

abundance of crystals sized between 70 and 140 mm. The

shape of the crystal size distribution obtained for the

high-density clast AB_5301 also compares favorably with

that of the high-density early-erupted clasts (samples

F8-15 and Ia-15; Fig. 9b) studied by Gualda et al. (2004).

Low-density clast. The quartzþ feldspar size distribution

of the low-density late-erupted pumice clast, AB_6201

(0·42 g cm�3), is somewhat distinct (Fig. 9c): similar to the

high-density clast distribution, Part (1) extends to crystal

sizes570 mm, Part (2) includes crystals4140 mm, and Part

(3) includes the range of crystal sizes between 70 and

140 mm. Part (3) is significantly different from the other

distributions. Even though the distribution does not follow

the smooth concave-up curve of the magnetite and

pyroxeneþbiotite distributions, the distinct drop seen in

the other quartzþ feldspar distributions is notably absent.

Instead, between crystal sizes of 70 mm and 140 mm, there

is a visible kink in the distribution; this kink is the

manifestation of the more pronounced drops seen in the

intermediate- and high-density clast quartzþ feldspar dis-

tributions, as discussed below.Yet again, low-density clasts

from the early- and late-erupted Bishop show crystal size

distributions with similar shape.

DISCUSS ION

Pumice density, crystallinity and porosity
correlations
In combination, the early-erupted pumice clasts studied by

Gualda et al. (2004) and the late-erupted clasts studied

here span much of the spectrum of pumice bulk density,

crystallinity and porosity reported for the quickly cooled

Bishop Tuff pumice clasts studied by Skirius et al. (1990),

Wallace et al. (1999), and Anderson et al. (2000).

The strong positive correlation between crystallinity

and bulk density (Fig. 5a) strongly suggests that crystal

abundance is a major control on pumice density (in com-

bination with vesicle volume; see below). In particular, the

cumulative mass fraction distributions (Fig. 6) indicate

that large crystals play a particularly important role. It is

not numbers so much as the size of crystals that is import-

ant; even though the largest crystals are not particularly

abundant, they concentrate most of the crystal mass, and

pumice clasts in which they appear have the highest crys-

tallinities and densities, despite the higher total crystal
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Fig. 6. Plot of sieve size vs cumulative crystal fraction for late-erupted pumice clasts.Values close to each curve correspond to bulk clast density
(in g cm�3). Noteworthy features are the similarity in mass fractions of crystals5250 mm (except for AB_6202) and the sharp increase in mass
fraction with size (except AB_6201), demonstrating that crystallinity is strongly correlated with the presence of large crystals (see also Fig. 7).
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number densities in other clasts (resulting from the higher

abundance of small crystals).

This idea is further supported by the variations in crys-

tal populations qualitatively observed in 3D renditions of

the samples (Fig. 7). In these volumes, the high-density

clast (Fig. 7a) is seen to have a large number of very

large crystals. Intermediate-density clasts (Fig. 7b) contain

abundant large crystals, but smaller crystals are more nu-

merous than in the high-density clast. The low-density

clast (Fig. 7c) has a comparative enrichment of very small

crystals and few to no large crystals. The control of the

abundance of large crystals on bulk density and crystallin-

ity becomes apparent on comparing these observations

with Figs 5 and 6.

As observed by Gualda et al. (2004), porosity shows

a striking negative correlation with crystallinity and

bulk density, and the same correlation is observed in our

late-erupted pumice clasts (Fig. 6b). As emphasized by

(a)

)d()c(

(b)

Fig. 7. (a^c) Three-dimensional images of A runs (17 mm per voxel) for pumice clasts: (a) AB_5301; (b) AB_6203; (c) AB_6201. Magnetite is dark
gray (blue in the online version), biotite and pyroxene are white, quartz and feldspars are light gray (green online). Low-density pumice clast
AB_6201 has many small crystals and no large crystals, whereas high-density pumice clast AB_5301 has a few very large crystals;
intermediate-density pumice clast AB_6203 has more comparable abundances of small and large crystals. (d) Three-dimensional image of D
run (2·5 mm per voxel) for pumice clast AB_6202. Abundant small (550 mm) quartz and feldspar crystals (see text for discussion), and sparse
euhedral magnetite crystals, should be noted. Animated versions can be seen in Movies 1^4 in the online Supplementary Data.
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Gualda et al. (2004), this correlation is puzzling, given that

gas-saturated magmasças the Bishop magma is believed

to have been (Wallace et al., 1995, 1999; Anderson et al.,

2000; Gualda & Anderson, 2007)çwould exsolve gas

during crystallization. While the effect of simultaneous

crystallization and bubble exsolution on magma density

will depend on the density of the fluid phase under mag-

matic conditions, bubble expansion and growth during de-

compression will invariably lead to positive correlations

between pumice porosity and crystallinity, which is

opposite to what we observe for both early- and

late-erupted pumice.

In light of the suggestion by Anderson et al. (2000) that

quartz and sanidine crystals might have sunk hundreds of

meters during their crystallization history, Gualda et al.

(2004) interpreted the negative correlation between poros-

ity and crystallinity as a result of relative migration of crys-

tals and bubbles. Anderson et al. (2000) observed that

sanidine crystals are reversely zoned, with Ba-poor cores

and Ba-rich rims, which is inconsistent with closed-system
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crystallization, given that they estimated that Ba should be

compatible in the Bishop magma. They further observed

that some quartz crystals with multiple melt inclusions

show a rimward increase in CO2, consistent with crystal-

lization over increasing pressures (under the assumption

of closed-system crystallization). They tried to reconcile

these observations by suggesting that quartz and sanidine

grew while they sank hundreds of meters (pressure

change of �0·5 kbar), causing them to sample progres-

sively less differentiated melt. Although crystal sinking

alone will result in a negative correlation between porosity

and crystallinity, the resulting slope is much shallower

than what we observe (see Gualda et al., 2004), and that

was the basis for Gualda et al. (2004) to suggest that crystal

sinking would have to be accompanied by bubble rising to

explain the observed porosity^crystallinity trends. The

viability of this crystal sinkingþbubble rising mechanism

has to be questioned in view of recent work suggesting

that (1) the crystal sinking mechanism advanced by

Anderson et al. (2000) is an unlikely explanation for

quartz and sanidine rims, given that new cathodolumines-

cence and trace-element data on quartz and sanidine

reveal sharp boundaries between crystal rims and interior

regions, inconsistent with gradual sinking (see Gualda,

2007; Gualda et al., 2007, and unpublished data; Wark

et al., 2007); and (2) that the timescales of quartz crystal-

lizationçof the order of only a few thousand years (see

Crowley et al. 2007; Gualda et al., 2007, and unpublished

data)çmake it difficult for significant crystal sinking and

bubble rising to occur and cause the development of the

observed inverse relationship. We are thus unable to iden-

tify a mechanism capable of satisfactorily explaining both

this inverse correlation and the gradients in CO2 concen-

tration in quartz-hosted melt inclusions documented by

Anderson et al. (2000). Studies of vesicle size distributions

and trace element zoning in quartz and sanidine currently

under way are likely to provide additional information

that will aid further scrutiny of the problem.

Magnetite, biotite, and pyroxene
size distributions
Crystal size distributions developed under magmatic

conditions are typically log^linear in shape, and the

origin of such distributions is relatively well understood

(e.g. Marsh, 1988b, 1998). Fractal size distributions, such as

those seen for magnetite and pyroxeneþbiotite in the

late-erupted pumice, have also been documented, but are

typically considered to result from crystal fragmentation

(Marsh, 1998; Bindeman, 2005; Gualda, 2006; Higgins,

2006). However, in tomographic images of both early- and

late-erupted clasts (e.g. Fig. 7), magnetite, biotite and pyr-

oxene are found to be whole crystals, often with distinct

crystal faces visible. In this sense, the magnetite and pyrox-

eneþbiotite fractal size distributions obtained here are

unexpected, and suggest that processes other than frag-

mentation are probably capable of generating fractal size

distributions (for further discussion, see Pamukcu &

Gualda, 2010).

Quartz and feldspar size distributions
Quartz and feldspar size distributions obtained here

record important aspects of the crystallization history of
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the Bishop magma. We start by discussing the potential

origin of the contrast in crystal fragmentation history be-

tween our early- and late-erupted pumice clasts; we then

explore the shapes of the quartzþ feldspar size distribu-

tions and discuss their significance for the various stages

of crystallization of the Bishop magma; we conclude with

inferences about the timescales for these crystallization

stages.

Crystal fragmentation

One of the challenges in studying the textures of the early-

erupted Bishop pumice is the fact that quartz and feldspar

crystal fragmentation is widespread. In early-erupted sam-

ples, data from both crystal separates and tomography

yield fractal size distributions characteristic of fragmenta-

tion processes, and quartz and feldspar crystals appear

broken or as fragments in the tomography images. Thus,

Gualda et al. (2004) determined crystal size distributions

for whole, glass-coated quartz crystals to assess crystal

size distributions representative of the pre-fragmentation

state in the early-erupted pumice (glass-coated feldspar

crystals are much rarer, seemingly a result of the lower

abundance of feldspar and the potentially higher probabil-

ity of breakage of feldspar crystals; Gualda et al, 2004).

As a result, the whole-quartz size distributions are biased

towards low population densities, as a considerable propor-

tion of glass-coated crystals initially present is likely to

have broken during processing. These distributions may

also be biased owing to preferential breakage of larger

crystals; however, this is probably a relatively minor

effect, at least in the range of crystal sizes studied by

Gualda et al. (2004; i.e.�35^1000 mm). It is noteworthy

that a small proportion of quartz fragments are entirely

glass-coated, suggesting that fragmentation was at least

partly a magmatic (i.e. pre-eruptive or early syn-eruptive)

process.

In light of these observations, the favorable comparison

between the shapes of the early-erupted whole-quartz size

distributions (determined by crushing^sieving^winnow-

ing) and the shape of late-erupted quartz þ feldspar size

distributions (obtained using X-ray tomography) is signifi-

cant. Importantly, this reveals that quartz and feldspar in

our late-erupted pumice clasts were not subject to the

same fragmentation processes that affected the early-

erupted pumice clasts. This is corroborated by the crystal

shapes observed in the late-erupted pumice clasts (Fig. 7),

which are typically euhedral, often preserving Carlsbad

twins in sanidine (see Fig.7b).The agreement also suggests

that the approach of using whole, glass-coated crystal size

distributions as a proxy for pre-fragmentation quartz size

distributions is reasonable. We note that whereas the

early-erupted pumice studied by Gualda & Rivers (2006)

are all from ash-fall units, the late-erupted pumice studied

here are all from ash-flow units; hence, it is unclear

whether the contrast in fragmentation behavior is due to

different histories for early- vs late-erupted pumice, or

from differences in eruptive history between ash-fall and

ash-flow deposits. Study of pumice clasts from ash-flow

unit Ig1Eb of the early-erupted Bishop should shed light

into this matter. A few large quartz and sanidine crystals

are broken into some tens to hundreds of fragments, with

coarsely vesicular glass (up to 500 mm diameter vesicles)

in the space separating the fragments (Fig. 10). In some of

them where fragmentation is limited, the glass emanates

from a particular region in the crystal. These features

suggest that in these cases fragmentation is due to melt in-

clusion decrepitation (Tait, 1992). In most cases, these frag-

ments (at least the larger ones) were merged during

image processing, resulting in a single large crystal of com-

plex shape but approximately correct volume (for a discus-

sion, see Gualda & Rivers, 2006). As such, we minimized

the potential influence of this fragmentation process in

the quartzþ feldspar size distributions discussed below.

Crystallization stages

As indicated above, quartzþ feldspar size distributions can

be broadly divided into three parts (Fig. 8b), one charac-

teristic of small crystals (35^70 mm), one including

larger crystals (70^140 mm), and one corresponding to the

transition between these two regions. Quartzþ feldspar

size distributions of the three intermediate-density clasts

are very similar to each other, but those of the high- and

low-density clasts differ noticeably (Fig. 9). These three

parts of the size distributions reveal the nucleation and

growth dynamics in the Bishop magma body.

The shallow slope of Part (2) and the relatively large size

of its crystals are indicative of prolonged growth (see

below); the log^linear shape can be interpreted as resulting

from a single growth stage or regime (e.g. Marsh, 1988b,

1998). Gualda et al. (2004) interpreted this to correspond

to slow growth under pre-eruptive conditions, over rela-

tively extended periods of time. Our new results are in

agreement with this interpretation. The drop in number

density characteristic of Part (3) is also observed in the

early-erupted pumice, and recognition of it was critical to

the interpretation of the whole-quartz size distributions

(Gualda et al., 2004). The relative paucity of crystals of

�50^100 mm size reveals that nucleation rates were low

during growth of the larger crystals that constitute Part

(2) of the distribution; thus, the total number density of

crystals remained relatively low, and small crystals grad-

ually grew out of existence (i.e. by becoming larger),

giving rise to the drop in number density observed in the

crystal size distributions. We interpret this to represent a

period of pre-eruptive crystallization dominated by crystal

growth with limited nucleation. These characteristicsç

and their similarity to what we observed in the early-

erupted pumiceçare compatible with the interpretation

of Gualda et al. (2004) that crystal size distributions

record crystal growth in a large magma body crystallizing
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)b()a(

)d()c(

)f()e(

Fig. 10. Tomographic images showing fragmented crystals with vesiculated melt along fractures, suggesting formation by melt inclusion
decrepitation. (a, b) Slices through tomograms of sample AB_6203; resolution is 17 mm per voxel, and field of view is �11mm wide. (c^f)
Three-dimensional reconstructions of the crystals in (a) and (b); field of view is c. 3mm in (c) and (e), and 6·5mm in (d) and (f); medium
gray (green in the online version) indicates feldspar; white (yellow online), large spaces occupied by air, mostly large vesicles; dark gray
(orange online), finely vesiculated glass; sparse black (blue online), magnetite. Parts of the crystals and glass were omitted in (e) and (f) to
better show the distribution of large vesicles. The presence of large vesicles and thin films in the denoted crystal in (a) should be noted; glass
emanates from a bulge in the center of the crystal, as seen in (e). Fracturing is much more extensive in the crystal in (b), with vesiculated glass
pervasively occupying the spaces between the numerous fragments. Animated versions of (c)^(f) are shown in Movies 5^8 in the online
Supplementary Data.
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under small degrees of undercooling, which would dampen

nucleation and favor crystal growth.

Part (1), in turn, shows high population densities concen-

trated in the very small bin sizes, with characteristic popu-

lation densities in excess of two orders of magnitude

larger than the maximum values observed for Part (2). It

is unlikely that these small crystals grew after deposition:

these pumice clasts were deposited within 1^2m of the

underlying granite and cooled rapidly, which minimized

growth after deposition. Whereas some melt inclusions in

these clasts are partly devitrified and have crystals up to a

few micrometers long (Anderson et al., 2000, fig. 3;

Wallace et al., 2003, fig. 3), cracked, degassed melt inclu-

sions (Wallace et al., 2003, fig. 3i) have large bubbles and

are crystal-free. This suggests that H2O loss inhibited crys-

tal nucleation and growth, and only undegassed melt in-

clusions devitrified. Given that the vesicular glass of these

pumice clasts degassed during decompression and erup-

tion, the evidence from melt inclusions suggests that

post-deposition devitrification was suppressed, and we con-

clude that the small crystals that constitute Part (1)

formed before or during eruption.

We interpret these crystals to have developed during a

period of significant nucleation, and they did not have

enough time before eruption to grow to sizes larger than c.

50 mm. Thus, we infer that a significant change in the con-

ditions in the magma body took place and gave rise to a

distinct nucleation event shortly before eruption. Steep

crystal size distributions for small sizes are commonly

observed in volcanic rocks (e.g. Cashman, 1988), and cor-

respond to the groundmass grown under syn-eruptive con-

ditions. Our observations are entirely compatible with

such an interpretation. As such, the small quartz and feld-

spar crystals observed in our highest resolution datasets

(Fig. 7d) correspond to the groundmass of the Bishop

pumice, inferred to have grown syn-eruptively; that the

groundmass is poorly developed is in agreement with the

very high eruption rates calculated for eruptions of the

magnitude of the Bishop Tuff (Carey & Sigurdsson, 1989;

Wilson & Hildreth, 1997; Dufek & Bergantz, 2007), leaving

little opportunity for groundmass crystallization.

In summary, Part (2) of the quartzþ feldspar size distri-

butions corresponds to the pre-eruptive stages of growth;

limited nucleation during growth of Part (2) leads to the

development of the drop characteristic of Part (3). Part (1),

on the other hand, corresponds to syn-eruptive growth

of the Bishop groundmass. Complexities and departures

from the more typical pattern observed for the intermedi-

ate-density pumice clasts can be explained by differences

in the shape of the pre-eruptive crystal size distribution.

This is shown in Fig. 11, where the same population of

small crystals is added to pre-existing populations of

larger crystals; it should be noted that the resulting size

distributions are qualitatively similar to those observed.

The variations in the pre-eruptive population would

presumably map different portions of the magma body;

for instance, it is likely that more marginal regions of the

magma body would experience higher nucleation rates

than more central portions, but specific matching of

pumice clasts to particular regions in the magma body at

this point would be excessively speculative.

Although the variations in the pre-eruptive populations

indicate that the pre-eruptive histories of different parcels

in the magma body were potentially distinct, the presence

of a similar population of small crystals in all five of the

late-erupted pumice clasts studied here indicates that just

prior to eruption a major event took place that had a wide-

spread and consistent effect over much of the magma

body, if not the whole of it. A nucleation event as inferred

here requires a sudden increase in the degree of supersatur-

ation of the system. Cooling of such a large body as the

BishopTuff is unlikely to be a plausible mechanism, as the

sudden development of steep thermal gradients would be

limited by the low thermal conductivity of silicic rocks

and magmas, with the result that high degrees of supersat-

uration would be unlikely to develop. A sudden decrease

in pressure in a water-saturated magma such as that of the

Bishop Tuff (Wallace et al., 1995; Gualda & Anderson,

2007), however, would be a reasonable explanation as it

could lead to a high degree of supersaturation that would

be transferred to the whole body rapidly, causing wide-

spread nucleation in addition to crystal growth. If eruption

occurred soon thereafter, crystals would have little time to

grow and a significant population of small crystals would

remain. The large number densities of tiny crystals ex-

pected to result from this process are precisely what are

found in the quartzþ feldspar distributions for the

late-erupted pumice clasts.

Timescales of crystallization

Crystal size distributions can be used to constrain the

timescales of crystal growth in magmatic systems (see

Cashman & Marsh, 1988; Marsh, 1988a, 1998; Zieg &

Marsh, 2002; among many others). Information comes

from two properties of crystal size distributions, as follows.

(1) The maximum crystallization time of the system is

given by the growth time of the largest crystal, which

can be calculated by tmax¼G/Lmax, where G is

growth rate, t is time and L is crystal size (in linear

dimension).

(2) The growth time of a population of crystals is related

to the slope of the crystal size distribution on a log^

linear plot of population density vs crystal size:

slope¼�1/(Gt).

In both cases, the growth rates are assumed to be linear

and independent of crystal size or time, in agreement

with the theory of crystal size distributions developed by
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Marsh (1988b, 1998); importantly, no obvious violations to

this assumption have been reported to date (see Zieg &

Marsh, 2002).

It should be noted that, to derive timescale estimates, it

is necessary to know the growth rate of the mineral in

question. Mineral growth rates have been estimated from

a variety of textural features, including from crystal size

distributions where growth times can be independently

constrained (e.g. Cashman, 1992) and from compositional

zoning patterns (e.g. McCanta et al., 2007). Anderson et al.

(2000) presented a variety of estimates for quartz growth

rates, and they constrained phenocryst growth rates to be

4�10�13m s�1. Recently, Gualda et al. (2007, and unpub-

lished data) used Ti zoning patterns in quartz from early-

erupted Bishop pumice to constrain quartz growth rates

at 410�13m s�1 for crystal rims, and at �10�14m s�1 for

crystal interiors. Interestingly, not only are these growth

rates within the constraints placed by the analysis of

Anderson et al. (2000), but they are also in remarkable

agreement with growth rates calculated for plagioclase in

dacites, where rim and groundmass growth rates are esti-

mated to be in the range 10�9^10�13m s�1 (see McCanta

P
o

p
u

la
ti

o
n

 D
e
n

s
it

y

Individual Populations Resulting Distributions

Crystal Size

Fig. 11. Diagrams showing the effect on the resulting crystal size distributions of adding two populations of crystals. The resulting distribution
for a pumice clast will be different depending on the shape of the distribution for each crystal population (see text for discussion).The similarity
between size distributions obtained in this figure and those observed in Fig. 9 should be noted; the population of small crystals is the same
in all three examples.
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et al., 2007, and references therein), whereas phenocryst

growth rates are estimated to be in the range 10�13^

10�14m s�1 (Cashman,1988).The contrast between ground-

mass and phenocryst growth rates is often attributed to a

difference between cooling-induced crystallization under

low degrees of supersaturation and decompression-induced

crystallization under high degrees of supersaturation (e.g.

Cashman, 1992). Based on our conclusion that the shal-

lower portion of the quartzþ feldspar size distributions

[Part (2)] corresponds to pre-eruptive growth under low

degrees of supersaturation (see above), we use a conserva-

tive growth rate of 10�14m s�1 for the larger crystals. For

the steeper portion of the distribution [Part (1)] grown

syn-eruptively under higher degrees of supersaturation,

we use a conservative minimum growth rate of

10�13m s�1, bearing in mind that growth rates may have

been a few orders of magnitude faster.

Determining the maximum crystal size in a deposit

of 4600 km3 is a challenging, if not impossible, task.

We point out, however, that crystals in excess of 2^3mm

are very rare in the Bishop pumice, and we have never

observed any crystals as large as 1cm. Based on our crystal

size distributions, we estimate that 495% of the

quartzþ feldspar crystal mass is included in crystals

52mm, and499% of the quartzþ feldspar crystal mass

is included in crystals 53mm. As such, an appropriate

maximum growth time for quartzþ feldspar crystals is of

the order of �5000 years (1·5�1011s).

Growth times based on the slopes of the size distribu-

tions were also obtained (Fig. 12, Table 2). Slopes for the

large crystal population of early- and late-erupted

quartzþ feldspar crystals are similar to each other and

yield Gt¼137^788 mm, corresponding to �400^2500 years

of growth time for 10�14m s�1 growth rates. The best value

for the pooled late-erupted data corresponds to a growth

time of 600 years, and 900 years are obtained for the

early-erupted data (Table 2). For the late-erupted small

crystal population, Gt¼ 3·5^7·0 mm, corresponding to

growth times of 1^2 years for growth rates of 10�13ms�1.

The pooled late-erupted small crystal population data

yield Gt¼ 4·9 mm and t¼1·5 years.

The agreement between estimates based on maximum

crystal size and the slope of the large crystal populations

is encouraging, and suggests a relatively short crystalliza-

tion history for quartz and feldspars in the Bishop

magma, on millennial timescales. This timescale is 1^2

orders of magnitude shorter than that inferred from

zircon geochronology based on ion microprobe data

(Simon & Reid, 2005), and is in good agreement with the

timescales inferred from bulk zircon thermal ionization

mass spectrometry measurements (Crowley et al., 2007).

Because crystal volumes are dominated by rim volumes

(owing to the radius cubed effect), we interpret the agree-

ment between quartz and feldspar growth times and bulk

zircon geochronology timescales to mean that most of the

zircon mass crystallized simultaneously with quartz and

feldspar. This is likely to correspond to the crystallization

time of the Bishop magma. The timescales recorded by

zircon crystal cores reflect a different process, probably

related to the construction (rather than crystallization) of

a giant magma body as the Bishop system is thought to

have been (for more details, see Gualda et al., 2007, and un-

published data).

CONCLUSIONS

In this paper, we present qualitative textural data and

crystal size distributions for late-erupted Bishop pumice

obtained using a combination of X-ray tomography and

bulk pumice determinations.We compare our results with

similar data obtained by Gualda et al. (2004) and Gualda

& Rivers (2006) for early-erupted Bishop pumice.

Late-erupted pumice clasts show a striking positive cor-

relation between crystallinity and bulk density and an in-

verse correlation between porosity and crystallinity.

The new data extend the trend observed by Gualda et al.

(2004) towards significantly higher values of crystallinity

and density, and lower porosity values. Although crystal

sinking combined with bubble rising can explain the

observed trend, recent work on quartz and sanidine

trace-element zoning (Gualda, 2007;Wark et al., 2007) and

on the timescales of quartz and feldspar crystallization

calls into question the viability of crystal sinkingþbubble

rising as an explanation for the observed inverse correl-

ation between crystallinity and porosity.

Magnetite and pyroxeneþbiotite crystal size distribu-

tions for the late-erupted pumice clasts are similar to each

other and can be described by power-law, or fractal, distri-

butions. Such distributions are typically interpreted to

result from crystal fragmentation; however, magnetite,

pyroxene and biotite are observed to be euhedral in the

3D reconstructions, making fragmentation an unlikely

explanation.

Quartzþ feldspar crystal size distributions provide

important information on the crystallization and crystal

fragmentation history of the Bishop magma body, as

follows.

(1) The widespread crystal fragmentation observed in

early-erupted pumice is not evident in late-erupted

pumice, as evidenced by the euhedral shapes of

quartz and sanidine crystals in 3D reconstructions of

late-erupted pumice, and the agreement between

quartzþ feldspar size distributions for late-erupted

pumice and the whole, glass-coated crystal size distri-

bution for early-erupted pumice of Gualda et al.

(2004). Whether this distinction is due to different

eruptive histories (i.e. early- vs late-erupted) or due
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to the distinct mode of eruption (ash-fall vs ash-flow)

is uncertain.

(2) Quartz and sanidine crystals in late-erupted pumice

preserve evidence of melt inclusion decrepitation, as

shown by fragmented single crystals with coarsely

vesiculated glass filling up fractures and emanating

from a center within the crystals.

(3) Crystal size distributions reveal the existence of two

crystal populations: one including crystals larger

than �50 mm, which form a log^linear size
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Fig. 12. (a) Best-fit exponential curves for populations of large (4100 mm) and small (5100 mm) quartzþ feldspar crystals in late- and early-
erupted pumice (see Table 2). (b) Best-fit exponential curves to aggregate quartzþ feldspar crystal size distributions of small crystals in
late-erupted pumice and for large crystals in early- and late-erupted pumice. The good quality of the fit suggests that the various samples had
similar histories, particularly with regard to crystal growth times.
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Table 2: Statistical parameters for best-fit exponential curves and estimated crystallization times for quartzþ feldspar

crystal size distributions of pumice clasts from early- and late-erupted BishopTuff

Aeolian Buttes, large crystals

AB_5301 AB_6201 AB_6203 AB_6202 AB_xx02 All

�1/Gt �0·0020 �0·0073 �0·0051 �0·0064 �0·0056 �0·0053

ln(n0) 0·001 0·12 0·004 0·027 0·028 0·012

r
2 0·80 0·99 0·96 0·99 0·97 0·58

df 2 2 2 2 2 18

F 8·2 180·9 42·6 204·2 77·6 25·3

p
a

0·10 50·01* 0·02* 50·01* 0·01* 50·01*

t
b

1446 1823 1279 2206 1571 947

p
c 50·01* 50·01* 50·01* 50·01* 50·01* 50·01*

Gt (mm) 505 137 197 155 179 189

t (a)d 1600 433 624 492 568 600

Aeolian Buttes, small crystals

AB_5301 AB_6201 AB_6203 AB_6202 AB_xx02 All

�1/Gt �0·28 �0·14 �0·29 — �0·17 �0·20

ln(n0) 439·6 92·0 9898·3 — 14·1 143·2

r
2

0·81 1·00 1·00 — 0·88 0·72

df 1 1 0 — 1 10

F 4·2 261·7 — — 7·3 26·0

p 0·29 0·04* — — 0·22 50·01*

t 5·57 97·6 — — 13·3 20·3

p 0·11 50·01* — — 0·05* 50·01*

Gt (mm) 3·6 7·0 3·5 — 5·8 4·9

t (a) 1·1 2·2 1·1 — 1·8 1·5

Chalfant Quarry, large crystals

F712 F714 F815 Ia13 Ia15 All

�1/Gt �0·0056 �0·0034 �0·0043 �0·0032 �0·0013 �0·0035

ln(n0) 0·000 0·000 0·002 0·000 0·000 0·000

r
2 0·96 1·00 0·98 0·95 0·79 0·63

df 2 2 2 2 2 18

F 48·6 740·3 117·0 39·4 7·3 30·7

p 0·02* 50·01* 50·01* 0·02* 0·11 50·01*

t 1246 8084 2493 1978 2130 1562

p 50·01* 50·01* 50·01* 50·01* 50·01* 50·01*

Gt (mm) 180 298 232 316 788 283

t (a) 570 945 734 1002 2498 897

r
2, coefficient of determination (a value of unity indicates perfect correlation); df, degrees of freedom; F, F statistic.
a
p, probability of Type-I error based on F statistic.
b
t, Student t-statistic.

c
p, probability of Type-I error based on Student t-statistic.
d
t, growth time. Growth rates used: 10�14 ms�1 for large crystals; 10�13 ms�1 for small crystals (see text).
*Statistically significant at better than 95% confidence level.
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distribution with relatively shallow slope, and another

including smaller crystals, with much steeper log^

linear size distributions.We interpret the larger crystal

population to represent the pre-eruptive growth of

quartz and feldspar crystals under relatively low de-

grees of supersaturation, as a result of slow cooling of

a large body of crystal-poor magma.The smaller crys-

tal population, in contrast, is interpreted to represent

syn-eruptive nucleation and growth under signifi-

cantly higher degrees of supersaturation, probably

connected to eruptive decompression of the Bishop

system.

(4) Using quartz growth rates derived by Gualda et al.

(2007, and unpublished data) we estimate the time-

scales of growth for both the pre-eruptive and

syn-eruptive crystal populations.We estimate that the

pre-eruptive crystal population grew on millennial

timescales, in agreement with recent geochronological

determinations (Crowley et al., 2007). We interpret

this as being the timescale of crystallization of the

Bishop magma body, whereas longer timescales re-

corded by zircon crystal cores probably reflect the

construction of the crystal-poor Bishop magma

body.Timescales for crystallization of the syn-eruptive

crystal population are constrained at51^2 years (pos-

sibly a few orders of magnitude shorter), and mark an

important transition in the evolution of the Bishop

magma body, probably the onset of eruptive decom-

pression. These timescales have important implica-

tions for our understanding of giant magma bodies

such as the Bishop system (Gualda et al., 2007, and un-

published data).
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