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Abstract Constraining magmatic and eruptive processes is
key to understanding how volcanoes operate. However,
reconstructing eruptive and pre-eruptive processes requires
the ability to see through any post-eruptive modification of
the deposit. The well-preserved Grey’s Landing ignimbrite
from the central Snake River Plain provides an opportunity
to systematically investigate the post-eruptive processes oc-
curring through a single deposit sheet. Despite overall com-
positional homogeneity in both bulk and glass compositions,
the Grey’s Landing ignimbrite does preserve differences in the
abundance of Li in plagioclase crystals which are strongly
associated with the host lithology. Li abundances in plagio-
clase from the quickly cooled upper and basal vitrophyres are
typically low (average 5 ppm, n=262) while plagioclase from
the microcrystalline interior of the deposit has higher Li con-
tents (average 33 ppm, n=773). Given that no other trace
elemental parameter in plagioclase varies, we interpret the
variability in Li to reflect a post-depositional process. Ground-
mass crystallisation of a rhyolite like Grey’s Landing requires
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~50 % crystallisation of sanidine and variable amounts of a
silica-rich phase (quartz, tridymite, cristobalite) and plagio-
clase to satisfy mass balance. We suggest the low affinity of
Li for sanidine causes migration of groundmass Li into pla-
gioclase during crystallisation. Even within the microcrystal-
line interior of the deposit, the morphology of the groundmass
varies. The more marginal, finer-grained regions are dominat-
ed by cristobalite as the SiO,-rich phase while tridymite and
quartz are additionally found in the more slowly cooled,
coarser-grained portions of thick sections of the ignimbrite.
Numerical models of cooling and crystallisation tested against
field observations indicate that the groundmass crystallisation
occurred relatively rapidly following emplacement (a maxi-
mum of a few years where the ignimbrite is thickest). These
numerical models also illustrate that the time at which the
potential for rheomorphism ceases (either the ignimbrite is a
solid glass, or >50 % crystalline) is diachronous across the
deposit.

Keywords Rhyolite - Microcrystalline - Cooling rate -
Numerical models - Ignimbrite - Lithium

Introduction

All volcanic deposits result from cooled magma with the
cooling rate a first-order control on the texture of the resultant
deposit. Where the rate of cooling outpaces the rate of nucle-
ation, amorphous volcanic glass may be formed from melts of
compositions ranging from basaltic (e.g. Pick and Tauxe
1993) to rhyolitic (e.g. Ross and Smith 1955). However, vol-
canic materials are commonly not glassy; rather, they are dom-
inated by crystalline materials both in the form of phenocrysts
and in microscopic grains.
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Groundmass crystallisation may occur at restricted point
sources (typically forming spherulites) or it may be pervasive.
Spherulitic crystallisation has received a significant amount of
attention with studies considering the composition, growth
rate and localised changes in conditions surrounding spheru-
lites (Castro et al. 2008, 2009; Watkins et al. 2009; Gardner
et al. 2012). Pervasive groundmass crystallisation, despite be-
ing volumetrically many orders of magnitude more prevalent
in lavas and rheomorphic ignimbrites than spherulite forma-
tion, has received relatively little attention (Rowe et al. 2012).
Often, this microcrystalline material is referred to as
‘devitrified’; however, we prefer to use the term microcrystal-
line as this removes the suggestion that the bulk of
crystallisation occurred following the material solidifying into
a glass.

The lack of attention paid to groundmass crystallisation is
hindering the ability to derive reasonable models for many
volcanic processes, from those occurring within the conduit
to those that happen upon deposition. Crystallisation occurs
rapidly, with andesitic dome samples from Montserrat becom-
ing microcrystalline in a matter of days following extrusion
(Baxter et al. 1999) and cristobalite and tridymite being re-
ported from the Mount St. Helens and Chaitén domes
(Cashman et al. 2008; Horwell et al. 2010). This rapid ground-
mass crystallisation causes significant changes in the physical
properties of the material but has rarely been considered when
attempting to model surficial processes such as the advance of
lava flows or rheomorphism in ignimbrites. The degree of
crystallinity and the morphology of the groundmass may also
have important implications in terms of the relative stability of
lava domes (Husain et al. 2014).

In this work, we combine a variety of geochemical and
structural tools to characterise a high-grade, lava-like, welded
ignimbrite from the Snake River Plain, Idaho. These measure-
ments are made on samples from well-characterised sections
of the Grey’s Landing ignimbrite to observe differences in
groundmass crystallinity through a deposit and the potential
for such crystallisation processes to affect the composition of
the deposit. The timing of such processes is then constrained
with numerical models of rhyolite cooling and crystallisation.

Geological setting
The central Snake River Plain

The central Snake River Plain (CSRP) comprises part of the
compositionally bimodal Columbia River-Yellowstone large
igneous province which has been active for the past 17 Ma
(Brueseke et al. 2008). The cause of the rhyolitic volcanism in
the CSRP is commonly attributed to the Yellowstone hotspot
(Geist and Richards 1993; Wolff et al. 2008) which currently
underlies the Yellowstone volcanic field, Wyoming. Rhyolitic
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ignimbrites and lavas in the CSRP represent silicic volcanism
between ~14 and 6 Ma, which has a general younging pro-
gression to the north-east (Fig. 1 inset). The rhyolitic ignim-
brites in the CSRP are well-exposed at the margins of the plain
in steep-sided canyons and fault scarps but are obscured by the
later effusion of basalts within the plain itself.

Rhyolitic ignimbrites in the CSRP are considerably differ-
ent to ‘typical’ rhyolitic ignimbrites (e.g. Bishop Tuff,
Hildreth and Wilson 2007) and comprise a part of what
Branney et al. (2008) termed ‘Snake River (SR)-type’ volca-
nism. The rhyolitic magmas are ‘hot and dry’ with magmatic
temperatures inferred on the basis of numerous thermometers
to be >850 °C (Ellis et al. 2010). The resultant ignimbrites are
exceptionally well sorted, commonly lacking in lithic and
pumice clasts and exhibit a bimodality of welding being either
intensely welded or (rarely) non-welded. The welded ignim-
brites are commonly lava-like and strongly rheomorphic de-
spite having metaluminous bulk compositions (Branney et al.
2008; Andrews and Branney 2011).

The Grey’s landing ignimbrite

Located in the Rogerson Graben, south of the city of Twin
Falls, ID, the Grey’s Landing ignimbrite is one of the best
studied Snake River-type ignimbrites; it is exposed over an
area of more than 400 km* and has an estimated eruption
volume of ~20 km® (Fig. 1; Andrews et al. 2008; Andrews
and Branney 2011). The ignimbrite changes in thickness
markedly in response to pre-existing topography, reaching
75 m in thickness where it ponded in the half-graben and
thinning to ~3 m thick where it feathered out against
palaeotopography formed by north—south trending normal
faults on the graben margins (Andrews et al. 2008).

Beneath the Grey’s Landing ignimbrite, a 2-m thick suc-
cession of parallel-bedded fallout deposits (Fig. 2d) overlies a
palaeosol developed in the underlying Backwaters Member
(Fig. 2b). Within the Rogerson Graben, where the overlying
ignimbrite is thick, the fallout succession has been fused into a
solid glass by the heat and load of the overlying ignimbrite.
Above the fallout, a black, glassy basal vitrophyre typically 2—
3 m thick and containing cm-scale fiammé marks the begin-
ning of the ignimbrite before passing into the crystallised in-
terior which typifies the cores of CSRP ignimbrites and lavas
(Branney et al. 2008; Andrews and Branney 2011; Fig. 2a).
The contact between the basal vitrophyre and the crystallised
interior is sharp. The crystallised interior of the ignimbrite is
dominated by centimetre to decimetre-scale flow banding
which picks out complex folds generated during
rheomorphism (Fig. 2¢; Andrews and Branney 2011). Com-
monly, the unit is sheet-jointed and dimple-jointed and ex-
hibits extremely attenuated vesicles on the foliation planes.
The top of the Grey’s Landing ignimbrite is characterised by
a thin, perlitic upper vitrophyre which is locally brecciated,



Bull Volcanol (2015) 77: 87

Page 3 of 15 87

Fig. 1 Location map illustrating
outcrop of the Grey’s Landing
ignimbrite after Andrews and
Branney (2011). Abbreviations
are: BW Backwaters, GL Grey’s
Landing, S Salmon Falls dam, /#
US highway 93, and MC
Monument Canyon locations.
Inset shows progression of
volcanism along the
Yellowstone—Snake River Plain
province

42°06’N

42°12’'N
1

- = Pre-SRP rocks

114° 48 W
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S - Salmon Falls dam
GL - Greys Landing
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and this is in turn overlain by a poorly to non-welded orange
ash deposit which may represent a co-ignimbrite ashfall de-
posit. Where the ignimbrite is thin (<15 m), at the Monument

Fig. 2 Physical features of
Grey’s Landing ignimbrite. a
Thick Grey’s Landing ignimbrite
at the BW location, with orange
baked soil horizon visible near
base of the cliff. b Thin, glassy
Grey’s Landing ignimbrite on
eastern graben margin overlying
volcaniclastic sediments and a
palaeosol. ¢ Rheomorphism in the
upper vitrophyre of the
ignimbrite. d Plinian fallout
beneath the ignimbrite

Canyon location, at the contact between the upper vitrophyre
and the crystallised interior numerous large (up to 10 cm), red
spherulites occur.
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Petrologically, the Grey’s Landing ignimbrite is typical of
the younger volcanic rocks from the CSRP with a phenocryst
assemblage of rare quartz, plagioclase (Anss 4s5), augite, pi-
geonite, rare hypersthene, ilmenite, magnetite and accessory
zircon and apatite (Andrews et al. 2008; Bonnichsen et al.
2008). Two-pyroxene thermometry suggests that the magmat-
ic temperature of the Grey’s Landing ignimbrite was approx-
imately 950 °C (Andrews et al. 2008), comparable to other
inferred magmatic temperatures for ignimbrites of the CSRP
(Perkins and Nash 2002). As with all other rhyolites in the
CSRP, the Grey’s Landing exhibits a low-5'%0 signature in-
dicative of assimilation of hydrothermally altered material
during petrogenesis (Boroughs et al. 2012).

Methods

Samples were collected from vertical traverses at Grey’s
Landing, Backwaters, Salmon Falls dam, at Highway 93,
and Monument Canyon sections (Fig. 1), originally described
by Andrews and Branney (2011). The first three locations
were used to provide a composite vertical section through
the ignimbrite where it is thick (hereafter termed the Backwa-
ters or BW section) while the Monument Canyon (hereafter
MC) section and the Highway section (hereafter H) were used
to characterise the ignimbrite where it thins against
palaeotopography. Samples were analysed for bulk geochem-
istry via XRF and ICP in the Peter Hooper GeoAnalytical
Laboratory at Washington State University using standard
techniques. For major and trace elements, homogeneous pow-
ders were diluted 2:1 with di-lithium tetraborate flux, doubly
fused and analysed on a ThermoARL XRF spectrometer. For
trace and REE elements, the same powders were diluted 1:1
with di-lithium tetraborate flux before dissolution and analysis
on an Agilent 7700 ICP-MS.

XRD analyses were carried out using Ni-filtered CuK«x
(A=1.54184 A) radiation generated at 35 keV and 30 mA on
a Siemens D500 X-ray diffractometer at Washington State
University. XRD scans were run from 10-70° 20 using a
0.05 step size and a 3-s dwell time. Using MDI Jade 8 soft-
ware, diffraction patterns were processed with a 45-point
Savitzky-Golay smoothing filter to reduce background (Wall
et al. 2014). Both bulk (true whole rock) and picked ground-
mass separates were analysed. Relative crystallinity was cal-
culated following the methodology described by Rowe et al.
(2012) and Wall et al. (2014). A crystallinity calibration curve
was generated to get an ‘absolute’ crystallinity using the same
analytical conditions as the unknown samples (shown in
Supplemental Material S1).

The relative proportions of silica polymorphs, cristobalite
and tridymite, were quantified by comparing the count rate of
the 100 % intensity peak (/100%) of each of the respective
phases at a 20 of 21.95° (cristobalite reference PDF# 077—
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8627) and 20.6° (tridymite reference PDF# 071-0261). Results
of this method vary slightly dependent on the choice of XRD
pattern—particularly in the case of tridymite where the 7100%
peak can change. In this scenario, calculated proportions should
be viewed relatively. Potential overlap of diffraction patterns is
also assessed by scaling a lower intensity peak free of interfer-
ences up to /100%. This procedure indicates that tridymite
interference on the cristobalite /100% peak is minimal.

Groundmass characterisation and compositional map-
ping of polished rock billets was performed at ETH Zu-
rich using a JEOL JSM-6390 scanning electron micro-
scope equipped with Thermo UltraDry EDS detector at
15 kV. The spectral images recorded by the EDS system
were analysed and used to create groundmass phase maps
using the iSpectra toolbox (Liebske 2015).

Trace elements in plagioclase and glass were determined
using LA-ICPMS with a 193 nm ArF Excimer laser from
Resonetics coupled to a Thermo Element XR ICPMS within
the Institute for Geochemistry and Petrology, ETH Zurich.
Analytical conditions were identical to those described by
Szymanowski et al. (2015) with spot sizes of 67 and 43 pm.
Analyses are considered to have uncertainties of 5 % relative
based upon long-term reproducibility of standards, and a full
dataset including standards is provided in Supplemental
Material.

Results
Mineralogy and textures
Crystallinity

Both groundmass and whole rock (bulk) crystallinity are cal-
culated from X-ray powder diffraction results (Fig. 3). Bulk
crystallinities are primarily used to constrain phenocryst abun-
dances in glassy samples while groundmass results instead
focus on microcrystalline products. All crystallinity results
are provided in Supplemental Material. Orange ash above
the upper vitrophyre is crystal-poor (~8.5 % bulk crystallinity
and 2 % phenocrysts) consistent with an origin via fallout and
crystal winnowing as suggested by Andrews and Branney
(2011). Groundmass crystallinity of the ‘thick’ Backwaters
section exhibits a stark difference between the vitrophyre (al-
ways <20 % crystalline) and microcrystalline samples (typi-
cally >80 %). Transitions between these zones are abrupt in
the BW section where the transition from completely crystal-
line to glassy vitrophyre occurs over an interval of ~1 m.
Calculated phenocryst contents (bulk groundmass crystallini-
ty) indicate that the phenocryst content varies systematically
through the section, with the lowest proportions (~2—5 %) in
the interior of the section from 15 to 35 m height and the
highest at the base (~9-12 %).
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Fig. 3 X-ray diffraction patterns for selected whole rock (grey) and
groundmass (black). Samples from BW section (11-prefix; left), and
MC section (12-prefix; right). Linear background position indicated by

In contrast to the BW section, the transition from
crystallised interior to the upper vitrophyre is gradational for
the ‘thin’ Monument Canyon section. Whole rock and
groundmass crystallinity of the vitrophyre at the top of the
MC section is ~26 %, significantly higher than the BW sec-
tion. However, the presence of spherulites in the upper
vitrophyre indicates at least minor crystallisation may have
already affected these measurements. From the top down in

10 15 20 25 30 35 40 45 50
26()

the red line. 100 % peak intensity positions for quartz, cristobalite and
tridymite are shown where present in the samples

the MC section, an increase in groundmass crystallinity from
2410 92 % occurs over the course of 4 m. This same transition
occurred in less than 1 m in the BW section. Groundmass
crystallinity remains high (>90 %) throughout the remainder
of the MC section down to the base, where no vitrophyre is
exposed, and the difference between whole rock and ground-
mass crystallinity lacks the consistency observed in the BW
section. The MC section displays a significant variation in
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groundmass texture within an individual sample, even at the
microscopic level. The non-systematic differences between
groundmass and bulk crystallinity are attributed to these tex-
tural variations. Despite this, the similarity between the
groundmass and whole rock measurements reinforces the ro-
bustness of overall trends in crystallinity through the sections.

Architecture of groundmass mineralogy

In the BW section of the ignimbrite, the groundmass mineral-
ogy changes in a systematic fashion while passing vertically
through the ignimbrite sheet (Fig. 4). At the base of the ignim-
brite is a glassy vitrophyre with microlites of mafic phases
(Fe-Ti oxides and pyroxene), formed in response to rapid
chilling of the hot pyroclasts against the ground (i.e. the in-
ferred fastest cooling rate). Directly above the basal
vitrophyre, the groundmass mineralogy is dominated by
crystallisation of a silica phase (predominantly cristobalite),
Ca-rich feldspar and Na-K-rich feldspar (e.g. Rowe et al.
2012). Silica polymorphs are of particular interest because
the appearance of different phases from the same initial mate-
rial reflects variability in the time-temperature paths at differ-
ent locations in the deposit. Cristobalite persists as the only
groundmass silica phase until above 4 m height from base
after which tridymite is also present. Between heights of 8-
36 m tridymite is present as a second major silica phase with
proportions ranging from 5 to 35 % of the total silica phase

componentry. Quartz appears sporadically in the groundmass
based on XRD scans; however, it is only found in the interior
and just below the tridymite+cristobalite zone (Fig. 4). The
lowermost occurrence of quartz is at a height of 4 m within the
cristobalite zone where it comprises ~24 % of the total silica
componentry, significantly higher than quartz proportions ob-
served higher in the section. Within the tridymite zone, quartz
proportions fluctuate from 2 to 7 %. The variation in silica
phases is not symmetrical through the deposit with the
cristobalite-only top portion significantly thicker compared
to at the base. Additionally, tridymite proportions are non-
symmetrical, with the highest proportions from 16 to 20 m
section height (~35-29 %, respectively). The MC section
has a distinctive pattern of silica phases compared to the BW
section. The lowermost sample of the deposit is dominated by
cristobalite and tridymite silica phases up to a height in the
section of 4 m, at which point the remainder of the deposit
only contains cristobalite (barring the uppermost vitrophyre).
No quartz is evident in the MC section.

Groundmass textures

Although there is little systematic variation in crystallinity
through the pervasively crystallised segment of the BW sec-
tion, a textural evolution is apparent. Samples from near the
top and base of the BW section of the ignimbrite contain in
general much smaller crystal sizes and exhibit ‘felty’ textures,

Fig. 4 X-ray diffraction a 50+ o, 50 »
crystallinity results and b Cristobalite
cristobalite proportion of the silica 454 @ Groundmass 459
polymorphs as a function of © Whole Rock
stratigraphic height in the BW and 404 40 Cristobalite + Tridymite
MC sections. Appearance and
abundance of quartz is sporadic, @ 354 354
and excepting a lower quartz-rich =
zone, relatively minor, so '%D 30+ 30+
proportions are calculated only %
from the ir.ltensity. (coupts) ova- ::?;- 25 Backwaters Section 254 Q
rays associated with cristobalite By
((c at 36.05 20)/0.13) and F 204 204
tridymite (/t at 20.6 20) (e.g. @ Q
100 % means entirely 154 154
cristobalite). The cristobalite> Q
tridymite zone is indicated in 104 104
green while the quartz-bearing
zones are indicated in blue (with 51 51 Q
quartz-bearing samples indicated 0 v 0 ﬁ:
Q) N 00 0 100 0 20 40 60 80 100
E Percent Crystallinity Percent Cristobalite (Ic/[Ic+1t])
Z 14 12 ‘
= 5] 84 o
2 - Cristobalite
@' 4] Monument Canyon 4
'%o 0 ] % 0 | Cristobalite + Tridymite
& 20 40 60 80 100 20 40 60 80 100

Percent Crystallinity
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similar to those identified by Rowe et al. (2012). Notably,
there is no evidence for crystallisation overprinting textures
inherited from glass (e.g. perlitic cracks) indicating direct
crystallisation from a liquid on the surface rather than
crystallisation following solidification to a glass. While sam-
ples near the top and bottom of the section have a matrix of
fine, randomly oriented microlites, on passing towards the
centre of the ignimbrite, groundmass textures become more
mature, defined by a coarsening of grains (>50 um, Fig. 5).
Grain shape also changes with distance towards the centre.
Near the upper and lower margins of the ignimbrite, no obvi-
ous grain morphologies are evident in the groundmass, except
prismatic plagioclase of <10 pum size. Towards the interior,
feldspar microlites become evident, in some cases retaining
their near-euhedral morphology. With grain coarsening, in the
middle of the ignimbrite, feldspar morphology is eliminated
and large laths (up to 100 um length) of a silica phase domi-
nate, commonly found in a radiating geometry around a fine-

composite RGB: Si—-Al-K

50 A

40
11051

30

11047
20 —

Microcrystalline interior

10
11041

-1

Fig. 5 Groundmass textures of three microcrystalline samples from the
BW section, visualised by a combination of three intensity maps for Si
(red), Al (green) and K (blue) as well as groundmass phase maps
following classification with the iSpectra toolbox (Liebske 2015). All

grained silica—feldspar core. The space between the laths is
filled by a matrix of feldspar of variable composition, with Na,
Ca-rich feldspar (plagioclase) dominant near the centres of the
radial features as well as in the cores of individual feldspar
crystals. Crystal rims and distal areas are commonly dominat-
ed by K-rich feldspar (Fig. 5).

Geochemistry
Whole rock compositions

Bulk compositions are rhyolitic, ranging between 73.4 and
75.8 wt.% SiO, (recalculated anhydrous) identical to previous
analyses of the Grey’s Landing ignimbrite (e.g. Bonnichsen
et al. 2008). XRF results (Fig. 6) indicate that, like most ig-
nimbrites in the CSRP, the Grey’s Landing is broadly compo-
sitionally homogeneous, both in vertical and lateral senses
(Ellis et al. 2013). The glassy and microcrystalline samples

phase map

plag Fe-Ti ox.

50 ym

maps have the same scale. Pie charts illustrate the phase proportions
calculated from respective phase maps with omission of unassigned
pixels representing sample surface imperfections (shown in grey on
phase maps)
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Fig. 6 Bulk rock compositions of Grey’s Landing ignimbrite and ash
(recalculated anhydrous) illustrating it is a typical CSRP rhyolite, with
data from Bonnichsen et al. (2008)

vary in terms of their original totals with the microcrystalline
samples having higher original totals (average 98.1, n=18)
compared to the glassy samples (average 96.4 %, n=6). The
other variations are seen in the alkali ratios which are affected
by hydration of the glass, leading to lower Na/K ratios in the
glassy samples. The limited compositional variability sug-
gests that the processes which occur during crystallisation do
not involve large-scale migrations of chemical constituents, in
agreement with earlier studies (e.g. Bonnichsen et al. 2008;
Rowe et al. 2012; Fig. 6).

Trace elements in glass

Rhyolitic glass from dense basal and upper vitrophyres of the
Grey’s Landing ignimbrite is identical in trace elemental com-
position. This homogeneity in trace elements indicates little
compositional zonation within the magma prior to eruption
(Ellis et al. 2013) and supports the use of trace elemental
compositions in glasses as a correlation tool for Snake River
Plain tephras (Perkins and Nash 2002). Rare earth element

800

a

Sr (ppm)

® Glassy samples (n=262)
o Microcrystalline samples (n=773)

20 40 60 80
Li (ppm)
Fig. 7 Trace elemental compositions of Grey’s Landing plagioclase

phenocrysts distinguished by host lithology. a Glassy and
microcrystalline samples overlap in terms of Sr contents but differ

400
0
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(REE) patterns within the Grey’s Landing glasses show a
characteristic negative Eu anomaly, and trace element abun-
dances (Sr 45-87 ppm; Ba 1050-1230 ppm) are comparable
with other SRP rhyolites (Ellis et al. 2013). Li contents within
the glasses are also identical with the base containing 21—
26 ppm and the top 17-26 ppm.

Trace elements in plagioclase

Plagioclase from vitrophyres at the top and bottom of the unit
and from a number of locations within the crystallised interior
were analysed, and as with trace elemental compositions in
glasses, the abundances of almost all trace elements within
plagioclase remain consistent in all samples throughout the
BW section. The important exception to this lies with lithium.
In plagioclase from the vitrophyres and the glassy fallout, Li
contents range between 2 and 10 ppm (average=5, n=262).
By contrast, within the crystallised interior of the ignimbrite,
the plagioclase has much higher Li contents reaching 68 ppm
(average=33, n=773), nearly an order of magnitude increase
on that within the glassy samples (Figs. 7 and 8).

As shown in Fig. 7, the variability observed in Li in pla-
gioclase between grains from microcrystalline and glassy
samples is not mirrored in other trace elements such as Sr or
Rb. The variability in Li within a sample cannot be ascribed to
the analysis of another phase (i.e. inclusions) during the LA-
ICPMS because the variation in Li shows no correlation with
any other trace element and the integrations from the raw
counts per second data provide stable homogeneous signals.

When individual plagioclase grains are investigated in
more detail, the distribution of Li becomes increasingly com-
plex (Fig. 9). Plagioclase from the glassy samples both at the
base and the top of Grey’s Landing exhibit significantly more
homogeneous distributions of Li than those from the micro-
crystalline interior of the ignimbrite. An interesting feature of
the data presented in Fig. 9 is the plagioclase grains from the

800 b
700
€
Q‘ L]
£ 600
—
U) L]
500 o
® Glassy samples (n=262)
400 o Microcrystalline samples (n=773)
0 1000 2000 3000
Ba (ppm)

markedly in Li. b The two populations completely overlap in all other
trace elements measured with Sr vs. Ba shown here
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Fig. 8 Stratigraphic variation in 11032
Li content in plagioclase %0
phenocrysts from the BW section
of the Grey’s Landing ignimbrite.
Li contents from the glasses at the
base and top of the ignimbrite are 40
also shown to illustrate the lack of 11081
compositional zonation of ‘initial N
Li contents’ in the deposit. B 2 |11050
Numbers in parentheses represent Py 30 .‘053
the number of analyses from that § 2
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represents the average of the data 3
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microcrystalline interior show a relative depletion of Li (albeit
still always higher than in the vitrophyre plagioclase) in the
rims of the grains relative to the cores.

Numerical models

To constrain the cooling history of the Grey’s Landing
ignimbrite, we carried out numerical simulations with a
range of starting conditions for various thicknesses of
deposits (50, 12 and 3 m). Within these models, we

Fig. 9 Stratigraphic section of 50 11032
Grey’s Landing ignimbrite 11034
showing grains studied in detail
for the distribution of Li. As
illustrated in Fig. 7, plagioclase
from the interior of the ignimbrite 40
always contains more Li than
plagioclase from the vitrophyres 11051
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E 30| 3
g 2
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assume that emplacement occurs both instantaneously
and at an initial temperature (7), an assumption justified
by the relatively short timescales of emplacement, in-
ferred as a few days (Wilson 2008) to even tens of mi-
nutes (Lavallée et al. 2015), compared to the characteris-
tic time scale of cooling (order of years). Among other
variable parameters, those explicitly tested within these
models include the initial temperature from which cooling
starts, the density of nucleation sites and the growth rates
of crystals.

Li (ppm)
>50
50-45
45-40
40-35
35-30
30-25
25-20
20-15
15-10
10-5
<5

not determined
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Temperatures used for models span a few hundred degrees
including those similar to magmatic temperatures inferred via
geothermometry (Andrews et al. 2008) and encompass poten-
tially higher initial temperatures resulting from shear heating
during syn-depositional rheomorphism (Cordonnier et al.
2012; Robert et al. 2013) and lower temperatures reflecting
possible cooling of the pyroclasts during transport. The nucle-
ation density (Ny) of the groundmass has been estimated from
final crystal density observations (5% 10" m™>), but a range
(10" to 10" m™?) has been tested to consider the variability
observed along the profile as well as uncertainty linked to
inhomogeneity of samples. Observations indicate higher crys-
tal density for areas crystallised at high cooling rate (i.e. high
undercooling conditions) while crystals grown under low
cooling rate exhibit lower crystal density (i.e. low
undercooling conditions). Crystal growth rates in rhyolites
remain poorly constrained (Swanson 1977, Zhang 2013 and
references therein). As is clear from above, the dominant min-
erals in the groundmass of the Grey’s Landing ignimbrite are
silica phases and potassic feldspar with subsidiary plagioclase.
Given the large uncertainties on quartz and sanidine growth
rates for magmatic conditions, and the lack of data for surficial
conditions, we use the crystal growth rates estimated by
Castro et al. (2008) from water diffusional profiles next to
spherulites which range from 5x107'% up to 5x10° m s .
The spherulites in their study were dominated by plagioclase
rather than quartz and potassic feldspar, but these values best
reflect the conditions of interest. Crystal growth rate has been
historically constrained by three major models. The
isothermal linear growth model of Keith and Padden (1963)
assumes a constant growth rate and neglects crystal size or
variations of the melt chemical composition. The size and
temperature dependent growth model of Castro et al. (2008)
remains empirical and must be extrapolated for large crystal
size; hence, a slower crystallisation rate may be expected.
Finally, the diffusion controlled model of Watkins et al.
(2009) inspired by Granasy theory (Granasy et al. 2005) re-
mains the most physically correct existing model but is not
self-limiting and by considering an infinite medium around
the crystal, it may overestimate crystal growth at large crystal
fractions. For this work, we tested a crystal size/temperature
controlled growth models as described by Castro et al. (2008).
A 1D finite difference cooling model with crystal growth, as
described in Supplemental Material, is used to estimate crystal
fraction, temperature and cooling rate of the different profiles
investigated. Earlier simulations (Manley and Andrews 2004;
Andrews 2006) did not account for crystallisation, ground-
mass mineralogy and latent heat production.

Given that the Grey’s Landing ignimbrite is well-exposed,
we can use field observations as constraints on our numerical
simulations. For any simulation to be accepted, it must match
the following observations; (1) where the ignimbrite is thick
(i.e. ~50 m), the thickness of the lower and upper vitrophyres

@ Springer

are required to be respectively in the range 1.5-2 and 3—5 m.
When the ignimbrite is 12 m thick, the thickness of the lower
and upper vitrophyres is required to be respectively in the
range 1-2 and 2-3 m. Where the ignimbrite is thin (i.e.
~3 m thick as it is near Highway 93; Fig. 1), the entire ignim-
brite should be glassy (e.g. Andrews et al. 2008; Andrews and
Branney 2011).

Overall, simulations display a strong contribution of latent
heat during crystallisation process; the thinner the deposit, the
more cooling affects the whole profile before latent heat
reheats the ignimbrite. Latent heat only affects profiles where
temperature is maintained long enough for crystals to grow;
for a cooling rate greater than 10> K s™', rhyolite cools too
fast to allow crystals to grow, suggesting a cooling rate be-
tween the 1072® K s™' derived from experimental work
(Lavallée et al. 2015) and the 10 *° K s™! derived from our
models for the Snake River Plain vitrophyres.

The best fit of simulations (all simulations are provided in
Supplemental Material S2) came from an initial emplacement
temperature of 75=900 °C and a crystal growth rate of a quar-
ter of the model of Castro et al. (2008) and is able to reproduce
the field observations in both BW and MC sections. In this
model, the cooling rates for the upper and basal vitrophyres
range between 10>* and 10™*° K s™' and are approximately
10°° K s™! for the crystalline lithology. As a comparison,
Gottsmann and Dingwell (2001) used differential scanning
calorimetry to quantify the cooling rate of rhyolitic glass from
Rocche Rosse flow of Lipari, with modelled cooling rates in
the range of 10%* to 107~ K s™'. While the Rocche Rosse
lava was emplaced at a somewhat lower temperature than the
Grey’s Landing ignimbrite, the cooling rates inferred in that
study closely match the cooling rates returned via our numer-
ical models when set for similar conditions and are concordant
with the cooling rates of the glassy portions of the Grey’s
Landing.

Discussion
Cooling and crystallisation of rhyolite at the surface

The variability in thickness of the Grey’s Landing ignimbrite
and the pristine condition of the deposits allow the post-
depositional processes to be investigated. The first-order dif-
ferences in cooling rates are illustrated in the glassy or crys-
talline nature of the lithology, but microscopic textures (e.g.
Fig. 5) illustrate the more subtle effects of variations in cooling
rates.

Conditions for rheomorphism

Rheomorphism occurs when a pyroclastic deposit aggluti-
nates together during or immediately after deposition and
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undergoes ductile deformation in some combination of non-
coaxial shear strain in discrete shear zones and distributed
coaxial shear strain during lateral spreading. When
rheomorphism occurs has been a matter of debate with some
favouring it being entirely post-depositional (Wolff and
Wright 1981); during emplacement of an already thick ‘plug’
of ignimbrite (e.g. Schmincke and Swanson 1967; Chapin and
Lowell 1979); while others have suggested it begins syn-
depositionally during progressive aggradation of ignimbrite
(e.g. Branney and Kokelaar 1992; Kobberger and Schmincke
1999; Andrews and Branney 2011). For rheomorphism to
occur, the tuff must be capable of ductile flow at appropriate
strain rates and timescales. The window for rheomorphism is
therefore constrained by (1) passing through either the glass
transition temperature (in the case of rapidly cooled samples
which end up as glass, Stevenson et al. 2001; Giordano et al.
2005) or a crystallinity threshold (most commonly taken as
~40-45 % crystallinity; Bagdassarov et al. 1994; Stevenson
et al. 1996), both of which represent an increase in effective
viscosity of several orders of magnitude, and (2) the continued
availability of gravitational disequilibrium to induce and sus-
tain lateral flow.

Our numerical results, in good agreement with the experi-
mental results of Lavallée et al. (2015), indicate that the glassy
upper and basal margins of the Grey’s Landing ignimbrite
pass through the glass transition temperature and thus out of
the ‘rheomorphism window’ rapidly. These simulations
(Fig. 10) indicate that the interior of the deposit may remain
at high temperatures when the outer portions have chilled to a
glass (e.g. Romine et al. 2012). Considering location MC in
Fig. 10 at time of 0.5x10® s (slightly less than 2 years), it is
clear that both the upper and lower vitrophyres are solid
glasses with temperatures of less than 500 °C (and in the case
of the upper vitrophyre, significantly less than this) while the
interior of the ignimbrite remains hot (>900 °C) with a crystal
fraction of about 0.3—-0.4. Thus, where the Grey’s Landing
ignimbrite ponded in the Rogerson Graben, location BW, the
interior of the deposit remained capable of rheomorphism long
after the upper, lower, and lateral margins were solid. Where
the other end member is considered, at location H (Fig. 10),
the whole deposit is cooler than 600 °C after 0.5x10° s (ap-
proximately 1 week).

These numerical models support the intuitive conclusion
that the end of the rheomorphism window is diachronous both
laterally through a deposit sheet and vertically in a single
location. This is supported by field evidence for rheomorphic
flow of the Grey’s Landing ignimbrite at several locations. At
Salmon Falls dam (‘S’, Fig. 1), the competent upper
vitrophyre brecciated during post-depositional folding of the
adjacent incompetent ignimbrite core (now microcrystalline;
Andrews and Branney 2011). Near the Highway 93 and Mon-
ument Canyon localities, the competent upper vitrophyre is
extended along brittle listric normal faults that root into the

underlying microcrystalline core, providing evidence of shear-
thinning of the deposit as insulated, hot material in the core
was able to flow laterally (Andrews 2006). Where the Grey’s
Landing ignimbrite is ponded, its upper surface is remarkably
planar and close to horizontal. In contrast, where it is thin and
mantles the underlying paleoslopes, the upper surface of the
ignimbrite contains relief caused by rheomorphic folding.
This is interpreted as a manifestation of the thickness-
controlled diachroneity discussed here, and indeed, the transi-
tion from topographic-mantling to topographic-filling behav-
iour corresponds fairly well to the 8-m isopach (Andrews
2006). Rheomorphism in the core of the ponded Grey’s Land-
ing ignimbrite was likely arrested by the deposit attaining
gravitational equilibrium through post-depositional
rheomorphic flow. Conversely, rheomorphism in thin margin-
al locations was arrested by quenching of vitrophyres and
crystallisation of the thin ignimbrite cores in the margins be-
fore gravitational equilibrium was achieved.

Li in the post-depositional realm

The behaviour of Li in silicic magmatic systems at high tem-
perature remains poorly known. The classic early studies of
trace element partitioning typically could not measure Li in
mineral phases (e.g. Mahood and Hildreth 1983; Nash and
Crecraft 1985), and more recent studies typically used less
evolved compositions and much higher temperatures than
those of rhyolite emplacement (e.g. with lowest temperatures
of 1153 °C; Bindeman et al. 1998). Furthermore, there re-
mains disagreement about the extent to which the anorthite
content of the plagioclase plays a role in terms of partitioning
with some authors suggesting the effect is negligible
(Bindeman et al. 1998) and others suggesting it is important
(Coogan 2011). A large variability in Li contents in plagio-
clase (and resultantly large variations in Kp values for Li) has
long been observed (Smith and Brown 1988). The rapid dif-
fusion of Li has been utilised by a number of studies to capture
near and syn-eruptive processes occurring on shorter time-
scales than most geochemical tracers record (Berlo et al.
2004; Kent et al. 2007; Charlier et al. 2012). For these reasons,
we do not claim that the Li contents of the glass represent the
pre-eruptive magmatic liquid as Li may have degassed during
the explosive eruption; rather, we consider the glassy portions
of the Grey’s Landing deposit to represent the conditions im-
mediately at emplacement of the deposit. The distribution of
Li in the glassy portions of the Grey’s Landing ignimbrite is
simple with both glass and plagioclase homogeneous in Li and
containing an average of 23 and 5 ppm, respectively. By con-
trast, the Li contents of plagioclase from the interior of the
ignimbrite show significantly more variability, suggesting that
they record a more complicated suite of processes.

Studies of hundreds of bulk rocks analyses from CSRP
rhyolites reveal no systematic differences between the bulk
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Fig. 10 Diagram illustrating the ability of our crystallisation model to
replicate field observations from three locations with different thicknesses
of Grey’s Landing. Black indicates amorphous material, and white
indicates fully crystalline material while temperature contours illustrate
the temperature of the relative positions in the ignimbrite as a function of

compositions of microcrystalline and glassy samples of the
same unit (Bonnichsen et al. 2008; Ellis et al. 2013; data
above). Thus, we can confidently state that groundmass
crystallisation does not cause large scale migration of major
elements. Maintenance of a high-silica rhyolitic composition
during crystallisation (as in the glass) requires that the main
phases crystallising must be sanidine, quartz (or a polymorph)
and plagioclase. By making simple mass balance models (e.g.
Fig. 11) using typical CSRP mineral compositions, we can
estimate the relative proportions of phases that crystallise.
‘We note here that the composition of phases in the microcrys-
talline portion of Grey’s Landing may be slightly different to
those taken as typical CSRP compositions, but such variability
would not be expected to make large changes in the results. As
illustrated in Fig. 11, the relatively high K,O content of Grey’s
Landing glasses (>5 wt.%) requires abundant K-feldspar
crystallisation, with the best matches to real compositions
coming with 50-60 % groundmass K-feldspar. Phase propor-
tions derived from maps presented in Fig. 5 agree with this
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conclusion; using the same typical compositions of each phase
(Fig. 11).

The high proportion of sanidine crystallised in the ground-
mass may provide an explanation for the elevated Li in pla-
gioclase phenocrysts from the microcrystalline samples.
Where we have measured Li contents in plagioclase and
sanidine phenocrysts, and co-existing glass from other Snake
River Plain rhyolites (Szymanowski 2014), Li has a signifi-
cantly higher affinity for plagioclase than for sanidine. Li con-
tents of sanidine are typically low (2—4 ppm) with plagioclase
values approximately three times greater and glass nearly an
order of magnitude larger. The low affinity of Li for sanidine
may explain why as the rhyolitic melt begins to crystallise the
(now excess) Li diffuses into the plagioclase phenocrysts. The
role of the silica-rich phase (be it quartz, tridymite or
cristobalite) remains poorly known, but the behaviour of
sanidine allows a qualitative model to be suggested for the
newly reported behaviour of Li in plagioclase.

A synoptic view of post-eruptive crystallisation

By comparing the data from the multiple techniques together,
we can infer what the different data sets are revealing. In terms
of crystallinity, aside from one sample at the MC location, the
results are bimodal with samples either highly crystalline
(bulk >85 % crystalline) or glassy. This suggests that once
crystallisation of the groundmass starts, it typically proceeds
to completion. Such a step function in crystallisation is pre-
dicted by our numerical models where the boundary between
~30 % crystalline (pink in Fig. 10) and fully crystalline (white
in Fig. 10) is typically sharp. By contrast, the groundmass
texture and mineralogy of the ignimbrite do appear to change
in concert with the amount of time spent at high temperature.
Near the base of the crystalline portion of BW section, the
texture is fine-grained and felty, dominated by quartz and
cristobalite with plagioclase microlites. In the centre of the
ignimbrite (Fig. 5), the textures are notably different with
coarser-grained silica phases and plagioclase found in distinct
clusters.

The behaviour of Li in the deposit does not appear to show
a perfect relationship with cooling rate (Fig. 8). When consid-
ering just the microcrystalline interior of the deposit, the sam-
ples from closest to the vitrophyre show smaller ranges of Li
than those from the core of the BW section. This, along with
the relatively Li-depleted rims of plagioclase (Fig. 9), suggests
complex behaviour of Li following deposition. While our
dataset of >1000 analyses of Li in plagioclase (see sup. mate-
rials) illustrates for the first time the variability existing
through a single ignimbrite, it merely scratches the surface
in terms of understanding the processes ongoing during
crystallisation on the surface. We suggest understanding the
behaviour of Li in slowly cooled volcanic deposits would be a
fruitful avenue for further investigations.

Conclusions

The well-preserved Grey’s Landing ignimbrite provides an
opportunity to study in detail the emplacement and post-
emplacement processes associated with voluminous, high-
grade ignimbrite eruptions. Our study leads us to conclude
the following:

1) Overall, the Grey’s Landing ignimbrite is a composition-
ally homogeneous deposit, both vertically and laterally.
The notable exception to this homogeneity is observed in
plagioclase crystals where Li, and only Li, shows signif-
icant variability on the order of magnitude scale. This
stark variability correlates with the groundmass texture
with plagioclase from rapidly cooled, glassy groundmass
samples having low Li abundances (average 5 ppm, n=
262) whereas those from the more slowly cooled interior
of the ignimbrite have higher Li abundances (average
33 ppm, n=776). Glass and whole rock compositions
from the base and top of the unit indicate that such vari-
ability in Li is not magmatic and must represent a post-
emplacement process. These results require that any stud-
ies of the behaviour of Li in volcanic rocks must be ac-
companied by consideration of the cooling history of the
deposit.

2) Associated with the variability in Li abundances in pla-
gioclase, the Grey’s Landing ignimbrite exhibits variabil-
ity in both texture and mineralogy of the groundmass. On
passing from the margins to the centre of the ignimbrite,
the crystals become larger and tridymite and quartz join
cristobalite as the SiO, phase in the groundmass.

3) Numerical models of cooling and crystallisation, in good
agreement with previous models based on differential
scanning calorimetry, suggest that theomorphism must
be a rapid process in the vitrophyres. In the slowly cooled
interior, it can persist for a few years at which point high
degrees of crystallinity limit the ability to flow, even if
gravitational disequilibrium is maintained. Our work pro-
vides further support for recent studies that conclude
rheomorphism is syn-depositional. Furthermore, we show
that the rheomorphism window is diachronous across a
single ignimbrite sheet and dependent on the time-
temperature path of the deposit at that location.
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