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Abstract

Broken crystals have been documented in many large-volume caldera-forming ignimbrites and can help to understand the role of
crystal fragmentation in both eruption and compaction processes, the latter generally overlooked in the literature. This study
investigates the origin of fragmented crystals in the > 1260 km?, crystal-rich Cardones ignimbrites located in the Central Andes.
Observations of fragmented crystals in non-welded pumice clasts indicate that primary fragmentation includes extensive crystal
breakage and an associated ca. 5 vol% expansion of individual crystals while preserving their original shapes. These observations
are consistent with the hypothesis that crystals fragment in a brittle response to rapid decompression associated with the eruption.
Additionally, we observe that the extent of crystal fragmentation increases with increasing stratigraphic depth in the ignimbrite,
recording secondary crystal fragmentation during welding and compaction. Secondary crystal fragmentation aids welding and
compaction in two ways. First, enhanced crystal fragmentation at crystal-crystal contacts accommodates compaction along the
principal axis of stress. Second, rotation and displacement of individual crystal fragments enhances lateral flow in the direction(s)
of least principal stress. This process increases crystal aspect ratios and forms textures that resemble mantled porphyroclasts in
shear zones, indicating lateral flow adds to processes of compaction and welding alongside bubble collapse. In the Cardones
ignimbrite, secondary fragmentation commences at depths of 175-250 m (lithostatic pressures 4-6 MPa), and is modulated by
both the overlying crystal load and the time spent above the glass transition temperature. Under these conditions, the existence of
force-chains can produce stresses at crystal-crystal contacts of a few times the lithostatic pressure. We suggest that documenting
crystal textures, in addition to conventional welding parameters, can provide useful information about welding processes in thick
crystal-rich ignimbrites.
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Introduction

Broken crystals are characteristic of the products of explosive
eruptions, particularly pyroclastic density current deposits (i.e.
ignimbrites; ash-flow tuffs) associated with large caldera-
forming eruptions. Ignimbrites with broken crystals include:
many in the Great Basin, USA (Best and Christiansen 1997
and references therein); the Fish Canyon Tuff, USA (Lipman
et al. 1997); the Cerro Galan ignimbrite, Argentina (Wright
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et al. 2011); Bishop Tuff, USA (Pamukcu et al. 2012;
Bindeman 2005); the Huckleberry Ridge Tuff, USA
(Bindeman 2005); the Ora ignimbrite, Italy (Willcock et al.
2015); and the Cardones ignimbrite, Chile (van Zalinge et al.
2016a). Broken crystals have also been documented in smaller
explosive eruptions (Bindeman 2005; Williamson et al. 2010)
and lavas (e.g., Allen and McPhie 2003; Cordonnier et al. 2009).

Understanding the origin of broken crystals in volcanic
deposits can be challenging as several processes within the
magmatic-volcanic system can fragment crystals. Magma, es-
pecially crystal-rich magma, can respond brittlely to rapid
stress perturbations in magmatic systems (e.g. Spieler et al.
2004; Lavallée et al. 2007; Gottsmann et al. 2009; Huber et al.
2011; Jones et al. 2016). Magma decompression also causes
over pressurisation and explosion of melt inclusions trapped
in phenocrysts (Tait 1992; Best and Christiansen 1997; Zhang
1998; Williamson et al. 2010). Heating experiments show
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melt inclusions can decrepitate when overpressures are gener-
ated by heating, and hence, crystals may fragment during ep-
isodes of magma recharge (Bindeman 2005). Crystals may
also break during syn-eruptive processes, which include
shearing of magma along the conduit margin (Polacci et al.
2001; Rosi et al. 2004; Cordonnier et al. 2009) and mutually
impacting crystals in the magma (Best and Christiansen 1997,
Cashman et al. 2008). Further fragmentation can occur during
turbulent flow of fragmented particles in conduits and during
transport in pyroclastic density currents (PDCs). Whilst it is
thus clear that pre-and syn-eruptive processes play a signifi-
cant role in crystal fragmentation, comparatively little atten-
tion has been paid to the response of crystals to post-eruptive
processes such as welding and compaction of ignimbrites.

Welding of ignimbrites occurs by loss of void space during
compaction due to loading, accompanied by volatile resorp-
tion in the matrix and pumice glass, as well as sintering of hot
glassy material (Smith 1960; Sparks et al. 1999). These pro-
cesses are controlled by the residence time of the pyroclastic
material above the glass transition temperature, the deposit
thickness, the compactional load (Smith 1960; Riehle et al.
1995; Quane and Russell 2005; Wright and Cashman 2014)
and rates of volatile absorption by glass components (Sparks
et al. 1999). The degree of welding can be quantified by mea-
suring the density and porosity of the matrix, the aspect ratios
of pumice clasts (flamme), and the deformation of glass shards
(e.g. Peterson 1979; Quane and Russell 2005; Wright and
Cashman 2014). Despite the large literature on welding and
compaction of ignimbrites, however, there are no studies of
crystal deformation during compaction.

Theoretical and experimental studies of the rheology of
crystal-melt suspensions indicate that touching crystal net-
works can form at <25 vol% crystals, depending on crystal
shape and orientation (Saar et al. 2001; Hoover et al. 2001;
Walsh and Saar 2008). Where uniaxial compression is applied
to a crystal-bearing (> 40 vol% crystals) melt, crystal fractur-
ing can occur where crystals are in contact (Lejeune and
Richet 1995; Cordonnier et al. 2009). In such systems, stresses
are typically distributed heterogeneously and most of applied
force is supported in touching networks, or ‘force-chains’
(Mueth et al. 1998; Blair et al. 2001). We suggest that these
concepts have important implications for crystal fragmenta-
tion and deformation during welding of large-volume crystal-
rich ignimbrites, where deposit thicknesses of hundreds of
meters create lithostatic stresses <20 MPa. Such high pres-
sures can completely eliminate the porosity in the deposit and
therefore increase the bulk volume percentage of the crystals,
which may exceed >25 vol% (e.g. van Zalinge et al. 2016a).
These crystallinities are sufficient to form crystal frameworks
(force-chains; e.g., Liu and Nagel 2010) and promote crystal
fragmentation and deformation. In such systems, local stresses
at crystal contacts in force-chains are expected to exceed the
average (lithostatic) pressure by a factor proportional to the
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contact area of the touching crystal network (e.g., Walsh and
Saar 2008), so that local stresses can exceed compressive
strengths and crush crystals.

This study aims to unravel the multiple and complex pro-
cesses of pre-, syn-and post-eruption fragmentation in the ‘su-
per’ eruptions that form large ignimbrites. Our case study is
the 21.9 Ma Cardones ignimbrite, which contains abundant
broken phenocrysts (van Zalinge et al. 2016a). We document
and analyse crystal textures in both pumice clasts and the bulk
ignimbrite, and introduce a set of parameters to quantify the
degree of crystal fragmentation (breaking a crystal into small-
er fragments) and deformation (modification of the original
euhedral crystal shape). The analyses are interpreted in the
context of stratigraphic information on the Cardones ignim-
brite previously published by van Zalinge et al. (2016a).

Geological and stratigraphic background

The Cardones ignimbrite is part of the early Miocene Oxaya
Formation, which comprises at least four ignimbrites that togeth-
er have a volume of ca. 3000 km® and cover an area of ca.
42,000 km? on the Western Andean Slope in northernmost
Chile and southernmost Peru (Fig. 1a; Wdrner et al. 2000;
Garcia et al. 2004). In the mid to late Miocene, the Oxaya
Formation was faulted and folded in the large-wavelength anti-
clines, creating elevations of <4000 m (van Zalinge et al. 2016a,
b). A set of drill holes through the Oxaya Formation in northern-
most Chile (Fig. 1a) allows detailed reconstruction of the ignim-
brite sequence (van Zalinge et al. 2016a). The dominant member
in the drill holes is the extra-caldera outflow sheet of Cardones
ignimbrite, which has thicknesses of 3001200 m. The associat-
ed caldera of this ignimbrite has not been identified, but must
have been located to the east of the study area.

The Cardones ignimbrite can be divided into two Units—Unit
1 and Unit 2—using stratigraphic breaks and welding profiles
(Fig. 1b; Van Zalinge et al. 2016a). In this study, we focus on the
oldest, thickest and best-preserved Unit 1, which consists of four
gradational subunits (subunit 1 to subunit 4) distinguished by
their pumice and lithic contents (Fig. 1b). The thickness of the
two basal subunits varies laterally and reflects the rugged pre-
eruptive topography (a paleo-slope dissected by river valleys)
that was inundated by the Cardones ignimbrite (van Zalinge
etal. 2016b). The full stratigraphy of Unit 1 is well preserved in
drill holes 7, 2, 4, 6 and 9, where Unit 1 is covered by younger
ignimbrite members of the Oxaya Formation. At the hinge of the
anticline (holes 1, 5 and 3), in contrast, erosion of Unit 1 accom-
panied relief generation in the Miocene. By extrapolating the
non-welded surface of the Cardones ignimbrite from both limbs
of anticline towards the hinge, the maximum pre-erosion thick-
ness in holes 1 and 5 was reconstructed to be 1190 and 770 m,
respectively (van Zalinge et al. 2016b). The pre-eroded thickness
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Fig. 1 a Simplified geological map of northernmost Chile and southernmost Peru (modified after Garcia et al. 2011) with the locations of drill holes and
the Molinos field section (M). b Stratigraphy of the Cardones ignimbrite based on van Zalinge et al. (2016a) with sample locations

of the Unit 1 in hole 3 is unknown, but the lack of a non-welded
top indicates that the full thickness must have been > 500 m.
The bulk ignimbrite of Unit 1 contains 23-52 vol% crystal
fragments (41 =9 (10)) that float in a devitrified matrix. This
unit also contains 1-10% pumice that can be divided into ca.
80% crystal-rich pumice clasts (Fig. 2a) and ca. 20% crystal-
poor pumice clasts (Fig. 2b, ¢). These two pumice types are
chemically indistinguishable but texturally different (van
Zalinge et al. 2016a, 2017). Modal analyses indicate that the

crystal-rich pumice contains 26-56 vol% (average 37+8
(10)) crystals with an assemblage of plagioclase + quartz +
sanidine + biotite + titanomagnetite + amphibole. In these
clasts, most crystals are fragmented, but the original euhedral
crystal outlines are still recognisable. In contrast, crystal-poor
pumice clasts contain ca. 22 vol% crystal fragments and evi-
dence of original crystal shapes is absent. The crystal frag-
ments are typically <1 mm in size and are angular to sub-
rounded in shape.
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b Crystal-poor pumicef

Fig. 2 Petrographic images of crystal-rich pumice and bulk ignimbrite (bulk) (a) and crystal-poor pumice (b, ¢). Note that the crystal fragments in the
crystal-rich pumice outline original crystal shapes, whereas angular to sub-rounded fragments are free-floating in the crystal-poor pumice

Samples and methods

To investigate crystal textures and to unravel the multiple
stages of fragmentation and deformation, we studied polished
thin sections of crystal-rich pumice clasts with a petrographic
microscope. Most thin sections are oriented in the (vertical)
xz-plane, in which the z-axis is parallel to the highest principle
stress (o) applied by the compactional load. We then com-
pared our results to observations of the bulk ignimbrite, which
is the greater part of the ignimbrite and is dominated by crystal
fragments in a devitrified matrix.

We analysed crystal textures of quartz and feldspar (plagio-
clase and sanidine) in crystal-rich pumice, with a specific em-
phasis on crystal breakage patterns (fragmentation). Sample
locations and details are indicated in Fig. 1b and Table 1

Table1  Overview of pumice samples. Data on crystal content from van
Zalinge et al. (2016a, 2017). Drill cores that experienced erosion of Unit 1
are indicated with an asterisk and for these samples we provide a
stratigraphic depth range. The minimum depth is found when not taking

respectively. We define a fragmented crystal as a region con-
taining broken pieces that originally formed one single crystal
(Fig. 3).Insome cases, these fragments still outline the “original
euhedral crystal shape”; with this term, we mean the shape of the
crystal prior to fragmentation. Individual crystals are identified
by their monomineralic nature, the proximity of crystal frag-
ments and, in feldspar, by common zoning patterns (Fig. 3a). In
the more extreme cases, individual crystals are identified by the
occurrence of discrete fragment clusters (Fig. 3c). For practical
reasons, we quantified crystal breakage by classifying individ-
ual crystals as (1) unbroken, (2) crystals broken into 2-25 frag-
ments and (3) crystals broken into > 25 fragments.

A broken crystal either closely preserves the original crys-
tal shape (Fig. 3a) or shows various degrees of fragment dis-
placement and rotation (Fig. 3b, c). To determine the original

erosion into account and the maximum depth is found by taking the
reconstructed thickness for Unit 1 (van Zalinge et al. 2016Db).
Lithostatic pressure calculated using a density of 2300 kg/m®

Orientation Subunit Crystal content Stratigraphic Lithostatic Number of Number of
Sample thin section pumice (vol%) depth Unit 1 (m) pressure (MPa) analysed feldspar analysed quartz
MO06 random Subunit 4 34.8 0 0 20 19
603 xz-plane Subunit 4 26.6 20 0.5 18 6
711 xz-plane Subunit 3 31.6 94 2.1 18 14
228 xz-plane Subunit 3 36.8 143 32 26 14
101 random Subunit 4 56.2 36-281* 0.8-6.3 24
924 xz-plane subunit 4/3 31.8/525 176 4.0 21
713 xz-plane Subunit 3 36.0 181 4.1 19
430 random Subunit 3 41.2 192 43 26 20
104 Xy-plane Subunit 3 30.7 105-350* 24-79 15 -
502 xz-plane Subunit 3 37.2 89-407* 2.0-9.2 26 14
716 xz-plane Subunit 3 45.9 314 7.1 26 14
929 xz-plane Subunit 3 26.6/33.7 361 8.1 13 9
508 xz-plane Subunit 2 355 333-651* 7.5-14.7 26 17
307 xz-plane Subunit 3/2 3325 >500 >11.2 26 21
125 random Subunit 3 333 537-782 * 12.1-17.6 15 6
138 xz-plane Subunit 2 39.0 681-926 * 15.4-20.9 12 14
140 xy-plane Subunit 2 34.0 696941 * 15.7-21.2 14 14
156 xz-plane Subunit 1 40.7 922-1167 * 20.8-26.3 26 9
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size of unbroken and moderately fragmented crystals, we
identified all crystal fragments and measured the apparent
long axis of the collective fragments (Fig. 3a, b). However,
crystal deformation increases the original long axis of the
crystals and thus estimates of original crystal length were lim-
ited to crystals that show limited deformation. To quantify
rotation, we recorded observations of extinction angles in
crossed polarised light (xpl; Fig. 3). It is clear from the hand
samples and the thin sections oriented in the vertical
(xz-)plane that crystal fragments are often also displaced in

the horizontal (xy-)plane, (Fig. 3¢). We measure displacement
as the aspect ratio of individual crystals (including all associ-
ated crystal fragments) in thin section, calculated by dividing
the maximum length of the fragmented crystal in the horizon-
tal plane by the maximum width of the fragmented crystal in
the vertical plane. In this way we quantify the fragment dis-
placement perpendicular to the highest stress (o) applied by
the compactional load. Where thin sections were not oriented
in the xz-plane, the measured aspect ratios provide minimum
estimates of deformation (Table 1).

Fig. 3 Plane polarised light (ppl) a

petrographic images of quartz
(left) and feldspar (right) crystals
in crystal-rich pumice clasts. a In
situ broken crystals where the
fragments show minor
displacement and original crystal
shapes are still discernable. b
Original crystal shapes are
slightly disturbed as some crystal
fragments are displaced.

quartz; sample M06; c. 0 m depth
and crossed polarised light (xpl) PP ; xpl

sanidine; sample M06; c. 0 m depth
1l g

Enhanced crystal fragmentation
occurs where fragments are in b
contact (white arrows). ¢
Complete destruction of crystal
shape and fragments are smeared
out horizontally, increasing the
length and decreasing the width
of the crystal. Black arrows in the
ppl images indicate the apparent
long axis of the crystal used to
measure the size. In the xpl
images we indicated the length
and width of the crystal, used to
measure the aspect ratio. Black
arrows at the left side of (b) and
(¢) point upwards in the
stratigraphy

c quartz; sample 307; >500 m depth
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To calculate expansion accompanying fragmentation, we
measured the space between the fragments of the same crystal
(that is, the dilated volume of individual crystals) from high-
resolution petrographic images. This was possible only where
the original crystal shape could still be discerned (e.g. Fig. 3a,
b). We first created a set of binary images using the software
Image] (Rasband 1997). We then used the binary images to
compare the broken crystal area (including interior gaps,
which were either empty or filled with devitrified glass and/
or secondary minerals) to the combined area of the crystal
fragments (that is, the pre-breakage crystal area).

Results

Pumice clasts in the Cardones ignimbrite contain phenocrysts
that are fragmented and variably deformed. Here, we summa-
rise metrics of fragmentation extent and timing, as well as
post-fragmentation deformation, as a function of location
(stratigraphic depth) within the ignimbrite. We then compare
crystal breakage textures within pumice clasts to those pre-
served within the bulk ignimbrite.

Number of crystal fragments

The simplest measure of fragmentation is the number of crys-
tal fragments. In general, this number increases with strati-
graphic depth within Unit 1. Specifically, in pumice clasts
sampled at depths greater than ca. 180 m (from sample 713
onwards; Fig. 1b), crystals comprising >25 fragments are
more abundant than in pumice clasts higher in the stratigraphy
(Fig. 4a, b). Quartz crystals are less broken than feldspar, as
measured both by the percentage of unbroken crystals and the
frequency of highly fragmented crystals (> 25 fragments). The
observed difference between quartz and feldspar is commen-
surate with quartz being stronger than feldspar, where fractur-
ing is controlled by cleavage planes (Evans 1988).

Fragmentation efficiency, measured by the number of frag-
ments per crystal, is related to crystal size. In general, smaller
crystals are less broken than larger crystals, as illustrated in
Fig. 4c. Here, the data for the uppermost six pumice samples
(< 180 m) are plotted separately from those of deeper pumice
to highlight the increase in fragmentation efficiency with
depth. Importantly, the relationship between the number of
fragments per crystal and the crystal size explains the scatter
Fig. 3a, b. For example, samples 125 and 929 (black arrows in
Fig. 3a, b) contain large numbers of small crystals compared
to the other samples, and thus, the percentages of unbroken
and minimally broken crystals are also relatively large.

The bulk ignimbrite contains crystal fragments that are
floating in a devitrified matrix. In contrast to the crystals in
pumice clasts, broken pieces that originally formed one single
crystal are no longer found in close proximity in the matrix
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Fig. 4 a, b Stacked bar charts indicating number of fragments and the P>
crystal size per sample for feldspar (a) and quartz (b). Samples are
ordered with increasing stratigraphic depth (*average depth from the
range given in Table 1). ¢ One hundred percent stacked column charts
indicating the number of fragments per crystal-size group. The uppermost
six samples are plotted separate from the deeper samples, indicating
smaller crystals are less broken than larger crystals

(Fig. 5). This observation indicates that the fragmented crys-
tals within the bulk ignimbrite are completely dismembered
during eruption and that the fragments are thoroughly mixed
during transport within PDCs. In situ crystal breakage is ob-
served (white arrows in Fig. 5) where individual crystal frag-
ments are touching. Here, fragmentation by crystal-crystal in-
teraction can be seen either where two crystal fragments (Fig.
5a) are in contact or where a (weaker) third fragment is
crushed between two fragments (Fig. 5b). We see similar ev-
idence for this additional stage of fragmentation within indi-
vidual pumice clasts at stratigraphic depths > 180 m, where
intense fragmentation is also observed where two fragments
are in contact with one another or where there are intervening
weaker fragments (white arrows, Fig. 3b).

Arrangement of crystal fragments

In pumice clasts, fragments of a single broken crystal can be
arranged in different ways. A crystal may be broken without
displacing individual fragments, in which case the original
euhedral crystal shapes are still clearly recognisable (Fig. 3a).
In cross-polarised light, the extinction angle of these crystal frag-
ments is similar, as are the original patterns of twinning and zon-
ing in feldspar crystal fragments is still recognisable; both obser-
vations indicate only minor rotation of the individual fragments.
This type of fragmented, but undisrupted crystal, is common in
pumice clasts from the upper parts of the ignimbrite stratigraphy.
Since these crystals show very limited crystal displacement in the
horizontal plane (e.g. Fig. 3a), the aspect ratios of these crystals
are low: in general, >75% of the crystals at depths above ca.
250 m have aspect ratios less than two (Fig. 6a).

At >250 m, individual fragments of crystals show mark-
edly different extinction angles (Fig. 3b), indicating that they
have been displaced and rotated. In more extreme cases, crys-
tal fragments form high-aspect ratio trails (Fig. 3c) and origi-
nal crystal shapes may no longer be recognisable. In some
cases, crystal fragments have been displaced in such a way
that larger core fragments have smaller grained “wings”
(Fig. 7a). Such post-fragmentation deformation can be mea-
sured by the aspect ratio. Figure 6a shows that at depths >
300 m (from sample 716 downwards), up to 70% of the
fragmented feldspars and 35% of the fragmented quartz crys-
tals have aspect ratios greater than two. Again, samples with
anomalously small crystals (samples 929 and 125—black ar-
rows in Fig. 6a) show smaller aspect ratios and are less broken
(Fig. 4). Pumice clasts at depths of > 300 m also show crystal
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Fig. 5 Plane polarised light (ppl)
and crossed polarised light (xpl)
petrographic images of crystal
fragments in the bulk ignimbrite
(in vertical sections). The
majority of fragments “float” in
the matrix, but in places where
fragments are in contact, fragment
crushing occurs (white arrows).
qtz, quartz; san, sanidine; plag,
plagioclase

fragmentation and deformation of biotite and amphibole, as
illustrated by a fragmented and bent biotite crystal (Fig. 7b)
and a fragmented and extended amphibole (Fig. 7c).

We plotted data on fiamme aspect ratio and bulk ignimbrite
density (van Zalinge et al. 2016a) alongside crystal aspect ratios

crushing of
v 5 fragment

12515 floatng .
fragments

M crushing of
i fragment

in Fig. 6a. In the uppermost ca. 200 m of the ignimbrite stratigra-
phy, crystal aspect ratios are typically less than two, although in
this interval, flamme aspect ratios progressively increase from two
to four and the bulk ignimbrite density increases from < 1900 to
2300 kg/m’. At stratigraphic levels >200 m, bulk ignimbrite

a
Average crystal aspect ratio sample Fiamme aspect ratio - average per 25 m  |bulk ignimbrite density spaces betwgn fragments
Aspect ratio >2 and <3 Aspect ratio >3 name (kg/m3) 5 & § §
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e quartz 1384
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156 Y sample locations 156

Fig. 6 a Percentage of crystals with an aspect ratio of (i) greater than two,
(ii) less than or equal to three and (iii) greater than three, plotted against
stratigraphic depth. Diagram also includes the average fiamme aspect
ratio for selected holes and bulk ignimbrite density for hole 1 (data
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from van Zalinge et al. (2016a)). Fiamme aspect ratio data at the top of
holes 1 and 5 are missing, because this part of the ignimbrite is eroded. b
Diagram with estimated percentages of material in spaces between the
crystal fragments
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plagioclase & biotite;

plagioclase; sample 307; >500 m depth

Fig. 7 Petrographic images of crystals in pumice, indicating evidence for
shear (images are of a sample in the vertical sections). a Broken
plagioclase resembling a ¢d-type porphyroclast. b Deformed plagioclase

density remains constantaround 2300 kg/m?, while fiamme aspect
ratios continue to increase with depth from four to seven (Fig. 6a).
Crystal aspect ratios are also higher (greater than two) at depths >
200 m compared to crystal aspect ratios at the top of the ignimbrite
(smaller than two). Patterns of deformation at the base of the ig-
nimbrite vary with location. In holes 7 and 9, the mean aspect ratio
rapidly decreases to three in the basal ca. 50 m. In holes 1 and 5,
however, a more sudden decrease in the mean fiamme aspect
occurs higher above the base, although this trend is not mimicked
by either the bulk ignimbrite density or crystal aspect ratios.

Volume expansion accompanying eruption

Syn-eruption expansion of pumice is accommodated primarily
by vesiculation of the melt. We note, however, that broken crys-
tals in pumice clasts comprise fragments from the same crystal
that do not touch, but instead are separated by a few tens to one
hundred micrometres (Fig. 3a). We measured the space in be-
tween the fragments that belong to a single crystal, in ten crystals
from the upper non-welded pumice clasts to determine volume
percentage increase. For crystals broken into < 25 fragments, we
estimated a dilated volume increase of4 to 9%, with an average of
7% (n =3). Extremely broken crystals (>25 fragments) have a
dilated volume increase of 13 to 58% (n = 7), with an average of
33%. For the latter group, the lower end of the range is probably
mostrepresentative, as plucking of crystal fragments during sam-
ple preparation could have artificially increased the spaces be-
tween the fragments. Considering that a pumice clast contains
unbroken, moderately broken and extremely broken crystals
(Figs. 4a, b), we estimate that the average dilated space is about
12%. By combining the measured additional dilated space be-
tween the crystal fragments with the average crystal content of
Cardones pumice (38 vol%), we estimate that ca. 5% space is
created per pumice clast by primary fragmentation and expansion
of the crystals.

The spaces between the fragments can be empty, or filled
with (devitrified) glass, or secondary calcite (Fig. 6b). Empty
spaces are especially common (in ca. 75% of the crystals

sample 307; >500 m depth

and biotite crystals, which both indicate evidence for rotation. ¢
Amphibole crystal broken into fragments that are laterally displaced

analysed) in the uppermost pumice samples, with the remain-
ing gaps filled with devitrified glass (25%). At depths greater
than ca. 200 m, in contrast, the reverse is true, with glass-
(melt-) filled spaces most common (ca. 75%). Pumice clasts
from depths > 500 m may also contain 25-50% secondary
calcite between crystal fragments. Calcite precipitation sug-
gests that these gaps were originally open, and modal analyses
by van Zalinge et al. (2017) indicate that when calcite is pres-
ent in pumice clasts it ranges from 0.5 to 3 vol%.

Discussion

Crystal textures indicative of fragmentation are ubiquitous
throughout the Cardones ignimbrite. Stratigraphic variations
in crystal textures, however, indicate that fragmentation oc-
curs in two stages: primary syn-eruptive fragmentation and
secondary post-eruptive fragmentation (Fig. 8).

Crystal textures related to primary syn-eruptive fragmenta-
tion are best observed in non-welded pumice clasts in the
uppermost 200 m of the stratigraphy where secondary frag-
mentation is absent. Primary fragmentation is characterised by
crystals that are broken, but with original crystal shapes that
can still be discerned (Figs. 3a; Fig. 8a); this is reflected in
their relatively low crystal aspect ratios (Fig. 6a). Here crystal
fragments also show very little evidence for rotation or dis-
placement, as measure