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The Paraná-Etendeka Province is a Lower Cretaceous huge bimodal tholeiitic volcanic province (1 million·km3)
that predated the Gondwana breakup. Its silicic portion makes up a total volume of at least 20,000 km3 and in
southern Brazil it comprises the Chapecó porphyritic high-Ti trachydacites-dacites and the Palmas
microporphyritic-aphyric low-Ti dacites-rhyolites. The widespread silicic sheets are debated in the literature be-
cause they bear similarities between lavas and high grade ignimbrites. Here we provide new observations and
interpretations for flow units with large, dark, and vesicle-poor lens-shaped blobs surrounded by a light-colored
matrix. The textural features (macro- to micro-scale) of these blobs are different from typical pumice and/or
fiamme and support a low explosivity pyroclastic origin, possibly low-column fountain eruptionswith discharge
rates high enough to produce laterally extensive high-grade ignimbrites. Such an interpretation, combinedwith a
conspicuous absence of lithic fragments in the deposits, is alignedwith a lack of identified calderas in the Paraná-
Etendeka Province. Maximum timescales of crystallization associatedwith the juvenile blobs and estimated from
CSD slopes are on the order of millennia for phenocryst populations and on the order of decades for
microphenocryst populations.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The Paraná-Etendeka volcanic province of southern Brazil andwest-
ern Africa is renowned for, among other things, some of the most volu-
minous and extensive silicic deposits recognized in the geologic record
(e.g. Bryan et al., 2010). Understanding the eruptive styles and properly
characterizing the mode of emplacement of these deposits is of critical
importance, yet there remains a debate with proponents for a lava ori-
gin (Garland et al., 1995; Waichel et al., 2012; Lima et al., 2012; Polo
and Janasi, 2014) and those that support a pyroclastic origin (Milner,
1986; Whittingham, 1989; Milner et al., 1992; Ewart et al., 1998;
Bryan et al., 2010).

The recognition of structures and textures in these volcanic deposits
is essential for interpreting their mode of emplacement and determin-
ing themagnitude of individual eruptions. However, formany examples
of similar deposits such observable features are ambiguous, and this has
led to controversy in the literature over their origin (e.g. Wolff and
Wright, 1981; Bonnichsen, 1982; Bonnichsen and Kauffman, 1987;
Ekren et al., 1984; Henry et al., 1988, 1990; Henry and Wolff, 1992;
Branney et al., 1992; Branney and Kokelaar, 1992; Freundt, 1998;
.

Andrews et al., 2008; Andrews and Branney, 2011). For instance the un-
usual low aspect-ratios shown by some silicic lava flows (e.g.
Bonnichsen and Kaufman, 1987; Henry et al., 1990; Green and Fitz,
1993) or the low preservation or absence of vitroclastic textures in
high-grade to extremely high-grade ignimbrites (e.g. Branney et al.,
1992; Branney and Kokelaar, 1992; Branney et al., 2008) due to very
high eruptions temperatures (~900 to ≥1000 °C – Henry and Wolf,
1992) or magma composition (peralkaline rheomorphic ignimbrites in
Gran Canaria and Pantelleria – Schmincke, 1969; Mahood and
Hildreth, 1986, respectively) make interpretation of the mode of erup-
tion and emplacement difficult. Nevertheless, a combination of features
has been proposed to distinguish extensive silicic lavas from high-
grade, lava-like ignimbrites, and vice-versa. Lavas are typically charac-
terized by widespread, clast-supported autobreccias on their margins
and base, as well as abrupt, thick, stubby lobate terminations with
thick talus aprons. In contrast, high-grade ignimbrites show sharp
basal contacts with the substrate, typically lack basal breccia, and are
characterized by a more gradual decrease in thickness away from their
source (Bonnichsen and Kauffman, 1987; Henry and Wolff, 1992;
Andrews et al., 2008).

The extensive sheet-like flows, up to hundreds of kilometers long, in
the Paraná-Etendeka Province (Milner, 1986; Whittingham, 1989;
Milner et al., 1992; Bryan et al., 2010; Garland et al., 1995; Waichel et
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al., 2012; Lima et al., 2012; Polo and Janasi, 2014) are no exception to
the lava vs. ignimbrite debate. Rare pyroclastic features, such as fiamme
and globule- and cuspate-shaped shards and local basal breccias in the
Etendeka led to the interpretation of these large units as high-grade ig-
nimbrites (Milner, 1986;Milner et al., 1992). However, in Brazil, the ab-
sence of vitroclastic textures in similar deposits has led to a preferred
interpretation as lavas and domes (Garland et al., 1995; Waichel et al.,
2012; Lima et al., 2012; Polo and Janasi, 2014).

Here, we describe dark, lens-shaped blobs that are surrounded by a
lighter-colored matrix, frequently seen in outcrops from silicic units of
the Paraná Magmatic Province (PMP), southern Brazil. We characterize
textures in detail and in a variety of scales, from the outcrop to the mi-
croscopic scale. We discuss their origin and suggest an alternative
model of eruption and deposition for these units. We also derive crystal
size distributions that provide insight into the timescales of crystalliza-
tion of the magmas that gave rise to these units.

2. Geological setting

The Paraná Magmatic Province (PMP) includes most of the volcanic
deposits of a giant bimodal tholeiitic volcanic province (~800,000 km3)
formed during the Lower Cretaceous, which preceded the breakup of
Fig. 1. Paraná Magmatic Province location and geological map with ATC and AT
Gondwana. Correlative deposits are found in Namibia (Etendeka
basin) andAngola (Kwanza andNamibe basins) in the African continent
(Milner et al., 1995; Ewart et al., 1998; Marsh et al., 2001; Alberti et al.,
1992; Bryan et al., 2010).

In Brazil, the PMP Volcanics were emplaced in the Paraná Basin
(Fig. 1), on aeolian sandstones of the Botucatu Formation, over a period
of 3Ma (133.6 to 131.5Ma for the northern sector; 134.6 to 134.1Ma for
the south - 40Ar/39Ar dating: Renne et al., 1992, 1996a, b; Turner et al.,
1994; Ernesto et al., 1999; Mincato et al., 2003; Thiede and
Vasconcelos, 2010; Pinto et al., 2010–134.3 ± 0.8 Ma - U/Pb ratios
from baddeleyite/zircon: Janasi et al., 2011).

Tholeiitic basalts and andesite-basalts make up ~97% of all the
erupted material, while only ~3% of the erupted material is of silicic
composition. These silicic volcanic rocks lie on top of the volcanic se-
quence and are grouped into two main types (Fig. 1): (1) Chapecó
(ATC), composed of porphyritic high-Ti trachydacites-dacites; and (2)
Palmas (ATP), comprising characteristically microporphyritic to
-aphyric low-Ti dacites-rhyolites (Bellieni et al., 1984, 1986; Piccirillo
and Melfi, 1988; Luchetti et al., this issue). Notably, explosively
formed-collapse caldera volcanoes have not been documented in the
PMP (one has been identified in Etendeka; Ewart et al., 1998), which
help explain the debate as to whether the ATC and ATP include
P rocks and respective outcrop locations (1 through 6) cited in this study.
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ignimbrites in their respective successions. Despite this, the extensive
nature of silicic flows and, in particular, the observation of conspicuous
and large lens-shaped blobs in most outcrops necessitates investigation
and an enquiry into a possible ignimbrite-forming mechanism unrelat-
ed to caldera formation.

Someof these units have shown tobe thick and quite extensive (tens
to hundreds of km), and its massive/coherent aspect in outcrops
coupled with the apparent scarcity of pyroclastic features (i.e. glass
shards,fiamme, broken phenocrysts and lithics) have led to controversy
concerning their emplacement mode (e.g. Whittingham, 1989; Milner
et al., 1992; Garland et al., 1995; Waichel et al., 2012; Luchetti et al.,
this issue). Nevertheless, they also commonly display a conspicuous
‘eutaxitic-parataxitic’-like texture, which is the focus of this investigation.

3. Methods

Wecharacterize in detail large lens-shaped features found in numer-
ous outcrops in the PMP.We concentrated our efforts in some ‘key’ out-
crops in which these features are best exposed (see location in Fig. 1),
but similar features can be observed elsewhere in the province.

Field characterization included documentation of sizes and shapes of
dark, lens-shaped features (hereafter referred to as blobs) that contrast
with surrounding lightermaterial (matrix). Additionally, we document-
ed rock textures along fractures, which can sometimes be common and
which include material similar to the matrix. We sampled and studied
in detail blobs and surrounding matrix from three outcrops, one from
the Chapecó (outcrop 1) and two from Palmas (outcrops 4–5) silicic
subunits (see Fig. 1).

We prepared polished thin sections of blobs andmatrix formore de-
tailed work. They were studied under the petrographic microscope,
Fig. 2. Banding marked by dark lenses in lighter matrix in ATP (a, b, c) and ATC (d, e) outcrops
respectively (see location in Fig. 1); and in (c) one can note a loose thick dark ‘lens’ (yellow da
followed by detailed characterization carried out using scanning elec-
tron microscopy (SEM) and electron-probe microanalysis (EPMA). We
used a JEOL JSM-6010 LA SEM installed at UNESP (Rio Claro, Brazil)
and a Tescan VEGA3 variable-pressure SEM installed at Vanderbilt
University (Nashville, USA). Both instruments are equippedwithOxford
Instruments Energy Dispersive Spectrometers (EDS), used for composi-
tional analysis and mapping. The JEOL 8230 Superprobe installed at
UNESP was used in this study to obtain X-ray compositional maps.
Electron Backscatter Diffraction (EBSD) maps were obtained using an
Oxford AZtecEnergy Advanced Microanalysis System attached to the
Tescan SEM installed at Vanderbilt, which includes integrated EDS and
EBSD systems.

To attain the level of polishing needed for EBSD, thin sections
with microprobe-quality polishing were subjected to a final
polishing stage, of at least three-hours, using a Buehler VibroMet 2
Vibratory Polisher installed at Vanderbilt University. No conductive
coating was applied on the samples, and a low N2 pressure (b50 Pa)
was used in the SEM chamber to neutralize the surface of the sam-
ple. The settings used in the Tescan SEM for EBSD work were
~10 mm of working distance, 70° sample tilt, 20 kV accelerating
voltage, and ~4 nA beam current. Images were processed using the
HKL CHANNEL5 Tango software from Oxford Instruments. We ob-
tained EBSD maps for almost entire thin sections, by imaging first
one half of a thin section, and then imaging the second half after
physically rotating the sample in the SEM.

X-ray compositional maps were obtained by both EDS and WDS
(Wavelength-Dispersive X-Ray Spectrometry) using the UNESP elec-
tron microprobe with accelerating voltage of 15 kV and dwell times
of 8–10 ms. Maps for Al, Mg, and Ti were used to identify plagioclase,
pyroxene, and Fe\\Ti oxides, respectively.
: (a, b; d, e) extremely flattened and stretched dark lenses/lamination in outcrops 5 and 1
shed line) and smaller lumps (orange dotted line) in outcrop 4.
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We used EBSD and X-ray maps to determine crystal size distribu-
tions. In the case of EBSD, touching crystals of the same phase can be
readily separated due to the difference in crystallographic orientation.
However, large sections of some crystals – particularly of plagioclase –
did not yield resolvable EBSD patterns, such that interiors had to be
manually filled using routines available in the Tango software. In the
case of X-ray maps, touching crystals were manually separated from
each other using the free software ImageJ, with the aid of an optical mi-
croscope under which crystals were identified by differences in extinc-
tion angles and/or interference colour. The CSDSlice program (Morgan
and Jerram, 2006) was used to determine 3D crystal shapes (aspect ra-
tios), and stereological corrections were calculated using the
CSDCorrections 1.50 program (Higgins, 2000) from results of measure-
ments made in ImageJ (Abramoff et al., 2004).

We derived crystal size distributions for blobs and matrix using a
combination of data from EBSD and X-ray maps. The EBSD maps were
acquired at a higher resolution (~0.338 pixels/μm) than the X-ray
maps (~0.101 pixels/μm). As a result, we were able to analyze a larger
area with X-ray maps (2 thin sections) than with EBSD maps (b1 thin
section). As such, EBSDmaps provide information on the smaller crystal
populations, while the X-ray maps provide information on the larger
crystals found in these rocks, with substantial overlap between the in-
formation gathered for intermediate crystal sizes. We thus combine in-
formation from both datasets to yield crystal size distributions over a
wider range of crystal sizes (following Pamukcu & Gualda, 2010). Im-
portantly, there is good agreement between the results obtained for
crystal sizes in which the two datasets overlap (see Section 4.2 of Re-
sults below).
Fig. 3. Close-up photographs (a, b) showing colour and texture difference and diffuse conta
Photomicrographs (c, d) highlighting diffuse contact region between blob (center to left)
pyroxene; Plg = plagioclase; M = magnetite.
4. Results

4.1. Macroscopic and microscopic characteristics

Field observations reveal the local presence of horizontally-to-sub-
horizontally oriented dark lens-shaped blobs, separated from each
other by a matrix of lighter-colored material (Fig. 2), and no lithic frag-
ments. Dark lenses are black to reddish brown, few to tens of centime-
ters thick and N10 cm to more than a meter long (aspect ratios of 5:1
to 10:1). Locally, they can appear more elongated or extremely
stretched/flattened (≥20:1 aspect ratios), particularly towards the
base of outcrops, resulting in features that resemble flow-banding.
Blobs are often bisected by sub-horizontal to slightly inclined fractures
that can make identifying and measuring individual blobs difficult. Oc-
casional detached blobs and ‘lumps’ can also be observed in some out-
crops (Fig. 2c).

Froma distance, contacts between dark lenses andmatrix are easy to
recognize and they appear sharp; however, close inspection reveals that
they are diffuse andmore difficult to trace in detail (Fig. 3). Thematrix is
characterized by white, spherical to irregular-shaped ‘spots’, which are
smaller and less common in blobs. Rounded, oval, or drop-shaped vesi-
cles from millimeters to centimeters in diameter, are partly or totally
infilled with quartz and/or calcite and are more common in the matrix.
In places, these vesicles are sub-parallel to the layering defined by the
blobs.

Microscopically, the differences between blob and matrix are more
subtle, partly due to the fact that much of the material is devitrified,
obscuring original microscopic features. Both blobs and matrix are
cts between matrix (light layers) and dark lenses in ATC (a) and ATP (b) rock samples;
and matrix (center to right) in ATP sample. Plane polars (c); crossed polars (d); Px =
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characterized by a variable concentration of crystals (≥100 μm) in a
groundmass that is devitrified and locally silicified. Nonetheless, we
see differences in groundmass textures and in crystal size distributions
between blobs and matrix. Here the term “groundmass” refers both to
the dark portion of the rock, called blob, and to the light portion, defined
as the matrix in which the blobs lie. Under the optical microscope, the
‘white spots’ are composed of patches of brown or reddish brown
glass (Fig. 4a–h). In some ATP samples, the ‘spots’ contain several
tiny acicular opaque minerals and round quartz crystals. The ground-
mass of the blobs is often fully crystallized with quartz-feldspar
microgranophyric intergrowths.

Mineral assemblages consist of plagioclase Nclinopyroxene (augite
+ pigeonite) NFe-Ti oxides Napatite in ATC rocks and of plagioclase N

N clinopyroxene (augite) + orthopyroxene NFe\\Ti oxides in ATP
rocks, with some ATP samples being aphyric (outcrops 5–6 in Fig. 1).
Plagioclase crystals can reach 1 cm size in the ATC and 1 mm size in
the ATP. Crystals are often euhedral, but they can also show rounded
to irregular shapes or resorption textures, especially pyroxenes. Crystal
clusters (glomerocrysts) are ubiquitous and analysis of the abundance
of crystals reveals that blobs tend to be richer in crystals and crystal
clusters than the matrix (Fig. 4a'–h').

Differences in groundmass texture between blobs and matrix are
more evident in SEM images.Whereas blobs have amore homogeneous
appearance due to the micro-cryptocrystalline quartz-feldspar inter-
growth (microgranophyric texture), the matrix has a more patchy tex-
ture with darker patches surrounded by a lighter groundmass
(microgranophyric texture) in back-scattered electron (BSE) images
(Fig. 5a-d). Crystals smaller than 60 μm size (microlites) include plagio-
clase, pyroxene (augite ±pigeonite), Fe\\Ti oxides, and apatite. These
Fig. 4.Thin sections of dark lenses (a, b, e, f) andmatrix (c, d, g, h) fromATC (ad) andATP (e-h) ro
noted a larger number of dark brown patches (whitened areas in outcrop) in matrix than in
correspond to clusters with more than five crystals and orange areas (e'-h') to clusters with m
dark lenses or blobs with respect to the matrix, especially in ATC samples, indicating a tende
crystals). While the matrix would be less likely to maintain its ‘original’ crystal clusters due to
crystals have shapes suggestive of very fast growth, with swallowtail
ends, skeletal, dendritic or acicular shapes. It is also noteworthy that a
higher concentration of pyroxene and- Fe\\Ti oxides microlites exist
within the quartz-feldspar growth areas and, therefore, there would
be a slightly higher concentration of thesemicrolites in blobs compared
tomatrix. Unfortunately this is difficult to observe for plagioclase due to
recrystallization/devitrification. Dark gray patches in back-scattered
electron (BSE) images (= dark brown under optical microscope) in
the matrix have a fibrous or irregular texture (Fig. 5e-f), which shows
compositions with a wide range in FeO (~0.3–10 wt%) and K2O (~4–
12 wt%) contents, and narrower ranges in SiO2 (~64–67 wt%) and
Al2O3 (~14–17 wt%) contents. Under the optical microscope, dark
brown patches in the matrix of some ATP thin sections, display a
globular texture. In BSE images this globular texture is characterized
by several small round-to-globular material or aggregates that are ho-
mogeneous in texture (Fig. 5f) and show SiO2 contents ranging from
78 to N90 wt%, suggesting silicification of the groundmass material.
These differences in silica content in the groundmass textures are also
reflected in bulk rock compositions. EDS maps show rhyolitic (ATC) to
rhyodacitic-rhyolitic (ATP) compositions for blobs (~70 wt% SiO2) and
trachytic (ATC) to dacitic (ATP) compositions for matrix (~63–67 wt%
SiO2).
4.2. CSD (crystal size distributions)

As previously mentioned, there is good agreement between the CSD
obtained from EBSD and X-ray maps, with the two datasets showing
clear overlap for crystals of intermediate size (Fig. 6).
cks. Besides thehighlighted porphyritic aspect of ATC rocks compared to ATP, it can also be
dark lenses in both rocks. Outlined areas in a'-h' are crystal clusters; yellow areas (a'-d')
ore than ten crystals. The largest number of clusters with more crystals is noteworthy in
ncy of the former in maintaining its ‘original’ crystal clusters (and therefore with more
a transport in a pyroclastic flow. Shorter lengths of the images have ~24 mm.



Fig. 5. SEM images of dark lenses andmatrix features fromATC (a, b, e) andATP (c, d, f), inwhich dark lenses (a, c) display smaller to almost nodark gray areas/patches (red arrows), while
matrix (b, d) ismade up by larger dark gray patches; white microlites are clinopyroxene andmagnetite and they aremostly concentrated in quartz-feldspathic areas, hence in dark lenses
rather than matrix; (e) ATC matrix detail showing dark gray fibrous/rough fabric area, where quenched feldspar microlites can be better distinguished, surrounded by microgranophyric
quartz-feldspathic intergrowth; and (f) dark gray patch detail in ATPmatrix showing small roundmasses (≥78wt% SiO2) enclosedwithin the fibrous/rough fabric material (~65wt% SiO2;
4–12wt% K2O). Q = quartz; Px = pyroxene; Plg = plagioclase.
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Blobs and matrix show very similar CSDs (Fig. 7a-d), with the main
exception being the pyroxene CSD for ATP rocks (Fig. 7d). A kink can
be identified in both plagioclase CSD for the blobs; the kink may
be absent in the ATP matrix rock, or it may occur at a crystal size
smaller than what we can quantify. The kinks are best seen in
diagrams showing best-fit exponential curves to the blob data
(Fig. 7e-f). The pyroxene CSD for the ATP matrix shows a concave-
upward shape; however, the value for largest bin size controls the
concave shape and, if it were excluded, an exponential CSD would
be a very good approximation.

5. Discussion

5.1. Origin of dark blobs, mode of emplacement, and welding

Typical ignimbrites are characterized by the (+/−abundant) pres-
ence of pumice lapilli (e.g. Sparks et al., 1973; Fisher and Schmincke,
1984; Cas and Wright, 1987; Branney and Kokelaar, 2002). Further, ig-
nimbrites can be incipiently to densely welded, where collapsed vesicu-
lar pumice fragments (fiamme) produce a characteristic strong foliation
(eutaxitic texture) (Smith 1960a, b; Ross and Smith, 1961; Ragan and
Sheridan, 1972; Cas and Wright, 1987). The features described here
for dark blobs differ morphologically from typical fiamme or pumice,
in that they have (1) a characteristic roundednaturewith amore diffuse
boundary with the matrix, (2) they are notably vesicle-poor and (3)
they have a limited size range with no examples measured b10 cm
long and 5 cm wide. Being ancient deposits, the diffuse nature of the
boundary between blobs and matrix has undoubtedly been enhanced
by devitrification and chemical alteration processes; however, from
our textural data (field and petrographic) there is no evidence that re-
veals an obvious gradational or diffuse alteration halo from the blobs
into thematrix. In fact, our data supports amore patch-like and less sys-
tematic devitrification and silicification effect on both the matrix and
the blobs.



Fig. 6.ATC plagioclase CSDs fromx-raymap and EBSDdata and, (b) the CSD resulting fromboth combined datasets; small crystals fromEBSD and large crystals fromx-raymap. Note in (a)
the close agreement between the datasets for intermediate crystal sizes.
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The differences between blob and matrix textures are somewhat
subtle, including those derived from CSD analysis. We note, nonethe-
less, that the blobs show a larger proportion of crystals forming the clus-
ters compared to the matrix, which is consistent with blobs being
subject to more limited disaggregation or ‘fragmentation’ than the ma-
trix, as would be expected. Furthermore, the differences in the ground-
mass texture between blobs and matrix may indicate differences in
volatile content and permeability, which has been reported in ignim-
brite studies, where pumice probably contains more volatiles and are
significantly less permeable than matrix, (e.g. Ross and Smith, 1961;
Schmincke and Swanson, 1967; Ragan and Sheridan, 1972; Streck and
Grunder, 1995; Sparks et al., 1999; Wright and Cashman, 2014). With
low vesicularity blobs, this difference in permeability could be even
more pronounced than it is with typical pumice. In ATP and ATC rocks,
the poor permeability of the blob with respect to the matrix could
have allowed efficient volatile (especially water) retention and thus
led to a decrease in viscosity. This effect of retained water could be par-
tially responsible for welding features in the ATP and ATC, including
compaction and/or stretching of the blobs to form layers or laminations
in the lower portions of the deposits (cf. effect on compaction rates of
pumice in Ragan and Sheridan, 1972; Sparks et al., 1999). Another effect
of water retention is an increase in crystallization/devitrification (cf.
Ross and Smith, 1961; Schmincke and Swanson, 1967; Lofgren, 1970),
which is evident in bothATP andATC rocks. Heterogeneous patchy crys-
tallization in the matrix also implies permeability anisotropy (Wright
and Cashman, 2014), enabling efficient aqueous phase circulation
through residual pore space and hence silica enriched and potassium
impoverished zones, and vice versa, in the ATP and ATC rocks (cf.
Scott, 1971). Matrix vesicles also reflect the activity of a vapor phase rel-
ative to crystallization (i.e. second-boiling - McArthur et al., 1998). In
summary, as in pumice, blobs could have been completely compacted
and/or crystallized whereas matrix remained with some residual
porosity.

Other evidence for welding in the ATP and ATC rocks are the con-
spicuous fractures sub-parallel to and sometimes bisecting blobs. This
structure has been described elsewhere, including in the densely
welded Cougar Point Tuff (Bonnichsen and Citron, 1982). This may de-
note planes of weakness along the matrix-blob boundaries, and associ-
ated deformation during welding and compaction either during or post
emplacement (or both) of the flow. Whether the extremely low aspect
ratio blobs (≥20:1) are flattened and/or stretched is beyond the scope of
this study, and therefore the possibility of high-grade welding with as-
sociated post-depositional flow (rheomorphism; cf. Wolff and Wright,
1981; Bonnichsen and Citron, 1982; Henry et al., 1989; Branney et al.,
1992; Henry and Wolff, 1992; Andrews and Branney, 2011) cannot be
ruled out as a possibility

Summarizing our results, we suggest that the lens-shaped blobs are
barely-vesiculated juvenile magma fragments and are similar features
to those described elsewhere, such as in the Fantale ignimbrite
(Gibson, 1970), the Pagosa Peak lava-like ignimbrite (Bachmann et al.,
2000), and andesitic spatters transported in pyroclastic flowon Santori-
ni (Mellors and Sparks, 1991). The structural and textural features be-
tween blobs and matrix described above are more likely to have
formed in an explosive pyroclastic flow-producing eruption than from
an effusive lava flow- producing eruption. In this sense, the blobs
would have resulted fromfire-fountainingpyroclastic eruptions capable
of generating pyroclastic flows, which are somewhat intermediate be-
tween typical ignimbrite-producing pyroclastic density currents and
lavas. This would explain why many of the features observed in the
ATP and ATC have proven to be elusive and have led to conflicting inter-
pretations for the mode of emplacement of these deposits. Low vesicu-
larity blobs indicate less pronounced vesiculation duringmagma ascent
and significantly lower explosivity than more typical Plinian eruptions
associated with silicic ignimbrite formation (e.g. Carey and Sigurdsson,
1989), as well does the lack of smaller juvenile blobs. This alternative
emplacement mechanism also explains many of the microscopic char-
acteristics we observe. Most importantly, it explains why we observe
only subtle differences between blob and matrix textures, including
the derived CSDs. Crystal clusters and the low abundance or absence
of broken crystals, as evidenced by the euhedral shapes of plagioclase
crystals, are typical of coherent lavas. However, the fragmentation pro-
cess would not be as intense in fire-fountaining pyroclastic eruptions as
in typical highly explosive ignimbrite-forming eruptions, and euhedral
crystals and glomerophyric clusters could maintain their integrity.

We suggest that the possible eruptionmechanism for the blob-bear-
ing deposits of the ATP and ATCwould not bemuch different from those
mafic eruptions characterized by fire-fountains, in which pyroclasts are
designated “spatters” and specific conditions, such as low magma vis-
cosity and low pre-eruption volatile contents, are required (Wolff and
Sumner, 2000; Sumner et al., 2005). Nevertheless, several examples of
spatter deposits are also described from andesitic (Mellors and Sparks,
1991; Valentine et al., 2000; Allen, 2005) and felsic magmas (Duffield,
1990; Turbeville, 1992; Stevenson et al., 1993; Rosi et al., 1996;
Sumner and Branney, 2002; Furukawa and Kamata, 2004; Self et al.,
2008). In this context, the high temperatures (N900 up to N1000 °C
°C) and low volatile content (≤2% H2O) estimated for silicic magmas
from PMP (Bellieni et al., 1986; Bellieni et al., 1988; Garland et al.,
1995) support the idea of a low explosivity, fire-fountain eruption



Fig. 7. (a-d) Plagioclase-pyroxene CSDs of blobs andmatrix fromChapecó (ATC) and Palmas (ATP). (e, f) Best-fit exponential curves for populations of crystals (N0.3 mm -ATC; N0.15mm
-ATP) and microphenocrysts (b0.3 mm -ATC; b0.15 mm -ATP) plagioclase crystals in blobs (see Table 1).
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column (cf. Bachmann et al., 2000) feeding pyroclasts that are laterally
transported and emplaced to form a densely welded ignimbrite. The
high temperatures must have played a major role on the rheology of
these materials, decreasing its viscosity and increasing the difference
between emplacement temperature and glass transition temperature
(Tg), which, in turn, strongly influence the welding (Smith, 1960a,b;
Quane and Russell, 2005; Russell and Quane, 2005). Furthermore, the
fact that there has been no calderas identified in the PMP and the
deposits are bereft of lithics necessitates further investigation into vol-
canic sources that are known to produce fire-fountain eruptions such
as linear vent zones (fissures).

5.2. Timescales of crystallization

The kink in the CSDs of blobs seems to reflect two main different
stages of crystallization represented by phenocrysts (pre-eruptive)



Table 1
Parameters for best-fit exponential curves and estimated crystallization times for plagioclase crystal size distributions of blob samples from Chapecó (ATC) and Palmas (ATP).

ATC Slope (S) Intercept (n°) R2 G (mm/s) Τ (−1/GS) Lmax (mm) Τ(Lmax/G)

Phenocrysts −2.17 −0.32 0.98 10−11 1460 10 31,700
10−10 146 3170

Microphenocrysts −13.69 3.39 0.99 10−10 23
ATP

Phenocrysts −7.24 4.18 0.97 10−11 438 1 3170
10−10 44 317

Microphenocrysts −30.93 8.37 1 10−10 10

G = growth rate for plagioclase from Cashman (1988, 1992).
Τ = residence time in years.
Lmax = the largest crystal size.
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and microphenocrysts (syn-eruptive) as identified in many other sys-
tems (e.g. Cashman, 1988, 1992; Pamukcu et al., 2012; Pamukcu et al.,
2013).

Timescales of crystallization can be derived from CSD if crystal
growth rates can be constrained (Cashman and Marsh, 1988; Marsh,
1988, 1998). The growth time of a crystal population is related to the
slope of the CSD on a log-linear plot of population density vs crystal
size (i.e., the exponent of the best-fit exponential curve). The slope cor-
responds to −1/(Gτ), where G is the linear growth rate and τ is the
crystallization time. Alternatively, if the crystal growth rate is known,
then a crystallization time can be calculated as the time for such crystal
to grow: τmax= Lmax/G, where L is crystal size. Plagioclase growth rates
have been studied by Cashman (1988, 1992), with resulting growth
rates of 10−14 and 10−13 m/s. These growth rates are consistent with
(and somewhat slower than) quartz growth rates determined by
Gualda et al. (2012) and Pamukcu et al. (2012, 2015), showing that crys-
tal growth rates have a limited range of variability.

Utilizing these growth rates, we calculate plagioclase growth
times using the CSD slopes for both large (phenocryst) and small
(microphenocryst) crystal populations (Fig. 7e-f). Phenocryst popula-
tions yield timescales on the order of millennia, while microphenocryst
populations yield timescales on the order of decades (Table 1). Uncer-
tainties on these calculated times derive primarily from uncertainties
in the used growth rates (Gualda et al., 2012). Given thatwe use conser-
vative estimates for growth rates (see Pamukcu et al., 2015), we inter-
pret these timescales as being maximum timescales associated with
the growth of each crystal population.

Determination of maximum crystal sizes is required to calculate res-
idence times based on Lmax. ATC rocks include crystals as large as
10 mm, while the largest crystals in Palmas rocks are closer to 1 mm
in size. Thus, maximum growth times calculated using these sizes is
on the order of a few thousand years (ATP) to a few tens of thousands
of years (ATC), as detailed in Table 1. Again, uncertainties on growth
rates are the main source of error in these calculations, and the use of
conservative values for the growth rates renders these calculated values
maximum estimates.

The CSD for plagioclase in the Chapecó sample can be interpreted as
having an overabundance of large crystals, which leads to the concave-
upward CSD. It is possible that these larger crystals are ‘antecrysts’,
which did not crystallize from the melt in which they currently reside.
The likely result of the presence of antecrysts is that maximum crystal-
lization times would be overestimated, possibly explaining the discrep-
ancy between estimates based on CSD slope and maximum crystal size,
particularly for the Chapecó sample. However, magma mingling or
mixing structures, which would explain such antecrysts, are seen nei-
ther in outcrops nor in thin sections. Nevertheless future research
could better elucidate the origin of these crystals.

6. Conclusions

In this paper we present qualitative and quantitative structural and
textural data, including crystal size distributions, for Chapecó-Palmas
blobs and matrix from the Paraná Magmatic Province. The textures
have been described from the outcrop scale down to the SEM scale.
CSDs were obtained using a combination of EBSD and x-ray map
datasets. Our results indicate these blobs correspond to poorly vesicu-
lated magma fragments. These would have been transported in pyro-
clastic flows sourced from low-column pyroclastic fountains with
relatively high discharge rates that led to the large volume andwide dis-
tribution of these deposits.

Crystal size distributions reveal the existence of two main crystal
populations: one including crystals that form a log-linear size distribu-
tion with relatively shallow slopes, and thus represent the pre-eruptive
growth of phenocrysts in a large magma body; and another including
microphenocrysts, with much steeper log-linear size distributions and
representing syn-eruptive nucleation and growth under significantly
higher degrees of supersaturation. We also estimate the timescales of
growth for both crystal populations. Using plagioclase growth rates
from Cashman (1988, 1992) we estimate that the pre-eruptive crystal
population grew on millennial timescales, whereas the syn-eruptive
crystal population yielded timescales on the order of decades.
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