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Understanding the thermal behavior of pyroclastic density currents (PDCs) is crucial for forecasting impact
scenarios for exposed populations as it affects their lethality and destructiveness. Here we report the emplace-
ment temperatures of PDC deposits produced during the paroxysmal explosive eruption of Merapi (Central
Java) on 5 November 2010 based on the reflectance of entombed charcoal fragments. This event was anom-
alously explosive for Merapi, and destroyed the summit dome that had been rapidly growing, with partial
collapses and associated PDCs, since October 26. Results show mean reflectance values mainly between 0.17
and 0.41. These new data provide a minimum temperature of the flow of 240-320 °C, consistent with previ-
ous estimations determined from independent field, engineering, and medical observations published in the
literature for this eruption. A few charcoal fragments recorded higher values, suggestive of temperatures up
to 450 °C, and we suggest that this is due to the thermal disequilibrium of the deposits, with larger block-size
clasts being much hotter than the surrounding ash matrix. Charring temperatures show no major differences
between proximal and distal PDC deposits and are significantly lower than those that may be associated with
a fast growing dome dominated by dense and vitric non-vesicular rocks. We therefore infer that the decrease
in temperature from that at fragmentation (>900 °C) occurred in the very initial part of the current, <2 km from
source. We discuss possible processes that allow the very fast cooling of these energetic PDCs, as well as the

Keywords:

Merapi volcano
Pyroclastic density current
Charcoal reflectance
Emplacement temperature
Rapid cooling

Volcanic hazards

conservative thermal behavior shown during the depositional phase, across the entire depositional area.

©2017.

1. Introduction

The last major eruptive sequence of Merapi volcano, in Indone-
sia, began on 26 October and ended on 23 November 2010 (Surono
et al., 2012). During this period, the activity was mostly character-
ized by recurrent rapid lava-dome growth and collapses, accompanied
by numerous pyroclastic density currents (PDCs; glse referred to as
block-and-ash flow) that threatened the local settlements up to 15km
from the crater (Surono et al., 2012; Cronin et al., 2013; Jenkins et al.,
2013; Komorowski et al., 2013; Charbonnier et al., 2013; Genareau
et al.,, 2015). On 5 November 2010, a series of paroxysmal dome
explosions and collapses generated several PDCs that inundated an
area of 22km?, depositing ~5x10°m® of material (Komorowski et
al., 2013). Despite the small volume of the eruptive products in com-
parison to other climactic phases, this event represents the most dis-
astrous volcanic eruption observed at Merapi since 1872, being re-
sponsible for >200 fatalities and a massive destruction of buildings
and trees (Jenkins et al., 2013; Baxter et al., 2017). The topography-

* Corresponding author.
Email address: matteo.trolese@uniroma3.it (M. Trolese)

https://doi.org/10.1016/j.jvolgeores.2018.06.004
0377-0273/ © 2017.

mantling PDCs associated with this paroxysmal phase flowed down
the southern flank of the volcano for 8.4km crossing over transverse
topographic ridges up to 245m high, whereas co-genetic valley-con-
fined PDCs continued propagating in the Gendol drainage reaching
15.5km and producing concentrated overspills and dilute detached
PDCs (Komorowski et al., 2013; Fig. 1).

The PDCs felled many trees in densely vegetated areas, the ori-
entation of which was important for determining the flow dynam-
ics. Through an extensive study of satellite imagery, and—fieldwerls
Komorowski et al. (2013) reconstructed the complex flow direction
pattern of the 5 November PDCs as a result of their interaction with
a marked topography. They argue that the strongly directional tree
blowdown and the distinctive bipartite stratigraphy of the topogra-
phy-mantling PDC deposits, which are characterized by a lower
coarse-grained, fines-poor massive and chaotic unit overlain by a
finer-grained, fines-rich laminar to low angle cross-stratified unit, are
characteristic features shared with other historical blast deposits, sug-
gesting that the paroxysmal 5 November event was also a laterally-di-
rected blast-like explosion. Moreover, Jenkins et al. (2013) used the
evidence of damage to trees and structures, and the transport of boul-
ders and debris, to derive the dynamic pressure evolution across the
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Fig. 1. Map showing the distribution of PDC deposits from the 5 November 2010 eruption at Merapi (simplified from Komorowski et al., 2013), and the sites sampled in this study
(colors refer to the groups as defined by charcoal reflectance data, see Fig. 3). The inset box indicates the location of Merapi volcano in Central Java. The flow lobes (1 to 3) corre-
spond to PDC-1, PDC-2 and PDC-3 in Komorowski et al. (2013); Fig. 3, b), respectively.

impact area of the topography-mantling PDCs, which were able to ex- ies have also used the damage to trees to infer velocities (and hence
ert significant dynamic pressure (>10kPa) over distances of 5-6km dynamic pressures) of other historical Merapi eruptions (Clarke and
from the crater, despite their unconfined setting. Other stud- Voight, 2000; Kelfoun et al., 2000). Cronin et al. (2013) interpreted
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the energetic event of 5 November as extremely hot and mobile
block-and-ash flows generated by the collapse of a very hot and highly
gas-charged dome, which were able to develop several decoupled di-
lute currents.

The PDC deposits associated with the Merapi 2010 paroxysm
were also sufficiently hot to char most of the vegetation entombed
along their extent. Experimental studies have shown that during the
charcoalification process, the reflectance of charcoal increases with
temperature (Correia et al., 1974; Scott and Jones, 1991; Scott and
Glasspool, 2007). Even though reflectance could also increase at a
given temperature with time, it stabilized after exposure >24h (Scott
and Glasspool, 2005). Thus, reflectance can be used as an indica-
tor of the charring temperature of specimens embedded within PDC
deposits. Despite its potential, the study of charcoal fragments has
been adopted to determine the emplacement temperature of only few
historical PDC deposits, including pyroclastic deposits at Soufriére
Hills (325-525°C, Scott and Glasspool, 2005; 300-425°C, Scott et
al., 2008), Taupo (269-398°C, Hudspith et al., 2010), Vesuvius
(240-370°C, Caricchi et al., 2014) and Fogo (330—460°C, Pensa et
al., 2015). Laboratory studies have shown that reflectance measure-
ments of charcoal can give precise information about the tempera-
ture of formation over a wide range of values, from 200 to >1100°C,
providing a broad range of geological applications (Ascough et al.,
2010; McParland et al., 2009; Scott and Glasspool, 2005; Scott and
Jones. 1991). A systematic exploration of the thermal state of PDCs
(and@paﬁal and temporal variation) provides important insights
into ow dynamics, and enhances our ability to mitigate poten-
tial future hazards. However, our knowledge about how quickly the
heat is exchanged between the pyroclastic mixture and the external
environment is still limited. Estimated emplacement temperatures of
PDCs pf the recent activity at Merapi have been obtained using differ-
ent types of proxies. In particular, the use of melting plastics has been
adopted to infer the temperature of dilute PDCs emplaced during the
1994 eruption (<200 °C, Voight and Davis, 2000), and the 2006 erup-
tion (<165 °C, Charbonnier and Gertisser, 2008). Jenkins et al. (2013)
and Baxter et al. (2017) estimated low temperatures (200-300 °C) for
the PDCs emplaced on 5 November both in proximal and distal lo-
calities. They used different strands of evidence, such as photographs
and eyewitness accounts of thermal injuries in injured and deceased
victims, building damages and field observations (i.e. heat effects on
man-made objects and vegetation) to show that communities situated
along the Gendol river at about 12km from the crater and invaded
by dilute detached PDCs, sustained low dynamic pressures but suffi-
ciently high temperatures to cause injuries and fatalities (Baxter et al.,
2017). However, the high extrusion rate (~25 m’s™!; Pallister et al.,
2013) of the new dome that collapsed on 5 November (which was built
between 2 and 4 November), its dense non-vesicular texture and sig-
nificant internal overpressure (Komorowski et al., 2013) suggest that it
had experienced limited cooling and degassing and that it was very hot
at that time (Cronin et al., 2013) providing a large supply of thermal
energy for the associated PDCs. Hence, this raises the important ques-
tion of determining what is the dominant process, between the source
and the transport system of the PDCs, that was responsible for the sud-
den temperature drop recorded by previous studies. We address this
question by investigating the spatial variation of the charring tempera-
ture of plant materials that were preserved within the PDC deposits of
5 November 2010, with the aim to characterize and inform the mech-
anisms for PDC transport and heat transfer with the external environ-
ment.

2. Material and methods

Several samples of charred material were collected from 29 sites
in 2010 and 2011 (Fig. 1; Table 1). Samples from the topogra-
phy-mantling PDC deposits were taken from depositional unit U1, in-
terpreted by Komorowski et al. (2013) to be related to the most en-
ergetic explosion of the 2010 paroxysmal activity. This paroxysmal
event corresponds to the third explosion of stage 4 in Komorowski et
al. (2013), to phase 3 in Charbonnier et al. (2013) and to the end of
phase 3 in Cronin et al. (2013). The reader may refer to these papers
for detailed information on deposit characteristics. We provide here a
brief description of the main features of the studied deposits. Unit U1
consists of two layers (L1 and L2) which were both deposited over
similar areas, with a combined thickness that ranges from 150cm in
proximal areas to 1cm at the final PDC runout. Charcoal fragments
were generally sampled near the base or the middle of the thickness
of the lower layer L1, which is a poorly sorted, massive to crudely
stratified and fines-depleted layer (Fig. 2; Table 1). Layer L1 is rich
in very dense and angular, vitric juvenile andesite clasts (>95% by
count), and represents the coarsest layer with a maximum juvenile
clast size of ~20 cm and median particle diameter between —4 and 1 ¢
(16 mm — 0.5mm; see Fig. 13 of Komorowski et al., 2013). It varies
locally in lithofacies, and pinches and swells as a result of topographic
changes, reaching maximum thicknesses of 1.5m around the Gendol
river and 1 m on ridge tops within 4km from the vent. In the absence
of layer L1, charcoal fragments were sampled from the base of the
upper layer L2 (Fig. 2; Table 1), which is a well sorted, fines-rich,
matrix-supported layer mostly composed by; the same juvenile mate-
rial ef L1 (80-95% by count; Komorowski et al., 2013 median
grain size of L2 varies from —0.5 t0 3.5 ¢ (1.4 mm—8 x m) with
a maximum clast diameter of ~6¢cm (see Fig. 13 of Komorowski et
al., 2013). Layer L2 ranges from massive to strongly stratified, and
forms a relatively continuous landscape-mantling veneer deposit. Its
thickness varies from 50 cm in proximal areas to ~1 cm at about 8.5 km
distance. In contrast with L1, L2 thickens and thins primarily due to
small-scale variations of the topography, such as hollow depressions,
boulders and tree stumps, and rarely due to major topographic features
such as river valleys. The relationship between L1 and L2 is usually
gradational, but locally their interface is abrupt. Degassing pipes are
often present above the charred vegetation incorporated within L1 and
L2. The whole Ul is generally covered by a second depositional unit
(U2), which is related to another large explosion of the dome that oc-
curred shortly after the main explosion (Komorowski et al., 2013). A
pinkish accretionary lapilli ashfall unit overtops both these units.

Samples from the valley-confined facies of the 5 November PDCs
were collected at the base of deposits that completely filled the Gen-
dol channel near the village of Bronggang, at ~13km from the sum-
mit (Fig. 1). These block-rich, massive and poorly sorted deposits are
formed by at least two eruptive units, contemporaneous and co-ge-
netic with the two main depositional units Ul and U2 (Charbonnier
et al., 2013; Komorowski et al., 2013). They consist mainly of dense
juvenile cla: imilar to those of Ul and U2, with maximum clast
sizes of I—Qﬂand median diameters between —5.5 and 0.2 ¢
(~45mm—0.9mm; Charbonnier et al., 2013). The valley-confined
PDC deposits have thickness variations (from 3 to 14m) that cor-
respond to sudden changes in channel morphology and confinement
(Charbonnier et al., 2013).

Deposits of the 5 November PDCs are generally rich in charred
vegetation, which was originally compeged mainly by evergreen an-
giosperm trees, herbs and shrubs (Sutomo and Fardila, 2013). Pieces
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Table 1
Charcoal reflectance data and related temperature estimates for each site.

Site D (km) Lithofacies Lat (°S) Long (°E) G MLRo%+ 1o MHRo0%+ 1o L-Temp (°C) H-Tepp (°C)
212 2.1 Ul-1L2 7°33.544' 110°27.292' A 0.17+0.04 240-284

270 2.7 Ul-Ll1 7°33.976 110° 26.634' A 0.41+0.08 297-323

235 2.8 Ul-LI1 7°33.731" 110°27.752' A 0.38+0.05 290-320

215 3.1 Ul-L1 7°34.077 110°27.494' B 0.74+0.15 329-358

271 3.1 Ul-L1 7°34.181" 110°26.679" A 0.33+0.09 278-315

272 35 Ul-L1 7°34.412' 110° 26.549' A 0.25£0.06 259-306

417 3.7 Ul-LI1 7° 34.480" 110°27.370 A 0.31+0.03 274-306

416 3.8 Ul-Ll1 7° 34.542' 110°27.337 A 0.33+0.03 278-315

338 3.9 Ul-LI1 7°34.619' 110°26.570" C  041+0.12 1.12+0.06 297-323 364-399
420 4.9 Ul-L1 7°35.163' 110°27.344' C  0.28+0.04 1.36+0.19 266-309 386444
469 49 Ul -12 7°35.111" 110°27.554" A 0.36+0.03 285-318

8 5.4 Ul-LI1 7°35.425' 110°27.217 A 0.36+0.03 285-318

326 5.7 Ul-L2 7°35.621" 110° 26.496' A 0.31+0.03 273-312

478 5.8 Ul-Ll1 7°35.607" 110°27.500 C  0.25+0.04 1.52+0.22 259-306 401-458
488 5.8 Ul-LI1 7°35.654' 110°27.078' A 0.32+0.02 276-313

489 5.9 Ul-L1 7°35.719' 110°26.911" A 0.37+0.10 288-319

463 6.2 Ul-L1 7° 35.766' 110°27.689" A 0.35+0.02 283-316

273 6.2 Ul-LI1 7°35.832' 110°26.137" B 0.59+0.17 316-342

276 6.2 Ul-LI1 7° 35.846' 110°26.119' A 0.33+0.04 278-315

346 6.3 Ul-L2 7°35.941" 110° 26.480" A 0.33+0.05 278-315

493 6.4 Ul-LI1 7°35.998' 110°26.843' A 0.36+0.03 285-318

349 6.5 Ul -L2 7°36.051' 110°26.348' A 0.25+0.08 259-306

352 6.7 Ul -12 7°36.122' 110°26.380" A 0.30+0.04 271-311

11-12 7.3 Ul-L1 7°36.394' 110°27.582' C  0.36+0.09 1.49+0.26 285-318 398-456
433 7.3 Ul-LI1 7°36.477 110°27.141" A 0.32+0.04 276-313

423 7.4 Ul-Ll1 7°36.512' 110°27.317 A 0.35+0.02 283-317

249 13 Valley-confined 7°39.694' 110°27.802' A 0.31+0.06 274-312

2241 13 Valley-confined 7°39.718' 110°27.834' A 0.33+0.03 278-315

397 13 Valley-confined 7°39.746' 110°27.844' A 0.34+0.04 281-316

D, runout distance from crater; G, samples group; MLR0% and MHRo0% represent the mean low and high reflectance value, respectively; L-T,,,, and H-T,,,, represent the temperature

of emplacement related to the MLRo% and MHR0%, respectively. Unit Ul and its layers L1 and L2 are the same ef Komorowski et al., 2013. Temperatures are inferred from

experimental curves by Scott and Glasspool (2005, 2007) and Ascough et al. (2010).

of charred branches and trunks (on the order of few centimeters) were
collected in most of the analyzed deposits (Fig. 2). In the absence of
macroscopic (>1 mm) charcoal pieces, bulk samples (sites 8, 326, 397,
417, 433) were collected directly from the matrix (Fig. 2). In these
few cases, small fragments of charcoal were found dispersed within
the matrix during laboratory analysis.

To examine the thermal evolution of the dominantly topogra-
phy-mantling 5 November PDCs, sampling sites were selected in dif-
ferent topographic settings (i.e. ridge tops, interfluves and deep chan-
nels) across the impacted area, and at varying distances from the
source (from ~2.1 to ~13.5km). In particular, ten sites (212, 215,
417, 416, 420, 469, 8, 478, 463, 11-12) were sampled from deposits
related to the topography-mantling PDCs that partially spilled over
both the Kendil Ridge and the Gendol valley, and continued propa-
gating southward along the Gendol-Woro interfluve. These samples
were collected along a N — S transect at distances of ~2.1 to 7.3km
from the summit. One site (235) was located in deposits formed by
topography-mantling PDC lobes in the east side of the Woro drainage
(~2.8km from the vent). Eight sites (270, 271, 272, 338, 326, 346,
349, 352) were sampled in the right side of the Opak river through
a NE — SW transect ~4km long. Here the deposits represent topog-
raphy-mantling PDCs that detached from the main axial flow di-
rection of the Gendol channel and overpassed a series of subparal-
lel ridges (i.e. the western walls of the Gendol and Opak valleys),
spreading onto the Kinarhejo area. Two sites (273, 276) were sam-
pled from deposits situated at the southwest distal edge of the topog-
raphy-mantling PDC impact area (~6.2km from the volcano), where
the flows stopped in the Kuning — Opak interfluve before entering
the Boyong drainage. Five sites (488, 489, 493, 433, 423) represent
the overbanking deposits that cover the Gendol-Opak interfluve. They

are distributed along a N — S transect at increasing distances from the
source (from about 5.7 to 7.4 km).

Charcoal fragments were incorporated in epoxy resin and wet-pol-
ished. Samples were not heated during preparation to prevent pos-
sible effects on the organic matter present. The polishing procedure
was performed adopting grinding papers (grain size of 250, 500 and
1000 um) and isopropanol lubricant. The samples were then polished
with alumina powder of grain sizes from 1 to 0.01 pm. Samples were
examined through a Zeiss Axioskop 40 microscope under oil of
ne=1.518 at about 23 °C, using an Epiplan—Neofluar 50x optics. The
incident light source was a tungsten—halogen lamp (12'V, 100 W) fil-
tered at 546nm. Reflectance measurements (Ro%) were performed
using the MPS 200 detection system by J&M Analytik AG in a
dark-room. The instrument was calibrated with glass-NGl
(R0%=0%) and mono—crystalline standards of spinel (Ro%=0.426),
sapphire (Ro%=0.595), yttrium-aluminum-garnet (Ro%=0.905) and
gadolinium-gallium-garnet (Ro%=1.726) prior to the measurements.
Calibration was repeated approximately every 2h during the analy-
sis using a group of three standards that were selected according to
the Ro% range measured in the sample. Specimens were also pho-
tographed with a microscope-mounted Canon Power Shot G6. Up to
162 R0o% measurements were randomly selected within each sampling
site in order to calculate the mean Ro% value and its standard devia-
tion.

3. Results
A complete summary of the reflectance microscopy data for each

site is provided in Table 1. In general, the majority of the collected
plant material had a black color, leaving a black streak on hands and
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Fig. 2. Selected stratigraphic logs across the impact area of the topography-mantling PDC (refer to inset map for locations) modified after Komorowski et al. (2013), and position of
the sampled charcoal fragments. In the absence of macroscopic (>1 mm) charcoal, dispersed organic material was found in bulk samples.
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paper, and breaking easily under pressure. Under visible light mi-
croscopy, it also showed a varying degree of cell wall homogeniza-
tion (i.e., loss of the original layering of the cell walls that results in
a smooth, amorphous-appearing wall structure; see Scott, 2010), and
could therefore be categorized as charcoal. All analyzed samples were
homogeneously charred, since Ro% values are similar at the center
and at the edge of the specimen. At one site (212), located in a very
proximal region (~2.1km) on top of the Kendil Ridge, the variety of
colors of the sampled vegetation, ranging from brown/dark-brown to
black-brown, indicated a range of conditions from uncharred to poorly
charred, respectively. The uncharred branches and rootlets may still
have been heated to a temperature of up to 200 °C, as below this value
the reflectance cannot be measured (Scott and Jones, 1991).

Overall, partially and fully charred fragments were well-preserved
within the 5 November PDC deposits at all localities, and their mean
Ro% range from 0.17+0.04% to 1.52+0.22% (Fig. 3). Samples
within each sampling site could be very homogeneous or show a scat-
ter in Ro% values. Based on their cumulative frequency (i.e., the sum
of the Ro% frequencies of all the samples within the same sampling
site), we classify all sites into one of three groups (A, B, C). Group A
sites are those showing a narrow and well-defined cumulative Gauss-
ian distribution of reflectance values of all measured samples, with
very small standard deviation (Fig. 4A—H). Group A sites represent
79% of all sites (n=23; Table 1). Group A specimens are character-
ized by a poor homogenization of the cells and yield mean Ro% values
that vary between 0.17+£0.04% and 0.41+0.08%. Group A samples
occur widely throughout the spatial extent of the topography-mantling
PDC deposits (in both layers L1 and L2), regardless of their topo-
graphic location and their distance from the crater (Fig. 1). At dis-
tal localities, samples from valley-confined PDC deposits record the
same degree of charring as observed in samples from proximal topog-
raphy-mantling lithofacies.

Group B sites show a larger scatter in Ro% than that observed in
Group A (Fig. 41, J), suggesting that samples characterized by differ-
ent Ro% values, and thus emplacement temperatures, are present in

the same site. The mean cumulative Ro% values range from
0.59+0.17% to 0.74+0.15%. The cumulative frequency histograms
show a high standard deviation, which may be due to the overlap of
two Gaussian distributions that are difficult to separate. Group B sites
(about 7%; Table 1) are found sporadically in layer L1 located in the
Kuning (sample 273) and Woro (sample 215) rivers (Fig. 1).

Group C sites (about 14%, Table 1) are characterized by the pres-
ence of two main clusters of Ro% values identifiable by two distinct
Gaussian distributions (Fig. 4K, L). Here, specimens coexist with both
low and high homogenization of the cell structure, with mean Ro%
ranging from 0.25+0.04% to 0.41+0.12%, and from 1.12+0.06% to
1.52+0.22%, respectively. Group C sites are found in layer L1 at few
locations in the Gendol-Woro interfluve (samples 420, 478, 11-12)
and in the Opak drainage (sample 338; Fig. 1).

4. Discussion

4.1. Determining the emplacement temperature of the 5 November
PDC deposits

Here we use the experimental curves proposed by Scott and
Glasspool (2005, 2007) and Ascough et al. (2010) to convert Ro%
into temperature values. Scott and Glasspool (2005, 2007) performed
a series of charring experiments using branches of Sequoia semper-
virens to build an empirical Ro% vs temperature curve (Fig. 5). Ex-
perimental data from woods of Pinus sylvestris and Rhizophora apic-
ulate were used by Ascough et al. (2010) to extrapolate a similar re-
lationship. As discussed by Ascough et al. (2010) and Hudspith et al.
(2010), no meaningful difference can be observed in Ro% values be-
tween angiosperms and gymnosperms for the same temperature con-
ditions. Moreover, Scott and Glasspool (2007) showed that the exper-
imental Ro% - T curve determined for the bracket fungus Ganoderma
sp. lies close to that of the Sequoia sempervirens, although the former
is not likely to contain lignin in its structural cells (Paterson, 2006).
We therefore assume that these curves can be applied to our samples,
which are most likely an ensemble of different angiosperms species,

Fig. 3. Reflected light microphotographs of polished blocks under oil showing variable degree of charring. (a) Incompletely charred specimen (from site 270), as evidenced by the
cell walls that are not completely homogenized (mean Ro%=0.36). (b) Fully charred fragment (from site 338) with high homogenized cell walls yielding mean Ro%=1.42.
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deviations are reported in the inset of each sample.
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Fig. 5. Conversion of Ro% data into paleo-temperatures. Ro% values are converted into temperature values adopting the experimental curves for Sequoia sempervirens and Pinus
sylvestris, after Scott and Glasspool (2005, 2007) and Ascough et al. (2010), respectively. For a given Ro% value, the temperature interval defined by the combination of these curves
(experimental curves in legend) is assumed here as an estimate of the mean PDC emplacement temperature at that location. Green, black and red lines represent sites of Group A,
B and C, respectively. The green shaded area indicates the minimum emplacement temperature for the 5 November PDC. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

although their taxonomical identification is outside the purpose of this
paper. As a result of the differences in experimental procedures be-
tween the various studies, slightly different temperature values were
obtained for a given Ro%. We use the range of temperatures defined
by the combination of these curves as our best estimate of the PDC
emplacement temperature (Fig. 5).

Our Ro% results clearly indicate that the largest proportion of
the samples experienced the same degree of charring. Group A sites
(79%) show well-clustered Ro% values in a narrow peak averaging
at 0.32+0.04 yielding temperatures between 240 and 320 °C (green
lines: Fig. 5). Group B sites (7%) show much more scattered and
polymodal Ro% values averaging at 0.66+0.16, which translate into
temperatures of emplacement of 316-358°C (black lines: Fig. 5).
Ro% data of Group C (14%) reveal the presence of two marked
populations of charcoal materials in the same sampling site, where
the population with the lowest mean values overlap with specimens
of Group A and converted # similar temperatures of 259-323°C,
whereas the highest Ro% values are very scattered and indicate tem-
peratures of 364—456°C (red lines: Fig. 5). We underline here the re-
markable homogeneity of the Ro% values from specimens across the
whole area of emplacement of the 5 November PDC deposit. Only
Group B and Group C recorded also higher emplacement tempera-
tures, along with the lower Ro% range recorded by Group A (Fig. 4).
In order to interpret the polymodal distribution of the outlier Group
B and Group C we must take into consideration the grainsize dis-
tribution and inherent thermal disequilibrium of dome collapse de-
posits. The ash-sized particles (<2mm diameter) can be considered
thermally and mechanically coupled within flow (e.g. Marble, 1970;
Cerminara, 2015) and rather homogeneous in the deposit. Block-sized
clasts (>64mm), instead, have a much larger heat capacity and re-
tain their initial temperature in the deposit for several hours/days
(Bardot, 2000). We interpret the Ro% values of the main Group A
(also present in Group B and Group C) as associated with specimens
that have reached equilibrium within the surrounding ash matrix. We
interpret the secondary higher Ro% values recorded by samples of
Group B and C, which were found in the coarsest layer L1, as result-

ing from a proximity with large hotter block-sized clasts, rather than
being related to a transient thermal history, since the reflectance val-
ues within the individual specimens are very similar and did not show
a thermal gradient from the edge to the center. We therefore propose
that the minimum emplacement temperature of the 5 November PDCs
was between 240 and 320°C (Fig. 5). These values are in excellent
agreement with the temperature proposed by Jenkins et al. (2013) and
Baxter et al. (2017) for the dilute detached PDCs in Bronggang vil-
lage, directly adjacent to the valley-confined PDCs of sites 249, 2241
and 397. Site 212 is distinct because it contains some uncharred plants
that were taken at the interface between the topography-mantling PDC
deposit and the underlying soil, where the flow was probably being
cooled by the erosive interaction with wet soil.

Given that several PDCs had occurred since October 26 and that
they had already knocked down and charred part of the living vegeta-
tion, it may be argued that the previously formed charcoal could have
been transported within the subsequent PDCs of 5 November, affect-
ing its temperature estimation. However, it is important to note that
the Ro% value of charred specimens is not reversible, but relates to the
highest temperature experienced since it can be overprinted only by
subsequent charring at higher temperatures (McParland et al., 2009).
Assuming that some woody plants were reworked, this leads to two
possible hypotheses. The first is that if the temperature of the 5 No-
vember PDCs was higher than those of PDCs generated during previ-
ous eruptions (e.g. 26 October directed explosion), our samples would
have recorded the thermal overridden ef the last event. On the other
hand, if the 5 November PDCs were cooler, our proposed temperature
may overestimate their actual thermal state. Regardless of which hy-
pothesis is correct, it is important to emphasize that our data highlight
a thermal signal that is homogeneously distributed across topography
and it is far below magmatic temperatures. Eyewitness accounts, field
observations and impact analysis indicate that most of the vegetation
was not intensely charred by unconfined dilute PDCs resulting from
the initial 26 October directed explosion and that temperatures were
lower than those reached by the 5 November paroxysmal explosion
(Jenkins et al., 2013; Komorowski et al., 2013).
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4.2. Thermal evolution of the 5 November PDCs

The charcoal data presented here indicate that the 5 November
PDCs were emplaced over a wide area of contrasting topographic con-
ditions maintaining a fairly homogeneous temperature, even though
their dynamics constantly evolved along the flow path as a result of
interaction with an irregular terrain morphology. Fig. 6 shows the in-
ferred temperature values for each locality versus their distance from
the volcano summit. From this figure, it is clear that there is no ap-
preciable difference in the degree of charring across the entire deposit,
nor between the distal valley-confined PDC deposits and the topogra-
phy-mantling lithofacies. It is important to note that the little temper-
ature variations observed across the lobes of the topography-mantling
PDC deposits are well within the resolution of the method (inset in
Fig. 6). The initial inferred temperature of ~900°C (Erdmann et al.,
2016; Preece et al., 2016) is ~600°C hotter than the emplacement
temperature of the PDC as it reached vegetated flanks, approximately
2km from source.

Assessing the temperature of PDC deposits formed by dome col-
lapse (i.e., block-and-ash flow deposits) is complicated by the fact that
the extent of cooling of the lava carapace before it detaches from the
lava dome is unknown. At the time of gravitational collapse, the outer
margin of the dome could be hot, warm or even cold. As far as we
know, temperatures of block-and-ash flow deposits may vary substan-
tially, largely because they reflect the broad thermal range that is as-
sociated to the dome source materials (Uehara et al., 2015). Despite
this possible thermal heterogeneity, block-and-ash flow deposits are
generally found at high temperatures because of their typical high con-
centration and valley-confined behavior (Cole et al., 2002; Uchara et
al., 2015; Voight and Davis, 2000). Voight and Davis (2000) inferred
that the 1994 channeled coarse-grained block-and-ash flows at Merapi
were emplaced at a temperature of about 550 °C, whereas detached di-
lute currents were below 200 °C, highlighting the efficiency of the heat
exchange between the dilute ash-particle mixture and the external at-
mosphere. A similar result was obtained by Charbonnier and Gertisser
(2008) who estimated 400 °C for the 2006 block-and-ash flow deposit
and about 165 °C for the associated dilute PDC.
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Fig. 6. Emplacement temperature variation as a function of the distance from source for the topography-mantling and co-genetic valley-confined PDC deposits of 5 November erup-
tion. The red star marks the inferred initial temperature of the dome before the paroxysmal event as deduced from studies of the dome petrology and microtextures by Erdmann et al.
(2016) and Preece et al. (2016). Inset plot shows an expanded view of the estimated temperatures of the topography-mantling PDC deposits. Colors refer to the main PDC flow lobes
(see Fig. 1). Site numbers are in italics. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The temperature of the PDC deposits produced during the 5 No-
vember 2010 paroxysmal activity at Merapi appears to have been un-
affected by changes in flow concentration, i.e. between the topogra-
phy-mantling and the valley-confined PDC (Fig. 6). Nevertheless, our
temperature estimations are significantly lower than those that might
be associated with hot dome-generated PDCs. The high magma ex-
trusion rates estimated during 1-4 November (~25 m’s”'; Pallister et
al., 2013) suggest that the largest part of the dome that collapsed on
5 November was made of fresh magma, and therefore, its initial tem-
perature was largely close to magmatic temperature. The temperatures
evaluated at the time of the growth of the last crystals in the dome
rock (i.e., the plagioclase microlites) have been estimated to range be-
tween 925 and 1000°C (Erdmann et al., 2016; Preece et al., 2016).
As a consequence, the thermal state of the associated PDCs should
be much higher than that indicated by our data. Furthermore, the al-
most exclusive involvement of very dense vitric non-vesicular juve-
nile material in the PDC (~90% by weight, Komorowski et al., 2013)
implies the presence of a considerable heat-source. All of these fac-
tors result in an extremely hot PDC at source. The logical first-or-
der question is, therefore, which is the process (or processes) caus-
ing this significant temperature drop within the first two kilometers
from source, i.e. along the upper slopes of the volcano? A first ex-
planation is that efficient air ingestion during PDC propagation may
have occurred as a result of topography effects in the proximal region
(<2km) (Fig. 7A). Cronin et al. (2013) and Komorowski et al. (2013)
suggested that the combination of a very high initial mass eruption
rate associated with the dome extrusion and collapse combined with
the marked topographic features in the upper reaches of the Gendol
valley, controlled the unusual and extreme mobility of the 5 Novem-
ber PDCs as well as their high dynamic pressures. Numerical exper-
iments have evaluated the effects of volcano profiles on the flow dy-
namics of PDCs (Doronzo et al., 2012; Valentine et al., 2011). Model
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solutions show that the flow velocity, and in turn the degree of turbu-
lence, is greatly dependent on the volcano slope angle. In the case con-
sidered here, the steep slope of the southern flank of Merapi (30—40°)
has led to the rapid acceleration of the descending gas-particle mix-
ture, which reached velocities of ~50—70 m/s before impacting the Gu-
nung Kendil ridge (Kelfoun et al., 2017; Komorowski et al., 2013).
The high degrees of turbulence generated by the high mixture veloc-
ity would have led to an intense turbulent mixing with the atmos-
phere (Fig. 7), reducing the density and temperature of the moving
current (Doronzo et al., 2012; Valentine et al., 2011). At about 1.8 km
away from the vent, the PDCs impacted the major transverse topo-
graphic ridge of Gunung Kendil (~240m high), which forced most
of the mass (~95% of the volume) to pass through the Gendol fun-
nel constriction (Komorowski et al., 2013). After entering this canyon,
the dynamics of the main PDCs were likely to be strongly constrained
by the narrowing bottleneck at the base of the funnel, which reduced
the flow accommodation space allowing the flow to expand vertically
(Fig. 7). The vertical expansion of the sustained hot current sponta-
neously induced the formation of turbulent eddies that favored the
rapid entrainment of cold atmospheric air and a dramatic decrease of
the flow density and temperature. As the expanded and cooled current
exited this constriction, its sudden collapse triggered the generation
of rapidly-moving, highly-destructive, topography-mantling and rela-
tively cold PDCs (Komorowski et al., 2013). At the same time, <10%
of the total mass overpassed the Kendil ridge and continued propagat-
ing to the southeast in the Woro drainage system. It is likely that, in
this sector, the lower mass content along with the extreme turbulence
generated as a result of the impact against the ridge similarly favored
a rapid cooling of the PDCs.

Pyroclastic mixtures may also have been rapidly cooled as a re-
sult of the dome explosion mechanism, where internal overpressure
may have led to an initial blast-like process (Komorowski et al., 2013).
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\air entrainment
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\expansion direction

NW SE
Front isothermal Acceleration of the mixture down PDC vertical
| expansion I the flank of the volcano i expansion 1 PDC thermal conservation domain
Lateral dome Front collapse and steep slope Topography " i
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Fig. 7. Cartoon illustrating the inferred processes potentially responsible for the observed temperature drop. The illustrated processes do not need to have all occurred, and are in-
tended to summarize the possible ways the PDC experienced an efficient air entrainment in proximal areas. The extension of the flow front and flow thickness is not to scale.
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The initial expansion of the blast can be approximated as isothermal
(i.e., burst phase; Esposti Ongaro et al., 2008, 2012). This approxima-
tion is reasonable because of the relatively large heat capacity of the
pyroclasts and the small mass fraction of the gas phase, implying that
such a mechanism cannot decrease the temperature of the pyroclasts.
Numerical simulations have shown that the burst phase lasts at most a
few seconds, after which the gravity exceeds the pressure forces lead-
ing to the collapse of the expanded mixture and generation of PDCs
(Esposti Ongaro et al., 2008, 2012). We therefore propose that the pos-
sible role of the initial blast-phase is to provide an extensive collapse
front and an expanded mixture for the efficient entrainment of cold
air during the gravitational collapse-phase (Fig. 7). Furthermore, the
sudden collapse of the mixture likely produced a high velocity PDC
that continued to accelerate along the steep upper slope of the vol-
cano, enhancing turbulence and in turn mixing with surrounding air
(Doronzo et al., 2012; Valentine et al., 2011). Similar emplacement
temperatures have also been recorded in other well-studied historical
blast-generated PDC deposits such as the 18 May 1980 at Mt. St. He-
lens (96325 °C; Banks and Hoblitt, 1996) and the 26 December 1997
at Soufriere Hills (300—425 °C; Scott et al., 2008).

Since we have only few distal temperatures for the valley-confined
PDC deposits, we cannot exclude that upstream the valley-confined
PDC could have been hotter. The upper valley-confined PDC deposits
could have been fed by an undercurrent poorly, or unaffected by the ex-
pansion generated by the channeling effect of the Gendol funnel. It is
noteworthy, however, that the isolated fires caused by the dense over-
spill along the Gendol valley were interpreted by Jenkins et al. (2013)
as due to the presence of high flammable items rather than very high
temperatures.

It is clear that these interpretations should be tested numerically
to provide more rigorous and quantitative information on the inferred
source and transport mechanisms leading to effective cooling of the
PDCs and increases in their mobility. Irrespective of the actual mech-
anisms, we show that there is a need for an initial very fast cooling
process to justify the homogeneous low temperatures recorded by the
5 November PDCs beyond 2.1 km from vent.

Remarkably, after these very dissipative initial thermal domains,
the 5 November topography-mantling PDC deposits maintained a
nearly constant temperature until the edge of their depositional area
(Fig. 6). As shown by Komorowski et al. (2013), once the PDCs
passed the Gendol funnel and some irregular medial topographic pro-
files, they essentially flowed over a relatively smooth topography.
Moreover, numerical simulations have suggested that the unusual
power of the 5 November PDCs can be explained by a large mass
flux that sustained the mass transfer from the concentrate, to the di-
lute current (Kelfoun et al., 2017). It is likely that both of these con-
ditions contributed to limiting the heat transfer between the flow and
the external environment along the path, as the prolonged lateral mass
flow rate and the topography-induced low turbulence limited the PDC
transport system, or at least the basal part of the current from where
hot particles settled, to entrain enough cold atmospheric air. As shown
by experimental studies and numerical simulations, the development
of vertical concentration and velocity gradients, and hence vertical
turbulence gradients, inside a small volume PDC strongly affect the
exchange physics both within the current itself (from the basal re-
gion to the suspended load in the upper part of the flow) and be-
tween the current and gxternal environment (Benage et al., 2016;
Breard and Lube, 2017; Breard et al., 2016). Thus, the efficiency of
air entrainment varies significantly with height in the current, with
the basal region that is subjected to moderate or limited entrainment
(Benage et al., 2016). This also may explain why the emplacement
temperature of the 5 November PDC deposits is maintained almost

constant for several kilometers. We believe that once the expansion
phase is exhausted, the subsequent collapsing phase results in small
volume PDCs that are highly sustained in terms of mass, preserving
their temperature and destructive power, similar to more voluminous
PDCs that form large-volume ignimbrites (Lesti et al., 2011; Trolese
etal., 2017).

All of these observations have important implications in terms
of hazards and risk assessmenf suggesting that PDCs can maintain
lethal and damaging temperatures for exposed population and struc-
tures even on their edges and near their maximum runout, and thus
near the edge of exclusion zones, as well exemplified in 2010 at Mer-
api (Jenkins et al., 2013; Baxter et al., 2017) and in 1997 at Soufricre
Hills (Loughlin et al., 2002; Baxter et al., 2005).

5. Conclusion

We have presented reflectance data of charcoal fragments pre-
served within the PDC deposits emplaced during the 5 November
2010 event, the most disastrous volcanic eruption observed at Mer-
api since 1872. Reflectance data are mostly clustered in low values
ranging from 0.17+0.04% to 0.41+0.08%, with few specimens yield-
ing higher values suggesting a disequilibrium state of the deposits in-
duced by hot bomb-size juvenile clasts. The lower values translate to
minimum charring temperatures in the range of 240-320°C, which
are in good agreement with those previously estimated by Jenkins et
al. (2013) and Baxter et al. (2017). These temperature data are ubiq-
uitously distributed throughout most of the impact area of the parox-
ysmal PDCs, indicating that the flow transport system was unable to
lower the transported thermal energy over emplacement distance. This
is in spite of the fact that the flow evolved in its dynamics as it prop-
agated over a complex terrain along the path. The high extrusion rates
at which the dome that collapsed £ 5 November was built during 1-4
November, as well as its very dense and vitric non-vesicular charac-
teristics, suggest that the dome might not have cooled substantially
and preserved high temperatures. The temperatures of the initial dome
collapse PDCs were thus likely much higher (~600°C) than those
we have estimated. We propose that different causes may have con-
tributed to this thermal discrepancy: the steep volcano upper slopes
that favor PDC acceleration and air entrainment; the role of the valley
constriction at the break in slope along the upper reaches of the Gendol
valley, promoting rapid expansion of the gas-particle mixture and the
transition from a concentrated valley-confined to a turbulent topogra-
phy-mantling PDC; the possible blast-like expansion at source provid-
ing an extensive collapse front for efficient entrainment of cold atmos-
pheric air. Since the temperature data presented here unequivocally
need a mechanism to explain a very early and strong temperature drop,
additional quantitative experimental investigations can tease apart the
various hypotheses raised by this study. Moreover, these models will
need to address the specific findings from this work describing possi-
ble mechanisms for the initial sharp temperature drop of the PDC soon
after its inception and then quantifying its much slower decay for most
of the PDC run-out thereafter. This has significant implications for the
assessment of the thermal risk posed by PDCs to people and structures
in their most distal runout area.
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