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Abstract
We have developed the first experimental methodology to create a volcanic spatter pile using molten basalt. This method permits
reproduction of thermal conditions that yield the wide variety of spatter morphologies observed in nature. The morphology of the
clasts is most strongly controlled by the time the clast spends above the glass transition temperature, which is in turn affected by
the rate of accumulation and cooling of the deposit. Also, spatter piles that remain hotter over longer durations experience
increased fusion between clasts, less void space between clasts, and generally larger aspect ratios. Our experimental method
successfully replicated natural microcrystal textures, rheology, and clast size. Work is still therefore required to achieve realistic
vesicle distribution and deposit void space. Based on presented experimental work, we estimate emplacement conditions of
Southern Idaho spatter vents to have been ~ 850–900 °C, with eruption temperatures closer to 1000–1100 °C. The rapid decrease
from eruption temperature to effective emplacement temperature is the result of clast flight as well as equilibrating with the cooler
surrounding material. The morphology of the natural clasts matches experiments that have accumulation rates of 2.5–4.5 m/h,
which also is consistent with the fewmeasurements made at active eruptions. Finally, we provide a constraint on the temperatures
and accumulation rates that can lead to the construction of fused spatter features, as well as provide the steps for future
experiments to investigate other aspects (such as compression, impact, and larger sizes) of spatter formation by adapting our
methodology.
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Introduction

Spatter deposits consist of pyroclasts large and hot enough to
retain some fluidity after ejection from a volcano (e.g.,
Sumner et al. 2005; Patrick et al. 2011; Moufti et al. 2013;

Fodor and Németh 2015). They are readily identified in an
outcrop by the outline of a quenched dense rind around a more
vesiculated core (when fractured), or simply by their lumpy
glassy exterior in outcrop (Carracedo Sanchez et al. 2012).
Physical volcanology studies looking at size, shape, and tem-
perature of smaller non-agglutinated particles (ash and lapilli)
have linked these characteristics to eruptive conditions of an-
cient eruptions (e.g., Pyle 1989; Costantini et al. 2009; Myers
et al. 2019). Yet the same practices have only recently been
applied to the morphological patterns captured by the hottest
of the pyroclasts, spatter bombs which suggests there is an
untapped record of eruption dynamics at spatter-producing
volcanoes (Jones et al. 2018; Rader et al. 2018).

A few studies have compared deposit morphology pro-
duced by basaltic volcanoes with eruptive conditions
(Parcheta et al. 2012, 2013; Stovall et al. 2012; Rader et al.
2018; Jones et al. 2018). These studies focused either on ve-
siculation in detail, illustrating how vesicles can grow and
coalesce as ascent rate slows, and a fountain decreases in
height and temperature (Parcheta et al. 2012, 2013; Stovall
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et al. 2012), or included the morphology of the partially fused
bombs to quantify eruptive dynamics (Rader et al. 2018; Jones
et al. 2018). The most thorough studies characterizing basaltic
spatter deposits were completed in the Eastern Snake River
Plane in Idaho (USA) and inside Hawaii Volcano National
Park in Hawaii (USA). Basaltic eruptions between 7000 and
30 years old produced extensive spatter deposits in both of
these locations (Kuntz et al. 1982; Stearns 1924; Parcheta
et al. 2012). The ease of access and the preservation of the
deposits has resulted in detailed studies of natural spatter mor-
phology. In this study, we carry out a comparison of these
natural deposits to validate and test the experiments presented
in this study.

The shape and degree of welding in spatter deposits indi-
cate that differing levels of eruption energy (in the form of
accumulation rate and temperature) form the distinctive mor-
phologies of natural deposits in relatively young and unadul-
terated spatter piles. For example, clasts from Idaho (USA)
range in modal core vesicularity from 49 to 67% with an
average of 55%, whereas clasts from Hawaii (USA) ranged
from 27 to 73% with an average of 50% (Rader et al. 2018;
Jones et al. 2018). These deposits also vary in how welded (F-
value) and how flattened (aspect ratio) the clasts end up. The F
value, which is simply the percentage of the perimeter of a
clast that is fused to another clast, and other morphological
characteristics of spatter were found to correlate experimen-
tally with thermal conditions (Rader and Geist 2015; Rader
et al. 2018). However, these experiments were small-scale and
improving upon them could allow for a better understanding
of emplacement conditions. Constraining how emplacement
conditions control spatter morphology could provide an im-
portant tool for determining specific thermal and volatile con-
ditions of eruptions, particularly those which were
unwitnessed (e.g., Gerlach and Graeber 1985; Mouginis-
Mark et al. 1992; Berman and Hartmann 2002).

Spatter clasts respond to their emplacement environment,
e.g., a rapidly accumulating slope near a vigorous fountain, by
deforming plastically to different extents depending on their
rheological properties (Sumner et al. 2005). The rheology of a
three-phase clast is controlled by four factors inherent to the
magma including eruption temperature, silica content, crystal
content, dissolved volatile content, and gas content which are
linked strongly to the eruption dynamics as well as shallow
conduit conditions (Head III and Wilson 1989; Sumner et al.
2005; Lautze and Houghton 2005; Robert et al. 2014; Gurioli
et al. 2014). For an ejected clast, the emplacement environ-
ment has a strong control on the change in temperature expe-
rienced by the clast after deposition (Rader and Geist 2015;
Capaccioni and Cuccoli 2005). All these factors affect the rate
of cooling of the spatter pile, and thus the morphology of
clasts within the deposit, as well as its annealing or fusing
capacity (Rader and Geist 2015). Elevated temperatures de-
crease lava viscosity, allowing clasts to deform readily

because clast rigidity is proportional to the temperature of
the material (e.g., Webb and Dingwell 1990; Stevenson
et al. 1996; Morrison et al. 2020). At hotter temperatures,
clasts will more readily droop and fill in gaps, resulting in a
negative correlation between the amount of void space be-
tween clasts and the thermal conditions (Giordano et al.
2005; Russell and Quane 2005; D’Oriano et al. 2013; Rader
and Geist 2015). In contrast, elevated crystal content increases
apparent viscosity, resulting in clasts that are more rigid and
therefore less able to fill in void spaces, deform, or droop at
the same temperature as clasts that have lower crystal content
(Mader et al. 2013). For example, apparent viscosity for
Hawaiian lava will increase an order of magnitude with only
15% crystallinity (Harris and Allen 2008; Mueller et al. 2011;
Mader et al. 2013; Sehlke et al. 2014). The inclusion of crys-
tals and vesicles in molten rock also affect heat transfer and
thus the ability for spatter clasts to fuse together (Herd and
Pinkerton 1997; Harris et al. 2013; Hofmeister et al. 2016).
Natural bombs have vesiculated cores and thin dense rims due
to bubble coalescence and growth in the insulated interior and
a rapid cooling of the exterior (Herd and Pinkerton 1997; Shea
et al. 2010; Stovall et al. 2012; Vanderkluysen et al. 2012;
Pioli et al. 2012; Rader et al. 2018; Jones et al. 2018). Thus,
crystals, vesicles, and melt must be present in spatter experi-
ments in similar proportions and in a similar distribution to
achieve realistic deposit conditions. The methods of this paper
were thus designed to produce a three-phase bomb of realistic
morphology and chemical composition.

Systematic changes in spatter bomb morphology suggest
physical parameters of clasts are related to eruption energy
and temperature primarily via accumulation rate (Rader et al.
2018; Jones et al. 2018). However, until now, no methods to
experimentally study the effects of emplacement conditions
on clast morphological existed. We provide a starting point
for the experimental study of spatter clasts with an emphasis
on accurately replicating and constraining the starting temper-
ature and the addition of new hot material (accumulation rate)
of spatter deposit formation.

Methodology

Experimental clast formation

Experiments were conducted at the Syracuse Lava Project
facility at Syracuse University in Syracuse, NY (USA). The
~ 300 lb capacity gas-powered hydraulically tilting furnace
was rebuilt after it was disposed of by a metal casting factory.
Our methodology below outlines an experimental procedure
that approximates a natural process (spatter formation) into
components that can be manipulated in a laboratory setting.
For this preliminary set of experiments, we focused on isolat-
ing the role of differing starting temperature and accumulation
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rate on spatter deposit morphology. The setup of the furnace
does not allow for precise control of starting temperature, gas
or crystal content, or total volume of each experimental clast
unlike other experimental set-ups (e.g., Quane and Russell
2005; Grunder et al. 2005; Quane et al. 2009; Wadsworth
et al. 2014). Instead of having set points for these conditions,
we measured them during the experiment and achieved a
broad range of thermal conditions while keeping other factors
consistent. Despite these challenges, this system allows for an
accurate size of spatter clasts, thus eliminating heat transfer
scaling issues. The end goal of this study was to produce a
three-phase silicate mixture that had realistic shapes, sizes,
and the degree of fusion between clasts (F value see Rader
et al. 2018) compared with non-rheomorphic natural spatter
ramparts in Idaho, USA, and Hawaii, USA, as detailed in
Rader et al. (2018) and Jones et al. (2018).

The steps listed below were designed to isolate the thermal
influences on spatter deposit morphology while keeping other
factors (e.g., fragmentation, overburdening, heat loss from the
margins of the deposit) consistent. These assumptions must be
considered when extrapolating the results to natural systems.
By outlining the different parts of the methodology below,
future experiments can be used to make discrete steps to iso-
late the role of other critical factors. For example, Part 1 can be
changed to include a smaller grainsize, which would result in
more evenly distributed vesicles.

Part 1. Starting set-up

Basalt gravel (sieved to ~ 1 cm3) from the Keweenaw
Chengwatana Volcanic Group (Michigan, USA) is the stan-
dard starting material for the Syracuse Lava Project. Material
is recycled to minimize the energy needed to induce melting
and to aid in the evacuation of the crucible, thus prolonging its
life (e.g., Lev et al. 2012; Edwards et al. 2013; Dietterich et al.
2015; Rumpf et al. 2018; Farrell et al. 2018; Koleszar et al.
2018; Lev et al. 2019). Chips of glassy, remelted material
were heated in a 450-kg capacity tilting propane furnace for
at least 48 h, to a temperature of about 1300 °C. The process of
using previously melted starting material results in a near-total
degassing of the molten rock and a slight chemical drift (see
results and discussion for the evidence and reasoning behind
this). Chemical composition of fresh starting material (gravel)
and remeltedmaterial were determined byXRF (Table 1). The
recycled nature of the material removes all nucleation sur-
faces, hindering crystal formation during cooling (Lofgren
1983). As volatiles and crystals will affect the heat capacity
of a silicate melt, their inclusion in this methodology was
considered critical. To achieve a three-phase system at realis-
tic eruptive temperatures (800-1100 °C), we added cold gravel
to the molten material as it exited the furnace in a ~ 1:10 ratio
by weight (Fig. 1; Video 1). The addition of cold gravel serves
three purposes: (1) it adds volatiles back into the melt, (2)

provides nucleation sites for crystals to form, and (3) lowers
the temperature of the starting material from ~ 1300 down to
~ 1100 °C which is closer to reported natural basaltic spatter
temperatures.

Part 2. Clast manipulation

We used a long-handled steel paddle to mix the gravel into the
molten material by folding the edges repeatedly into the mid-
dle of the mass, similar to kneading dough. Molten material
and gravel were blended and manipulated for a period of time
(tman) to lower and homogenize the temperature of the mix-
ture. A clast was considered formed once the outside rind was
strong enough to withstand movement without dripping dur-
ing transfer to the spatter pile. This endpoint was selected as a
target because formed clasts mimicked the dimensions and
apparent rheology of the majority of the natural spatter clasts
measured in Idaho (Rader et al. 2018) and was a way to keep
clast fluidity (highly temperature dependent) relatively con-
trolled to target accumulation rate as the primary variable.

Step 3. Clast placement

The experimental spatter piles were designed to minimize the
effects of surrounding thermal sources, such as insulating
clasts or compression from overburdening, which causes
clasts to deform more readily. While these factors are un-
avoidable in nature, they must be isolated and studied sepa-
rately to understand the influence of each component. We
controlled for these factors by constructing experimental spat-
ter piles out of three clasts gently stacked on top of one anoth-
er, thus removing the force of impact from the experiment.
Clast A was placed first followed by B and C. Each pile was
given a sample name (Table 2). The time between clast place-
ments is tbetween and the time when the glass transition was
achieved was tg. We acknowledge that some thermal energy
was lost out of the side of the pile to the surrounding air due to
our simplification of the system.

Measurements concurrent with clast formation

Two k-type (Nickel-Chromium / Nickel-Alumel) thermocou-
ples housed in 1 cm diameter steel sheaths were placed be-
tween clasts, one between A and B, and one between clasts B
and C to measure the maximum contact temperature (Tcontact)
and the cooling rate of the clast interface (Table 3). As the
robustness of these thermocouples prevented rapid measure-
ments, surface temperatures were collected using Forward-
Looking Infrared (FLIR T300 camera) images during the pour
of the molten material and just before the clast was placed into
contact with the other clasts. Error on our k-type thermocou-
ples and FLIR camera were ± 2 °C. Several piles (SLP16–11
through 14) were documented with a second FLIR
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Fig. 1 a Molten rock of basaltic
composition is poured from a
hydraulic tilting furnace. b And
then fashioned into a single clast
using a metal paddle. c Clasts are
stacked upon one another to
create spatter piles. See
supplemental video 1 for more
details

Table 1 List of experimental
spatter piles and measurements
for each pile

Sample
Name

Accumulation
rate

Total
thickness

Aspect ratio Void
space

Average
clast T

Fusion

m/h cm Average of
clasts

% oC

SLP16–05 1.9 23 0.48 6.6 620 No

SLP16–06 3.6 39 0.69 9.1 659 No

SLP16–07 3.1 24 0.29 3.2 762 No

SLP16–08 2.9 22 0.39 2.2 774 No

SLP16–10 4.2 32 0.38 1.0 776 Half

SLP16–11 3.7 21 0.31 0.9 868 Yes

SLP16–12 3.9 18 0.33 0.4 874 Yes

SLP16–13 3.4 19 0.35 0.3 883 Yes

SLP16–14 3.7 24 0.57 0.9 857 Half

SLP16–15 5.5 28 0.57 1.7 940 Yes

SLP16–16 3.9 21 0.41 0.5 884 Yes

SLP16–17 3.1 25 0.44 0.8 914 Yes

SLP16–18 6.2 22 - 5.6 - No
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image 10–30 s after placement to measure the cooling rate
of the clast exteriors (Tsurface). The overall cooling rate was
calculated from thermocouple data only and used the
highest temperature recorded minus 700 °C divided by
the time it took to cool between those temperatures with
a ± 1 s error. The formation and placement of each clast

was filmed, to determine the accumulation rates respec-
tively for each pile. The accumulation rate was calculated
as the total thickness of the pile (measured after total so-
lidification) divided by the time interval between the place-
ment of the first clast and the final clast.

Table 2 Normalized whole rock (WR) geochemical analysis of starting
gravel and remelted material analyzed by XRF (wt. %). Precision on 41
replicate analyses of USGS Standard Reference Material BHVO-2 was
<0.75%, except for K2O (1.20% 1σ), P2O5 (1.28% 1σ), and Na2O
(2.41% 1σ). All major element oxides for the same BHVO-2 replicates

yielded differences from known values of <0.6%, except for Na2O
(1.58%) and P2O5 (6.39%). Point analysis of glass and crystal phases
analyzed by electron microprobe at USGS Menlo Park. Precision on 4
replicates of BHVO-2 <0.75 wt. % for all elemental oxides except CaO
(0.82 wt. %) and TiO2 (1.0 wt. %)

Sample # Type SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O P2O5 Total

2016 1Remelt - WR 53.5 1.7 15.8 10.0 0.2 6.5 9.1 2.6 0.7 0.00 99.09
2015 Gravel - WR 50.4 2.0 15.1 12.7 0.2 6.5 9.3 2.7 0.8 0.22 97.93
2014 2Remelt 53.3 1.9 15.5 10.5 0.2 6.2 8.8 2.7 0.8 – 99.40
1 Glass 54.4 1.9 15.6 7.8 0.2 7.7 8.8 2.7 0.7 – 99.73
2 Glass 54.6 1.8 17.3 7.2 0.1 6.3 8.8 3.3 0.6 – 100.4
3 Glass 53.8 1.8 15.7 9.8 0.2 6.3 8.8 2.8 0.9 – 99.74
4 Glass 53.8 1.9 15.9 9.4 0.2 6.7 8.7 2.6 0.8 – 97.91
5 Glass 53.9 1.9 15.7 9.6 0.2 6.3 8.9 2.7 0.8 – 98.59
6 Glass 54.8 1.8 16.8 8.6 0.1 4.9 8.9 3.4 0.7 – 98.59
7 Glass 54.2 1.7 15.6 8.3 0.1 7.8 8.7 3.0 0.6 – 98.46
8 Glass 54.1 1.9 15.8 9.3 0.2 6.8 8.5 2.7 0.8 – 99.16
9 Glass 54.5 1.8 16.1 9.1 0.2 6.0 8.7 2.9 0.7 – 100.4
10 Glass 54.5 1.8 15.6 9.3 0.1 6.6 8.5 2.7 0.8 – 99.85
11 Glass 54.6 1.8 15.5 9.2 0.2 6.7 8.5 2.7 0.7 – 98.44
12 Glass 54.1 1.9 15.9 9.2 0.3 6.5 8.6 2.9 0.8 – 99.60
13 Glass 54.1 1.8 15.6 9.0 0.3 6.7 8.6 2.9 0.9 – 100.4
14 Glass 54.3 1.8 15.5 9.2 0.2 6.8 8.5 2.8 0.8 – 98.57
15 Glass 54.7 1.8 15.8 9.1 0.2 6.5 8.4 2.8 0.7 – 99.05
16 Glass 53.8 2.0 15.8 10.9 0.3 5.4 7.9 3.0 0.8 – 98.92
17 Glass 53.7 1.9 15.6 9.6 0.2 6.7 8.5 3.0 0.8 – 99.20
18 Glass 53.5 1.8 15.8 9.5 0.3 6.7 8.8 2.8 0.8 – 98.30
19 Glass 54.0 1.9 15.7 9.0 0.3 6.8 8.6 2.9 0.8 – 99.57
20 Glass 52.8 1.8 14.3 8.9 0.3 10.7 8.3 2.4 0.5 – 99.42
21 Glass 53.6 1.8 16.0 9.4 0.2 6.5 8.7 3.0 0.9 – 99.93
22 Glass 54.0 1.8 15.9 9.6 0.1 6.6 8.5 2.5 0.8 – 98.84
23 Glass 54.2 2.0 15.6 9.2 0.2 6.6 8.6 2.9 0.8 – 98.72
24 Glass 54.0 1.9 15.8 10.6 0.1 5.2 8.4 3.1 0.9 – 99.50
25 Glass 55.6 2.1 15.2 7.7 0.1 5.3 10.2 2.9 0.9 – 99.12
26 Glass w/ microlites 55.9 2.2 15.3 7.3 0.1 5.3 10.2 2.7 0.9 – 98.46
37 Glass 54.8 1.8 16.2 9.0 0.2 5.6 8.9 2.6 0.7 – 101.3
38 Glass 51.6 1.3 8.4 14.1 0.4 16.9 5.9 0.9 0.2 – 102.4
39 Glass 59.0 1.5 19.2 4.5 0.1 2.5 8.4 3.3 1.5 – 99.25
40 Glass 53.6 2.0 16.2 11.1 0.2 5.3 7.8 2.5 1.0 – 100.7
41 Glass 54.8 1.2 15.9 9.3 0.2 6.4 8.8 2.6 0.6 – 99.82
42 Glass 54.5 2.3 15.5 9.4 0.1 6.4 8.3 2.6 0.8 – 100.3
43 Glass 53.5 2.3 15.9 9.3 0.2 6.7 8.4 2.9 0.7 – 99.27
44 Glass 53.8 2.2 15.5 9.4 0.2 6.6 8.4 3.0 0.8 – 99.41
31 Cpx 50.1 1.0 1.9 14.5 0.3 14.2 17.6 0.4 0.0 – 100.7
34 Cpx 51.0 0.9 1.7 14.0 0.4 13.8 17.5 0.4 0.0 – 100.4
35 Cpx 51.6 0.8 1.3 14.7 0.4 14.1 16.6 0.3 0.0 – 101.0
36 Cpx 51.5 0.8 2.0 14.5 0.4 14.0 16.3 0.3 0.1 – 98.43
27 Fe-oxide 0.8 53.5 0.3 40.8 0.6 0.1 0.8 0.0 0.0 – 99.31
28 Fe-oxide 0.0 48.6 0.0 45.4 2.6 0.5 0.0 0.0 0.0 – 103.1
29 Fe-oxide 0.2 13.5 0.3 82.2 1.5 0.3 0.0 0.1 0.0 – 97.71
30 Fe-oxide 0.0 48.9 0.1 44.7 2.5 0.7 0.2 0.1 0.0 – 102.9
32 Plag 54.0 0.1 28.6 0.6 0.0 0.0 11.9 4.4 0.3 – 100.0
33 Plag 55.5 0.1 26.1 2.5 0.0 1.2 8.7 5.3 0.5 – 99.77

1 From Sehlke, A., & Whittington, A. G. (2016). The viscosity of planetary tholeiitic melts: A configurational entropy model. Geochimica et
Cosmochimica Acta, 191, 277-299
2Average of all microprobe glass analyses of remelted 2014 material
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Measurements after formation of spatter piles

Once clasts had cooled enough to be handled, each spatter pile
was photographed and the total height measured (Table 4).
Two-dimensional void space was estimated by measuring
the size of the gap between the edges of the clasts without
disturbing the pile and can be visualized as the angle between
the clasts. Very round clasts had larger angles and a bigger gap
between them, similar to two stacked spheres (e.g., SLP16–
13). After photo-documentation, the pile was sequentially dis-
mantled by hand from top to bottom. Photo images of the
contact surfaces between clasts were taken, with close-ups of
regions where the clasts had fused together. Length and width
of each clast and proportion of fused length between clasts (F
value; a 2-dimensional percentage) were recorded before the
clasts were examined in cross-section. Uncertainty for F-value
is estimated at 10% as the exact value can vary depending on
where the cross-section is measured. The three clasts were
then broken in half with a hammer to examine interior struc-
tures. The thickness of each clast, thickness of the rind, as well
as the mode and size of vesicles within the clast were all
subsequently measured from photos using the program
ImageJ (Schneider et al. 2012). Thickness measurements were
made within 2 mm and modal vesicularity was within 5%.
The aspect ratio of each clast was calculated by dividing the
thickness of the clast by the mean diameter. Clasts that
contained voids resulting from gas bubble coalescence, recog-
nized as being at least four times bigger than the regular ves-
icle population, were characterized as having large central
cavities (Table 4). Since each pile had three clasts, and two
interfaces between clasts, some measurements had to be aver-
aged to be directly comparable. For example, aspect ratio (n =
3) and Tcontact (n = 2) were averaged to give a single sample a
single value for aspect ratio and for Tcontact.

Microanalytical analyses

A JEOL 8900 electron microprobe at the USGS Menlo Park
facility was used to obtain chemical compositions of 34 glass
analyses on the remelted 2016 material, as well as four iron-
titanium oxide, two plagioclase, and four clinopyroxene phe-
nocrysts taken from the gravel that was mixed into sample
SLP16–15A (Table 1). Images of microstructures observed
in formed clasts were collected using a Tescan VEGA3
Scanning Electron Microscope (SEM) at the same facility.
Whole rock analyses of the incorporated gravel were run at
Colgate University (Hamilton, USA) on a Philips PW2404 X-
Ray Fluorescence (XRF) spectrometer (Table 1). Fourier
Transform Infrared (FTIR) analysis of several 200–500 μm
wafers of glass were conducted at the University of Oregon
(Corvallis, USA). Water concentrations were calculated using
the Beer-Lambert law and a material density of 2800 g/cm3,
with methods further outlined in Myers et al. (2014).

Results

We collected thermal and morphological data on thirteen ex-
perimental spatter piles (Table 2). Most of the piles are com-
prised of three spatter bombs, although sample SLP16–18was
only a stack of two spatter clasts. Variable conditions during
clast formation included clast accumulation rate, manipulation
time, volume of molten rock, and volume of solid gravel. We
estimate the ratio was about 10:1 for all piles as volumes were
not directly measured during the experiments. Additionally,
several equipment failures and experimental error (i.e., prob-
lems with thermocouple placement, temperature loggers, re-
cord buttons, and poor lighting) led to an incomplete data set
for seven out of 13 (see Tables 3 and 4).

Clast manipulation times (time that clasts were mixed with
the gravel before placement) were between 29 and 76 s and
the height of the final spatter piles were between 18 and 39 cm
(Tables 2 and 4). The temperature of the material dropped
125–445 °C during manipulation and with the addition of
gravel. Accumulation rates for all experiments varied from
1.6 to 4.5 m/h and are positively correlated with average tem-
perature of the clasts (Fig. 2). Clasts had aspect ratios that
ranged from 0.23 to 0.95. The amount of fusion between clasts
(F values) in the experiments varied widely, from 0 to 63%.
The F value was identified as regions where clasts fused to-
gether and broke when being pulled apart. Typically, this re-
sulted in shards of one bomb remaining stuck to the other after
separation. Fusion was only achieved in experiments with a
minimum temperature of 775 °C and at least 30 min above the
glass transition temperature (Fig. 3). Interior cooling rates for
all clasts ranged from 6.2 to 14.9 °C/min. Spatter bombs only
fused when three conditions were met. First, the spatter clast
temperatures were greater than 800 °C (Fig. 4). Second, accu-
mulation rates were greater than 4 m/s (Fig. 4). Third, the
temperature was above the glass transition for greater than
30 min (tg > 30 Fig. 5).

Crystallinity and vesiculation

Out of all the clasts which fused (F value > 0%) to another
clast, only sample SLP16–08 showed no signs of
microcrystallization. Regions of crystallization were identi-
fied with the naked eye when samples were disassembled.
These regions appeared to have a matte luster instead of the
strongly glassy texture of rapidly quenched experimental ma-
terial (Fig. 5a). The presence of clinopyroxene microlites was
later confirmed by backscatter SEM (Fig. 5b). Crystallization
was not limited to the regions of contact between clasts and
was often found inside the cores of clasts, including some of
those that did not fuse (SLP16–07 and 17). Images collected
by SEM indicate that microlites nucleated on gravel margins
and that phenocrysts from the gravel began to break down
during heating, releasing gas into the clast that then formed
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vesicles (Fig. 6). Crystal textures indicated rapid growth,
though they never grew larger than ~ 50 μm, giving the rock
a pilotassitic texture. Chemical compositions of the glassy and
microlite-filled regions of SLP16–15A were determined by
microprobe. Glass compositions match whole-rock analyses
of remelted starting material but differ slightly from the fresh
gravel (Table 1). Remelted material has higher SiO2 and lower
FeO contents compared with the fresh gravel (~ 54 wt.% SiO2

in experimental recycled material compared with ~ 49 wt.% in
fresh rock; ~ 9 wt.% FeO in recycled glass and ~ 12 wt.% in
fresh rock). Natural clasts can also be “recycled”; however,
since the predominant process altering the chemical composi-
tion is degradation of the crucible, it is not thought to be
representative of a natural process that would be affecting
recycled volcanic bombs (e.g., Gurioli et al. 2014; Pioli et al.
2012; Parcheta et al. 2012).

Without gravel mixed in, there were no vesicles and FTIR
analysis of the glass contained between 67 and 105 ppm H2O,
which is approaching the detection limit of the method.
However, the incorporation of gravel into the molten material
caused experimental clasts to contain vesicles (Fig. 7a).
Although some gas escaped through bubble bursts, much of
the gas can be seen as vesicles in the cold clasts. Two thirds of
the clasts contained a central cavity (large gas pocket; Fig. 7b),
and modal percentage of vesiculation in the core varied be-
tween 10 and 70%, where the average value of modal vesic-
ularity in all clasts was 30%.

Degree of fusion, aspect ratio, and void space

Certain characteristics (F value and aspect ratio) generally
increased with increasing temperature and/or time, tg, spent

Table 3 Experimental parameters for inter-clast contacts of spatter piles

Experiment Microlites F-
value

Cooling rate Tcontact Tsurface tbetween tg Aspect atio Notes

% oC/min oC oC s s 2-clast average

SLP16–05 AB No 0 12.3 601 550 375 0 0.47 –

SLP16–05 BC No 0 14.9 580 690 270 0 0.43 –

SLP16–06 AB No 0 – – 585 230 – 0.73 Temperature logger malfunction

SLP16–06 BC No 0 – – 734 210 – 0.66 Temperature logger malfunction

SLP16–07 AB No 0 6.5 818 755 110 24 0.31 –

SLP16–07 BC No 0 11.0 833 770 170 17 0.42 –

SLP16–08 AB No 0 6.5 837 776 120 30 0.29 –

SLP16–08 BC No 0 7.9 703 772 145 2 0.28 –

SLP16–10 AB No 9 – – – 135 – 0.36 Poor thermocouple contact

SLP16–10 BC No 0 9.1 803 776 130 17 0.33 –

SLP16–11 AB Yes 35 7.0 1009 893 88 53 0.42 –

SLP16–11 BC Yes 20 7.8 975 843 112 42 0.41 –

SLP16–12 AB Yes 31 6.6 1018 880 72 62 0.65 –

SLP16–12 BC Yes 64 7.9 1080 868 91 67 0.39 –

SLP16–13 AB Yes 16 – – 871 97 – 0.31 Temperature logger malfunction

SLP16–13 BC Yes 31 7.7 1100 895 111 55 0.36 –

SLP16–14 AB Yes 24 8.2 1035 856 125 53 0.66 –

SLP16–14 BC Yes 0 8.3 837 858 104 22 0.38 –

SLP16–15 AB Yes 27 7.2 1009 901 126 53 0.33 –

SLP16–15 BC Yes – 9.2 1016 978 120 42 – Abnormal clast placement of clast C

SLP16–16 AB Yes 20 6.4 1018 884 100 55 0.32 –

SLP16–16 BC Yes – – – 844 100 – 0.43 Poor thermocouple contact

SLP16–17 AB Yes 21 7.7 983 906 129 44 0.42 –

SLP16–17 BC No 10 – – 921 173 – 0.39 Poor thermocouple contact

SLP16–18 AB No 0 13.1 991 804 129 21 0.37 –

A are the lowermost clasts in a pile, whereas C is the uppermost. Data with the suffix “AB” represent conditions recorded between clast A and B.
Variables include: presence of microlites; F value = the degree (%) of fusion between clasts; cooling rate = (Tcontact 700 °C/tg time at Tcontact); Tcontact =
highest temperature recorded by a thermocouple placed between clasts; Tsurface Temperature of clast surface at time of placement; tbetween time between
clast placement; tg time a contact spent above the glass transition temperature (estimated to be 700 °C); aspect ratio (thickness of clast/longest axis). Notes
include explanations for incomplete data sets
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above the glass transitions temperature (700 °C, based on
measurements done by Sehlke and Whittington 2016;
Fig. 4). Fusion required a minimum temperature of 775 °C

and at least 30 min above the glass transition temperature. The
amount of fusion between clasts (F values) in the experiments
varied from 0 to 63%. Fused clasts had aspect ratios that

Table 4 Physical characteristics of each experimental clast

Vesicle measurements Initial surface cooling
rate

Sample Microlites Core
mode

Core
size

Rind
mode

Rind
thickness

Central
cavity

Aspect
ratio

tman Notes

% mm % mm s oC/min

SLP16–05 A No 30 3 5 1 0 0.56 50 – –

SLP16–05 B No – – – – – 0.37 70 – Poor imagery

SLP16–05 C No – – – – – 0.50 40 – Poor imagery

SLP16–06 A No 25 8 1 3 0 0.73 33 – –

SLP16–06 B No – – – – 0 0.72 60 – Poor imagery

SLP16–06 C No – – – – 0 0.60 60 – Poor imagery

SLP16–07 A No 35 54 1 2 1 0.29 55 – –

SLP16–07 B No 10 7 0 2 1 0.33 40 – –

SLP16–07 C No – – – – 0.5 0.23 50 – Poor imagery

SLP16–08 A No 70 10 5 10 1 0.33 55 – –

SLP16–08 B No 30 50 2 8 1 0.42 55 – –

SLP16–08 C No 35 30 2 2 1 0.43 45 – –

SLP16–10 A No 45 30 5 8 1 0.38 63 180 –

SLP16–10 B No 35 15 1 2 1 0.28 62 – –

SLP16–10 C No – – – – 0.5 0.48 65 – Poor imagery

SLP16–11 A Yes 25 30 10 12 0 0.23 76 – –

SLP16–11 B Yes 20 10 2 4 1 0.35 43 – –

SLP16–11 C Yes 35 20 1 8 0 0.36 48 – –

SLP16–12 A Yes 35 12 5 3 1 0.38 36 – –

SLP16–12 B Yes 25 13 10 2 0 0.28 36 140 –

SLP16–12 C Yes 15 5 0 1 0 0.35 40 – –

SLP16–13 A Yes 15 10 10 10 0 0.41 39 – –

SLP16–13 B Yes 30 32 0 1 1 0.40 34 130 –

SLP16–13 C Yes 20 8 30 8 1 0.24 36 – –

SLP16–14 A Yes 20 15 1 11 1 0.40 42 170 –

SLP16–14 B Yes 20 11 0 2 1 0.65 57 – –

SLP16–14 C Yes 45 25 0 1 1 0.67 45 – –

SLP16–15 A Yes 15 15 15 10 1 0.32 42 – –

SLP16–15 B Yes 25 6 10 5 0 0.35 50 – –

SLP16–15 C Yes 35 16 15 3 1 – 43 – Abnormal clast
placement

SLP16–16 A Yes 20 12 1 2 1 0.36 29 150 –

SLP16–16 B Yes 25 7 20 3 0.5 0.37 40 – –

SLP16–16 C Yes 30 25 5 2 1 0.50 46 – –

SLP16–17 A Yes 25 9 5 6 1 0.52 46 – –

SLP16–17 B Yes 30 12 0 1 1 0.31 49 – –

SLP16–17 C No 30 6 0 1 1 0.48 49 – –

SLP16–18 A Yes 35 10 8 11 1 0.31 68 – –

SLP16–18 B No 60 25 1 3 1 0.61 60 – –

A clast with a obvious central cavity was given a value of 1, whereas a clast with no cavity was given a value of 0. Some clasts contained a smaller cavity
that only occupied a part of the clast andwere given a value of 0.5. The surface cooling rate was calculated using two FLIR images taken of the same clast
after ~ 10 or 20 s of cooling. The variable tman was the amount of time each clast was manipulated and mixed
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ranged from 0.23 to 0.95. Experimental aspect ratios and void
space estimates correlate negatively to higher temperatures and
longer tg (Fig. 4). Despite our attempts to minimize the effects of
impact on spatter, one clast was pushed into the top of the pile as
opposed to gently placed. This resulted in an anomalously high
degree of fusion and so we have excluded sample SLP16–15C
from our analysis (Tables 3 and 4). Void space between clasts
showed little variation, ranging between 0.2 and 9%.

Texture, luster, and surface color

The texture of the outer layer of the experimental clasts can
exhibit brittle features such as tears (Fig. 8a), as well as ductile

features, including stretched vesicles and small-scale folds or
wrinkles. Virtually all clasts had an initial colorful, shiny coat-
ing on interior and exterior surfaces that tended to dull slightly
after a few hours (Fig. 8b). This coating appears different than
the optical effect (iridescence) seen on fresh glassy surfaces as
it is only visible on outer surfaces. A slight dulling of the luster
occurs after an hour or so but has not degraded further after
4 years of storage in a dry climate. Observed clasts colors
include blue, green, and gold and can occur in the same region
of a sample. Only few cases of red occur in the experimental
clasts (e.g., SLP16–15A-B), but only at the margin of the
bombs without permeation through the clast (Fig. 8c).

Discussion

Limitations of this model and furnace

The experiments published in this manuscript provide a proof-
of-concept that molten rock can be used to simulate fragmented
basaltic morphologies. Below we discuss the areas which can
be directly compared with natural samples and highlight those
which are merely illustrative of the potential contributions that
this analog model can make in the future. Additionally, we
discuss the ranges of natural observations from spatter deposits
to illustrate the similarities and difference with our experiments.
All types of models (conceptual, numerical, analog) contain
simplifications and this model is no exception. For example,
by manipulating the rock to lower and more consistent

Aspect ratio

Void space

Fig. 4 Diagram showing how morphological patterns relate to surface
temperature measured by FLIR and time above the glass transition
temperature (tg) in experimental spatter piles. The aspect ratio (more
oblate symbols for flatter clasts), void space (fields separated by dark
black lines with percentage ranges listed), and F value (lighter shades
of green indicate more fusion) are represented for each experiment.
Idaho spatter deposits (gray field from Rader et al. 2018) share similar
F values with some experiments. Uncertainty for each of these measure-
ments is discussed in the methods and error bars (1σ) are smaller than the
symbols for the axes of the graph

Fig. 2 Spatter piles with faster accumulation rates tended to have higher
average temperature upon emplacement as well as have fusion between
all three clasts (white circles). Higher accumulation rates, but lower
temperature resulted in fusion between 1 or 2 clasts (gray) and the lowest
rates and temperatures resulted in totally un-fused clasts (black). The
black line separates two regimes named in Head III and Wilson (1989).
Error bars are 1σ and are sometimes smaller than the symbols

Fig. 3 The amount of fusion between two clasts is shown by the shade of
green (light indicating high F value). Higher temperatures captured by
thermocouple along the margin of clasts (Tcontact) and greater time above
the glass transition (tg) result in greater fusion. The gray field is the range
of F values measured from natural clasts from Southern Idaho (data from
Rader et al. 2018). Error bars (1σ) are smaller than the symbols
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temperatures in order to simulate a realistic rheology, we intro-
duce biases into other areas of the experiment. These inaccura-
cies and how we dealt with them are discussed below. In gen-
eral, we attempted to control for these biases bymaking them as
consistent as possible between each clast formation, thus isolat-
ing the key parameters of the study.

The experimental methods listed here are reproducible;
however, recreating an experiment exactly would be difficult
due to the challenges of precisely replicating the exact molten
volume and proportion of gravel. While measuring gravel out
before hand is possible, it is not always completely enveloped
in the molten material nor is the furnace capable of depositing
an exact volume into the trough. However, the results of nu-
merous experiments done in the manner presented here, we
believe, are reproduceable. The furnace exerts some undesir-
able influences on the experiments as well. The need to keep
the material highly fluid to help it exit the furnace results in a
gasless, crystal-free superheated liquid which quickly be-
comes an undercooled glass when exposed to the atmosphere.
Furthermore, the recycling of material to aid in melting causes
a drift in the chemical composition as iron oxidizes and col-
lects as slag at the base of the crucible. The increase is SiO2

likely results from disintegration of the silica carbide (CSi)
crucible (Soldati et al. 2018). We have addressed all these
issues by adding the cold, fresh gravel. In the future, by adding
smaller grain sizes of fresh material, we can achieve a more
homogenous mixture. Additionally, modifications to the

trough where the molten material is first poured out of the
furnace may allow us to determine the mass of lava and the
added mass from fresh gravel in each experiment. This will
help us further constrain the thermal and volatile inputs in
subsequent experiments.

Thermal conditions that produce fused spatter

Previous studies identified two variables thought to control
spatter welding: (a) the input of thermal energy expressed as
accumulation rate; and (b) the loss of thermal energy
expressed as cooling rate (Head III and Wilson 1989;
Sumner et al. 2005). These metrics have been singled out
because they capture the average thermal conditions of an
eruption. For instance, spatter cones generally growmore rap-
idly (i.e., faster accumulation rate), but have slower cooling
rates than cinder cone deposits (Sumner et al. 2005). The lack
of fusion in cider cone deposits is generally attributed to this
distinction but could also be due to an eruption temperature
below the glass transition. It is important to quantify the rela-
tionship between the extent of welding and both accumulation
and cooling rates, to generate a quantitative method for study-
ing historical deposits.

Our experiments indicate that accumulation rate correlates
strongly with all measures of temperature of the clasts (Tsurface,
Tcontact, or Taverage) as well as tg, the time spent above the glass
transition. By recording where and when fusion occurs (F

Fig. 5 Surface luster (a) in natural (top) and experimental (bottom) clasts
both have a matte luster with the addition of nucleation points in the
experimental material. Needle-like crystal structures are common in thin

sections of natural spatter (b, top) and are mimicked on a smaller scale in
SEM images of experimental spatter (b, bottom)
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value > 0), we can constrain the thermal conditions where
spatter deposits may form. Spatter bombs fused when clast
temperatures > 800 °C, accumulation rates > 4 m/s, and tg >
30 min. Also, increasing either temperature or time above the
glass transition point resulted in higher F values; however, at
F value > 10%, this relationship becomes less defined indicat-
ing there may be another variable we did not examine. This
may be an outcome of the simplification of a three-clast pile
resulting in the loss of more heat out of their sides than would
natural deposits.

The cooling rate is not as well-correlated with temper-
ature because higher initial temperatures result in faster
cooling rates due to radiative cooling (e.g., Keszthelyi
and Denlinger 1996; Hon et al. 1994; Oppenheimer
1991). This is opposite to the relationship proposed by
Head III and Wilson (1989) and illustrates a problem with
using cooling rate to compare our experiments with the
natural samples. This can be seen in the wide spread of
cooling rates that can result in fusion or lack of fusion in
Fig. 9. The time it takes a deposit to cool is a useful
measure when conceptualizing spatter deposits, as it sum-
marizes time and temperature for a whole feature (spatter
cone or cinder cone), but the actual cooling rate is highly

influenced by the starting temperature of the molten rock
(Ganci et al. 2012; Patrick et al. 2004). Instead of using
cooling rate to represent the thermal history of the exper-
iments, we use tg, and the temperature of the clast upon
placement (Tcontact; Table 3). These two measures corre-
late with the F value substantially better than cooling rate,
and therefore we consider them to be better indicators of
the thermal history of the experiments. This concept
agrees with other experimental studies on welding in vol-
canic deposits (e.g., Giordano et al. 2005; Russell and
Quane 2005; Grunder and Russell 2005). It should be
noted here that cooling and accumulation rates cannot
explain the magnitude of fusion within our dataset
completely, especially at higher F value, but they do al-
low for a set of minimum conditions to be identified
(Fig. 9).

It should also be stated that a single experiment indicated
compaction and impact during clast placement is certainly
important for fusion between clasts as well. The high F value
of experiment SLP16–15C suggests that loading from above
will increase the F value irrespectively of the thermal condi-
tions and will be explored in future experiments. Observations
from footage of spatter suggest that clasts may rupture upon

Fig. 6 SEM image of the margin
between a dissolving
holocrystalline piece of gravel
(upper part of image) and the
glassy remelted material.
Microlites can be seen nucleating
on the margin, located at
microprobe analysis 26. Analyses
27 and 28 are of iron oxide
crystals within the mixed-in
gravel (upper portion of image)
whereas analyses 24 and 25 are of
the remelted glass
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Fig. 8 Brittle crustal tears in natural clasts (a, top) and in experimental
spatter (a, bottom) while still exhibiting ductile behavior due to themolten
core. (b) a shiny blue coating in natural (top) and experimental clasts

(bottom). (c) Red oxidation is common on natural spatter but was uncom-
mon in experiments

Fig. 7 Vesicle distribution in natural clasts (a, top) show the typical more
vesiculated core and less vesiculated rim characteristic of spatter bombs.
While we were able to generate a broadly similar pattern in experimental

spatter (a, bottom), vesicles tended to be larger, more uneven, and more
heterogeneous in distribution. Large central voids showing the
coalescence of gas (b) in natural (top) and experimental clasts (bottom)
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impact, land extremely softly as they barely clear the top of the
rampart, or even roll downhill slightly before becoming
lodged; however, these accounts are not well documented in
the literature. This lack of data argues for the need to investi-
gate the role of impact in experiments as well as more thermal
and velocity observations of spatter clasts on impact during
active eruptions, similar to those that have been made at
Stromboli but with an emphasis on how and when spatter
bombs land (Worden et al. 2014; Taddeucci et al. 2012).

Temperature

Experimental spatter had measured surface temperatures
(Tsurface) measured at 850–900 °C and contact tempera-
tures of 1000–1100 °C. The Tsurface values are slightly
higher than measurements of the temperature when natu-
ral Hawaiian pahoehoe breakout lobes lava develops a
skin (800–850 °C; Carling et al. 2015; Pinkerton et al.
2002; Hon et al. 1994). Further, the Tcontact values are
consistent with temperatures of ~ 1000–1150 °C measured
on newly spattered lava from Erta Ale lava lake before the
lava cooled and formed the outer rind of a bomb (Carling
et al. 2015). Other fountain measurements on Hawai’i
lava eruptions are ~ 100 °C higher than our Tcontact, which
is likely because they represent maximum readings from
the hottest part of lava fountains which typically fell back
into the fountain (Helz et al. 1995; Vanderkluysen et al.
2012; Stovall et al. 2012).

A survey of natural spatter clasts at volcanic fields in
Southern Idaho reveals a consistent range of F-values for pri-
mary vent spatter of about 31–44% (Rader et al. 2018) (Fig.
10). By overlaying F values on results from the experimental
clasts, we can provide a first order constraint to thermal con-
ditions of emplacement (Fig. 4). The experimental clasts like-
ly cool slightly faster than natural clasts since they are not
thermally insulated by surrounding clasts, so these results
should be thought of as a high-cooling rate endmember.
With more insulation, natural clasts likely need not achieve
as high of initial temperatures to have tg equal to those which
produced realistic F values.

Accumulation rates

Spatter piles where both clasts exhibited fused textures always
had an accumulation rate above ~ 2.5 m/h and spanned the
range of previously denoted categories “fluid plops” and
“partly welded spatter” in Head and Wilson (1989; Fig. 2).
The range of accumulation rates of fusion between spatter
clasts ranged from 3 to 5.5 m/h which is within the range of
the few accumulation rate observations that have been made
(0.6–10 m/h). The high end of this range of 10 m/h was esti-
mated on a spatter deposit that collapsed into a clastogenic
flow in Japan (Sumner 1998). The low end is constrained by

a small spatter feature erupted during the 2018 eruption at
Leilani Estates (HVO eruption chronology website n.d.).
Fissure 11 was reported by Hawaii Civil Defense to only be
active for ~ 3 h and ultimately produced an ~ 2-m high ram-
part, yielding a minimum accumulation rate of 0.66 m/h
(Hawaii Civil Defense Map n.d.). Given this wide range and
minimal data, it is apparent that measurements of natural ac-
cumulation rates of spatter deposits are lacking.

Using the calculated accumulation rates associated with F
values similar to natural deposits, we can calculate construc-
tion times for these features. The spatter cones where F value
was measured vary in height (base to rim) from 1.5 m
(Creon’s Cave region, Idaho, USA) to 4 m (Vermillion
Chasm, Idaho, USA) which give a formation time of ~
50 min to 2.6 h (Rader et al. 2018). As all of these features
involve no rheomorphic behavior, we can assume that accu-
mulation rates must be faster than 5.5 m/h to result in collapse
or flow of spatter features. It is probable, however, that the
surrounding heat of larger spatter features (when compared
with the 3-clast experimental pile) will allow for longer tg at
lower accumulation rates and thereby our estimates may be
too large.

Aspect ratios and void space

Experimental clast aspect ratios and void space estimates cor-
relate negatively to higher emplacement temperatures and lon-
ger tg (Fig. 4), a pattern described as densifying and flattening
by additional experiments on welding processes (Grunder and
Russell 2005; Rader and Geist 2015). The range for our ex-
perimental clasts of 0.29–0.69 (Table 2) overlap with average

Fig. 9 Relationship of accumulation rate and cooling rate to unfused
(black circles) and fused (white circles) experiments showing that
accumulation rates higher than ~ 3 m/h and cooling rates < 10 °C/min
allow for clast fusion in the absence of pressure or increased ambient
temperature. Overlapping of clasts near this boundary reflects the
precision of this method in which all variables can be difficult to hold
constant. Error bars (1σ) are smaller than the symbols for time and tem-
perature whereas F value has an uncertainty estimated at 10%
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aspect ratios for Southern Idaho spatter outcrops (0.20–0.49)
and Icelandic spatter clasts (0.1–0.5) (Rader et al. 2018;
Reynolds et al. 2016), indicating that we are accurately recre-
ating aspect ratio in spatter clasts. In contrast, the void space
calculations for these experiments were an order of magnitude
lower than what is observed in Southern Idaho spatter, which
are around 10–15% void space. The higher void space vol-
umes in natural samples compared with our experiments are a
ramification of our experimental method, in which a single
clast was placed directly upon another single clast. Because
experimental piles contain a maximum of three clasts, only
gaps along the margin of the clasts weremeasured, resulting in
lower void space percentages than would likely occur if we
transitioned to larger experimental piles. Despite void space in
experimental deposits not being directly comparable with void
space estimates in natural deposits, the correlation between
experimental thermal conditions and void remains negative
(Fig. 4). Future experiments that involve more overlapping
clasts will be required to quantify the relationship between

emplacement conditions and amount of void space in a spatter
deposit.

Our method of transporting clasts using tongs influenced
the shape of the clast during transport. Clasts tended to droop
after they were picked up, as well as inflate as gas expanded
inside the clast. Drooping and inflation affected the aspect
ratio of clasts, but in an unsystematic way, resulting in the
variability observed in the relationship between clast aspect
ratio and temperature (Fig. 4). Natural clasts also deform dur-
ing transport, but typically that deformation is uniform flatten-
ing (Sumner et al. 2005). A much larger experimental and
natural data set is required to turn the qualitative relationship
between temperature and clast aspect ratio into a quantitative
indicator of temperature range.

Vesicularities

Volatiles were initially stored in the minerals contained in the
gravel, which were then released during incorporation into the
molten material due to the high temperatures. Even though we
were able to broadly recreate the pattern of more highly ve-
siculated cores (Fig. 7a), the vesicles in the experimental clasts
were not as small or as evenly distributed as those in natural
clasts. Vesicle walls also tended to be thicker in the experi-
ments, leading to lower modal percentages of vesicles than is
observed in natural spatter clasts and tephra produced from
fountaining (Mangan and Cashman 1996; Stovall et al. 2012;
Parcheta et al. 2013; Rader et al. 2018; Jones et al. 2018). On
average, experimental clasts contained a little more than half
as many vesicles as natural spatter. Experimental clasts had a
few clasts with extreme values (10 and 70% vesiculation);
however, the average value was 30%, indicating that the ex-
perimental clasts are more dense than natural clasts. We infer
that this discrepancy is due to the origin of the gas in the
experimental clasts, which is released from the gravel and
therefore concentrated around the gravel margins. In natural
clasts, magmatic gas is exsolved uniformly from a more ho-
mogeneous melt (Cashman and Mangan 1994).

Other vesiculation patterns observed in nature are
reproduced in the experimental clasts. In the event of total
coalescence of the vesicles in the interior, both experiments
and natural clasts concentrated gas in large voids at the center
or near the top of the clast (Fig. 7b). In natural deposits, hollow
cores are often associated with primary vent spatter deposits,
but not spatter deposits located at more distal locations (Rader
et al. 2018). In contrast, the hollow interiors were common in
our experiments, and their prevalence did not depend on for-
mation conditions. We conclude that, in nature, the gas creat-
ing a hollow core might be lost during transport or after rup-
turing upon impact. Alternatively, it could be lost during
transport down a flow, if lava is the source of the secondary
spattering. Here, however, there is no post-emplacement
movement that would allow for gas escape.

Fig. 10 Time and temperature conditions for all experiments with a range
of Idaho F-values in the grey field from Rader et al. (2018). In the upper
plot, light pink diamonds are the temperature between two clasts recorded
with a thermocouple (Tcontact), whereas dark red circles are surface tem-
perature of the clasts shortly before placement as measured by a FLIR.
Dark blue diamonds are the minutes spent above 700 °C, and the teal
circles are the seconds between clast placements (tbetween). Natural clasts
from Idaho are in the gray field
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The lower vesicularity in experiments could have an effect
on the heat transfer throughout the clast pile, as well as the
ability for the clasts to deform after placement. Thermal con-
ductivities for vesiculated basalt suggest that the difference in
porosities could result in dense experimental clasts cooling as
much as twice as fast as more porous natural samples
(Robertson and Peck 1974). However, measurements of
pahoehoe flow lobes indicate that denser samples (23%)
cooled slower than moderately vesiculated (54%) flows
(Keszthelyi 1994). Vesicles can also strongly affect the rheol-
ogy, and subsequently the ability of clasts to droop and spread
laterally (e.g.,Wilson and Head 1989;Manga et al. 1998; Rust
and Manga 2002). We could not document the lateral defor-
mation of clasts in our experiment, however, because the
transport by tong method had a much larger effect on the
aspect ratio than subsequent deformation.

Our ability to control the amount of gas in the spatter ex-
periments remains a weakness in our method. Even thoughwe
were able to add gas and produce vesicles in our experiments,
the volume of gas was difficult to measure because different
volumes of gravel were incorporated in each trial, and to dif-
fering degrees for each clast within each trial. Additionally,
during manipulation, sometimes clasts would generate bub-
bles, allowing gas to escape, and sometimes pockets of air
would be entrapped during the folding process. In future ex-
periments, we intend to mitigate this factor by using more
fine-grained starting material that can be more easily incorpo-
rated into the clast.

Crystal content and cooling rates

Very small microlites (50 μm) aligned in bands in the exper-
imental clasts resembled textures in sheared rhyolites and
welded ignimbrites (Manley 1996). Bands could have formed
from shearing or folding during the manipulation process used
to mix the gravel into the molten material. This differs from
natural clasts which more frequently have a fairly uniform
distribution of microlites increasing closer to the core, which
is a pattern seen in spatter free from extensive recycling and
shallow magma mixing (Rader et al. 2018; Gurioli et al.
2014). Natural spatter is relatively glassy, though phenocrysts
are usually present and quench rates are not fast enough to
prevent microlite growth in the interior (e.g., Cashman 1993;
Lesher et al. 1999; Hort and Gardner 2000; Conte et al. 2006).
In our experiments, we achieved interior cooling rates of 6.5–
14.9 °C/min and initial exterior cooling rates of 130–
180 °C/min in the first 10–30 s after placement. These values
are comparable with thermal modeling which suggests rates of
150 °C/min to produce highly glassy exteriors whereas
microlite growth in the interior of the same clast occurs at
12 °C/min in basaltic scoria at Shishaldin volcano, in Alaska
(Szramek et al. 2010). Measurements of bomb field emplace-
ment from FLIR cameras at Stromboli measure cooling rates

an order of magnitude slower, which may be due to the lower
temperature of emplacement as the observed bombs cooled
during flight (Harris et al. 2013; Vanderkluysen et al. 2012).
The microlites of experimental clasts were smaller and more
sparse than natural samples; however, indicating further work
needs to be done.

Despite having similar cooling rates, the F value of the
clasts in the Szramek et al. (2010) study was 0 compared with
our experiments where F values range up to 64% (Table 3).
Experimental clasts that contain microlites had longer time
above glass transition temperature when compared with un-
fused scoria from another basaltic Shishaldin Volcano (tg =
22–67 min compared with 3–21 min; Szramek et al. 2010),
further suggesting that compared with interior cooling rate, tg
is more representative of the thermal conditions which effect
fusion in a deposit. Despite having the same interior cooling
rates, the difference in tg is inferred to be due to the “eruption”
temperature. Specifically, “eruption” temperature was signif-
icantly lower in the modeling calculation (1060 °C; Szramek
et al. 2010) than in our experiments (~ 1200 °C).

Outer texture and color of clasts

The morphology and texture of the outer layer of the experi-
mental clasts resembles the outside of natural clasts.
Specifically, both exhibit brittle features such as tears
(Fig. 8a), and both have ductile features, including stretched
vesicles and small-scale folds or wrinkles. Virtually all clasts
had an initial colorful, shiny coating on interior and exterior
surfaces (Fig. 8b).

In natural deposits, red is a common color originating from
oxidized iron in glass as well as oxidized hematite in weath-
ered deposits (e.g., Mellors and Sparks 1991; Moriizumi et al.
2009; D’Oriano et al. 2013; Rader et al. 2018; Cottrell et al.
2018). Red is a rare color found in our in experiments (only
observed in SLP16–15; Fig. 8) so perhaps the cooling rates
observed here are too quick for the oxidation of iron in the
glass or the formation of secondary oxidized hematite.

Colorful coatings have been described at several natural
locations including Muana Ulu (Parcheta et al. 2013; Jones
et al. 2018) and southern Idaho (Stearns 1924). Coloration of
the Broken Top and Blue Dragon lava flows in Southern
Idaho are proposed to be caused by electron transfer between
Fe2+ and Fe3+ or Fe2+ and Ti4+ within the oxidized outer layer
of the glass (Faye and Miller 1973). The colors of natural
samples are less reflective/metallic looking when compared
with experiments. The distribution of the colors also differs
between experiments and natural samples. Unlike the Broken
Top and Blue Dragon colorations, the sheen on the experi-
mental clasts is strongest in regions of trapped volatiles in-
cluding the inside of some vesicles. Despite the different lo-
cations of the color, the connection with H- and O-rich vola-
tiles suggests that oxidation is likely an important formation
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mechanism in the experiments. Previous experimental trials
which had no gravel added were far less likely to have colorful
coatings suggesting the added volatiles are important for the
coloration as opposed to other factors in the methodology that
were consistent between iterations of this method, such as
interacting with the steel trough, paddle, or containers.

Conclusions

We have developed a method to create analog spatter deposits
out of molten, basaltic rock, using the Syracuse Lava Project
Facility. Our experiments successfully reproduced several
morphological characteristics of natural spatter, including
clast size, F value (degree of fusion between clasts), and col-
oration and provide temperature ranges in a manner that
allowed for quantitative constrains on the thermal evolution
of spatter deposits. Other characteristics were more challeng-
ing, including vesicularity, microcrystallinity, deposit void
space, and aspect ratio, all of which be improved upon in
future experiments. However, these characteristics still
allowed for qualitative comparisons and their very presence
pushed this model closer toward realistic conditions.

By tracking the thermal evolution of the experimental
clasts, we identified minimum conditions for fusion. For ba-
saltic clasts to fuse, accumulation rates must exceed 2 m/h,
internal clast temperatures must be in excess of 900 °C, sur-
face temperatures must achieve 850 °C, and the clasts must
remain above the glass transition temperature for at least
30 min. Our experimental conditions correspond closely to
those required for fusion determined in natural spatter de-
posits. Furthermore, our experiments indicate that the degree
of fusion (F value) is dependent on the time clasts are in
contact above the glass transition point, their initial tempera-
ture, and pressured applied to clasts: the longer clasts are in
contact with each other above the glass transition temperature,
the higher the connectivity between clasts.

Our experiments also support conclusions made by spatter
population studies, which indicate that deposit morphology
can be used to identify eruptive conditions in historical de-
posits (Rader et al. 2018; Jones et al. 2018). Additionally,
accumulation rates of 2.5–4.5 m/h were estimated for
Southern Idaho spatter features, suggesting higher rates are
necessary to produce rheomorphic textures, induce collapse
or produce a clastogenic flow.
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