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ABSTRACT

Thick, slow-moving block-lava flows are
associated with extrusive activity in dacitic
systems, where lava-core depressurization
during flow-front collapse gener ates devas-
tating block-and-ash flows. Dimensional
and rarethermal data collected during Jan-
uary 2000 for an active dacitic block flow
at Santiaguito (Guatemala) provide insight
into cooling and emplacement mechanisms.
Flow velocity was low (12.5 m-d-?), in spite
of steep (=10°) dopes, a result of the high
viscosity (>4 x 10° Pa-s) that we calculate
for this flow. The flow surface consisted of
a thick (1.9-3.4 m), cool (40-111 °C) crust
of meter-sized, subangular blocks. Ex-
tremely effective insulation by the thick
crust results in model-derived core cooling
of =0.08 °C-h-1. These low cooling rates
make block flows the most thermally effi-
cient of all styles of lava-flow emplacement,
allowing cooling-limited flow lengths of sev-
eral kilometers, in spite of low eruption
rates (<0.5 m3-s~1). Flow-front observations
along with a plug-flow model showed that
collapse from the faster-moving flow top
contributed to a caterpillar-track—type ad-
vance similar to that observed at basaltic
‘a'a flows. Forward motion also caused
toothpaste-like extrusions of the flow core
through the frontal crust at basal and mar-
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ginal shear zones. The axial part of the flow
front was thicker than the marginal zones
and was over steepened. This geometry can
be explained by a higher vertical velocity
gradient in the axial zone, causing more
frequent and larger-volume flow-front col-
lapses. Axial-zone collapses also penetrate
farther up flow, but not sufficiently to de-
pressurize the flow core and generate a
block-and-ash flow. For such a block-and-
ash flow to occur, we calculate that an in-
crease in velocity and/or thickness (due to
increased slope or topographic confine-
ment) must occur. Whereas low surface
temper atures make block flows invisible to
short-wave infrared sensors, the low veloc-
ity also contributes to the stealthy behavior
of these flows. Their stealthy nature, how-
ever, masks the fact that they can extend
many kilometers, moving block-and-ash
flow sources closer to vulnerable
communities.

Keywords: block-and-ash flow, block-lava
flow, cooling, emplacement, Enhanced The-
matic Mapper, Santiaguito, volcanology.

INTRODUCTION

Block lava was defined by Macdonald
(1953) as having a surface characterized by
individual fragments that are ‘‘relatively
smooth polyhedral blocks bounded by dihe-
dral angles, lacking the exceedingly rough and
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spinose character of typical ‘a’a.’” Such flows
are typically associated with basaltic andesite
to dacite lava and display lower eruption tem-
peratures with higher crystal contents, viscos-
ities, and yield strengths than their basaltic
‘a‘a counterparts. This combination of factors
is typically cited as resulting in short, thick
flows with high aspect ratios and low veloci-
ties (e.g., Cas and Wright, 1987).

Although these features mean that block-
flow inundation of down-flow communities is
unlikely, block-and-ash flows derived from
flow-front collapse pose an extreme hazard to
the same communities (e.g., Yamamoto et al.,
1993; Fujii and Nakada, 1999; Ui et 4.,
1999). The high velocity and temperature of
such pyroclastic flows are such that they pose
athreat to human life, being the most common
cause of death due to volcanic activity in the
past 400 yr and accounting for 70% of the
52250 volcano-related deaths during 1900—
1982 (Blong, 1984). Their destructive nature
also causes extensive building and vegetation
damage due to impact, collapse, racking, buri-
al, and ignition (Blong, 1984). In this regard,
block-and-ash flows due to gravitationa col-
lapse of the Unzen lava dome (Japan) during
1990-1995 extended >4 km from their
source, causing 43 deaths and widespread de-
struction (Yamamoto et al., 1993; Fujii and
Nakada, 1999; Ui et d., 1999).

Many workers have observed active ‘a’a
lava flows to understand their emplacement
mechanisms (e.g., Pinkerton and Sparks,
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1976; Peterson and Tilling, 1980; Rowland
and Walker, 1987; Kilburn and Guest, 1993).
For block flows, however, workers have de-
scribed features at inactive flows and drawn
inferences regarding block-flow properties and
mechanics from these observations (summa-
ries in, e.g., Macdonald, 1972; Cas and
Wright, 1987; Francis, 1993). In addition, ob-
servations of active flows at Arena (Costa
Rica) (Borgia et al., 1983; Cigolini et a.,
1984; Borgia and Linneman, 1990) provide
insights into the emplacement mechanisms
and rheology of transitional ‘a a-block flows.
However, although thermal measurements
have been made on active dacitic lava domes
by using airplane- and satellite-borne thermal
sensors (e.g., Friedman et a., 1981; Oppen-
heimer et al., 1993; Wooster et al., 2000), de-
tailed ground-based thermal and observational
data for an active block flow during emplace-
ment are extremely rare. Chief among the fac-
tors that contribute to the lack of observations
of active block flows are unsafe access and the
hazard posed by flow-front collapse. These
preclude close approach and direct
measurement.

During January 2000 we used a humber of
noncontact field- and satellite-based remote-
sensing approaches to obtain data for an active
dacitic block flow at Santiaguito (Guatemala).
During the course of our measurements, fre-
quent and spatially random collapses of the
flow front and marginal levees generated lo-
calized ash clouds. Although these extended
just a few meters from the flow, their thermal
infrared thermometer—derived temperatures of
up to 185 °C showed that they would have
been extremely hazardous to workers making
contact measurements. Here we describe our
observations of the morphology and thermal
structure of the flow, where our ground-based
measurements provide a rare insight into
block-flow emplacement and cooling. We use
our observations to (1) gain an insight into the
thermal and rheological characteristics of an
active block flow, (2) consider issues that de-
termine flow-front stability and hence the
probability of block-and-ash flow generation,
(3) infer the manner in which such well-in-
sulated flows cool and are emplaced, and (4)
consider the problems encountered if inter-
preting remotely sensed thermal data for such
cold, but active flows.

ACTIVITY AND THERMAL
MEASUREMENTS

Rose (1987b) defined a three-phase history

for the evolution of Santa Maria and Santia-
guito. The first phase began at ca. 30000 yr
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Figure 1. Topographic map of the El Caliente vent at Santiaguito, Guatemala. Block flows
active at Santiaguito during 1987, 1996-1999, and 1999-2000 were mapped by using the
Landsat data given in Figure 2. Thin white lines show positions of flow fronts during May
and June 1987 according to details in SEAN (1988a, 1988b). Thick dashed lines indicate
main rivers, and the solid circle marks the approximate location of our ground-based

measurements in January 2000.

B.P. and involved the construction of the Santa
Maria composite cone. This phase was char-
acterized by an eruption rate of ~1.1 m3-s?,
with initial eruptions of basaltic lavas fol-
lowed by a gradual transition to more silicic
lavas. The second phase involved the Plinian
eruption of 1902 during which 85 km? of
dense dacite and a minor proportion of basal-
tic andesite were erupted (Rose, 1987b; Wil-
liams and Self, 1983). The third phase has in-
cluded the ongoing construction of the
Santiaguito dome complex.

Activity at Santiaguito began in 1922 and
has been characterized by continuous, slow
(~0.4 m3-s1) extrusion of dacite lava (Rose,
1972, 1987a). Persistent effusive activity from
four distinct vents (El Caliente, La Mitad, El
Monje, and El Brujo) has built an ~1 km?
complex of overlapping domes and block
flows centered within the 1902 crater. Since
1958, activity has been characterized by anin-
creasing prominence of block flow, as op-
posed to dome emplacement (Rose, 1987a).
Harris et al. (2001) have noted that the length
of individual block-flow units has increased
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through time, a possible result of a2 wt% de-
crease in the SiO, content of erupted products
since 1970 and hence a reduction in the lava
viscosity. The block flows at Santiaguito do
not display well-developed polyhedral blocks,
nor do the flows carry the spinose clinker typ-
ical of ‘aa Instead, Santiaguito block-flow
surfaces are composed of angular to rounded
dacite blocks, similar in form to the rubble-
like surfaces that cover the dome units within
the complex.

The activity that we observed during Jan-
uary 2000 was fed by effusion from El Cal-
iente, the most eastern vent. Activity at the
vent consisted of small, nonexplosive exhala-
tions of gas and ash at arate of approximately
two events per hour, a style of activity that
has persisted at this vent since 1975 (Rose,
1987a). A low active dome rose ~10 m above
the vent rim, from which an active block-lava
flow extended southward down the flank of
the dome complex. At the base of the dome
pile, the flow was deflected southwest by a
low ridge, to attain a total length of 2370 =+
90 m (Fig. 1). Ground-based observations in-
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dicate that extrusion of this flow began during
July 1999; an increase in volcanic radiance re-
corded by the Geostationary Operational En-
vironmental Satellite (GOES) satellite indi-
cates that extrusion may have begun around
July 14, giving a time-averaged advance rate
of 12.5 = 1.5 m/day.

To make our field-based thermal measure-
ments we used a Raytek Raynger 3i. This unit
is a hand-held, noncontact thermal infrared
(8-14 pm) thermometer, with a response time
of 0.7 s. At the typical measurement distances
of this study (20, 1000, and 1500 m), the Ray-
tek will measure the temperature of 0.3-, 13-,
and 20-m-wide surface areas. Measurements
of the vent and proximal-medial flow sections
were made verticaly and obliquely from he-
licopter passes ~1000 m above and to the
south of the vent on January 21. On January
23, ground-based measurements were made of
the vent and proximal-medial flow sections
from aridge ~1500 m to the south and of the
flow front from a distance of ~20 m (Fig. 1).

Field measurements commenced ~6 h be-
fore, and continued through, the time of an
overpass of the Landsat 7 satellite. Landsat 7
carries the Enhanced Thematic Mapper
(ETM+), a multispectral instrument capable
of providing 15-60 m spatia resolution data
in eight wave bands (Fig. 2). Multicomponent
mixture modeling of thermal data provided by
ETM+ bands 4 (0.76-0.90 um), 5 (1.55-1.75
pm), 6 (10.42-11.42 pm), and 7 (2.08-2.35
pm) alows the thermal structure of active
lava surfaces to be determined (Flynn et a.,
2000). All data were corrected for atmospheric
effects by using a MODTRAN tropica at-
mospheric model. Emissivity corrections for
ETM+ bands 4, 5, and 7 were chosen by us-
ing reflectance spectra from a dacite lava sam-
ple. This approach gave an emissivity of 0.82
in al three bands. For the therma infrared
(Raytek and ETM+ band 6), we used the
emissivity for andesite and rhyolite of 0.90—
0.91 given by Salisbury and D’ Aria (1992).

MORPHOLOGIC, DIMENSIONAL, AND
THERMAL OBSERVATIONS

On the basis of our down-flow thermal ob-
servations, we divided the flow into three ther-
mally distinguishable sections: proximal, me-
dia-distal, and toe (Figs. 2 and 3). The
proximal section is defined by relatively high
surface temperatures (T,;) that show a con-
sistent decline down section. The medial-dis-
tal section is characterized by relatively low
To The toe section (which includes the flow
front) is defined by an increase in Tg,, which
rises to values similar to those obtained in the

LN Santiaguito
(2500 m)

Figure 2. (A) Landsat 7 ETM + short-wave infrared (SWIR) composite (bands 7, 5, 3) of
the Santiaguito dome complex on January 23, 2000. The active vent, rockfall, and toe are
located by boxes marked v, rf, and t, respectively. In thisimage the amphitheater resulting
from the 1902 eruption of Santa Maria is clearly visible to the northeast of the dome
complex. (B) Landsat 7 ETM + thermal infrared (TIR) image (band 6) of the same area
as A. (C) Landsat 5 Thematic Mapper SWIR composite of Santiaguito on October 25,
1987. The active vent, medial-distal section, and toe are located by boxes marked v, m,
and t, respectively. (D) Landsat 5 Thematic Mapper TIR image of the same area as C.
Note that thereis no SWIR thermal emission from the active block flow beyond the v, rf,
and t locations, and the band 6 anomaly is of a low magnitude.
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Figure 3. Down-flow surface-temperature profiles obtained for the 1999-2000 active block
flow at Santiaguito from helicopter, ground-based, and ETM+ temperature
measurements.
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proximal section. In addition, by exposing
hotter core material, rockfall events generated
by flow-margin collapse can cause localized
thermal anomalies at any point along the flow.

Proximal Flow Section

The proximal section extends ~700 m
from the rim of the vent area southward
down the steep (~30°) slopes of the dome
flank. Over this section the flow was 60—100
m wide and covered with a continuous
cooled crust of rubble (10-100-cm-wide
clasts) and larger (1-3-m-wide) blocks. At
the dome base the flow was contained within
an ~40-m-high embankment of rubble, rest-
ing at an angle of ~30°, and the surface dis-
played well-developed surface folds. These
flow dimensions and our estimate of the flow’s
time-averaged velocity (1.45 = 0.17 X 104
m-s~%) yield an eruption rate of 0.475 + 0.165
meé-s~L, This rate is in excellent agreement
with eruption rates of 0.48 + 0.09 mé-s~t cal-
culated following the methodology of Harris
et al. (1998).

Measured surface temperatures (Tg,,) were
highest across this section of the flow, where
To. values of 76-111, 40-85, and 55-86 °C
were obtained from the helicopter-, ground-,
and ETM +-based measurements, respectively
(Fig. 3). Down this section, surface tempera-
tures showed a consistent decline at a rate of
0.04-0.09 °C-m~%, which, for a velocity of
1.3-1.6 X 10* m-s'%, converts to a surface
cooling rate of 0.02-0.05 °C-h~*. Following
Oppenheimer (1991) we use T, to calculate
radiative and convective heat losses (Q,,y and
Q.n) and hence the thickness of the conduc-
tive boundary layer (3). Assuming that all heat
conducted across the flow’s crust (Q,,,,) islost
from the surface by radiation and convection
(i.e., Qua = Qud + Qun), O can be calculated
by rearranging Fourier's law of heat conduc-
tion (Holman, 1992) so that

8 = k (Tcore - Terf)/Qcond‘ (1)
where kis thermal conductivity and T, isthe
flow’s core temperature (Table 1). Over the en-
tire length of the flow we caculate & in the
range of 1.9-3.3 m (Fig. 4). This result com-
pares with observed crust thickness at the flow
front of 2—10 m. Our calculated and observed
d values for this dacitic block flow are much
higher than those obtained for active ‘a'a
flows and pahoehoe flows (Table 2).

Following Keszthelyi (1995) we calculated
down-flow cooling of the core by using the
flow’s heat budget. In this case, by assuming
that heat gained per unit length from latent
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TABLE 1. DEFINITION OF TERMS, CONSTANTS, VARIABLES, ERRORS, AND SOURCES

Term Definition Value (units) Source

a Slope 8.5° = 5.5° Kimberly (1995)

Aross Flow cross-sectional area Calculated (m?) = dD

Agivel Pixel area 3600 m? ETM+ pixel area

B Constant 3 (for broad flows) Cas and Wright (1987)

Co Specific heat capacity 1150 * 250 J-kg*-K* Bacon (1977)

3 Crust thickness Calculated (m) Equation 1

d Flow depth P:30m; S:18 m Field measured

D Flow diameter P: 140 m; S: 30 m Field measured

D, Flow hydraulic diameter Calculated = 4A.../P (Holman, 1992; Heslop et
al., 1989)

D, Strain rate at y Calculated (s) = dv,/dy (Cigolini et al., 1984)

€, Strainrate at d = z Calculated (s) Equation A3

f Friction factor Calculated = KIRe (Heslop et al., 1989)

g Gravitational acceleration 9.8 m's? Constant

9. Proportionality constant 1.0 Pitts and Sissom (1997)

n Viscosity Calculated (N-s-m-) Equation A2

M Dynamic viscosity Calculated (N-s:m-?) = pm (Pitts and Sissom, 1997)

h, Plug flow height P:18 m; S: 10 m Field estimated

Ny Viscosity at y Calculated Equation A9

K Friction factor K value 30-60 Heslop et al. (1989)

k Thermal conductivity 2+ 1WmtK? Robertson and Peck (1974), Giberti et
al. (1992), Kilburn (1993)

L Flow length 2370 =90 m January 23, 2000, ETM+ image

n Constant 1 Cas and Wright (1987)

P Wetted perimeter Calculated (m) =2d+ D

dpldx Pressure gradient Calculated (N-m-) Equation A6

Qond Conducted heat loss Calculated (J-s?) = Qaa T Qconv

Qeonv Convective heat loss Calculated (J-s%) Oppenheimer (1991)

Qaa Radiative heat loss Calculated (J-s?) Oppenheimer (1991)

R Flow radius P:70m; S: 15 m Field measured

p Lava density 2500 + 300 kg-m= Murase and McBirney (1973)

Re Reynolds number Calculated Equation A7

r, Flow radius at y P: 0-70 m; S: 0-15m Field measured

t Emplacement duration 193 *+ 10 days Field-based and GOES images

aTlax Cooling rate Calculated (K-m-?) Equation 2

Teore Core temperature Calculated (K) = Toup—(dTI8X)X

Torupt Eruption temperature 1123 K Scaillet et al. (1998)

T, Yield strength ~8 x 10* N-m=2 Model-derived

Teurt Surface temperature Measured (K) Field-measured

T, Shear stress at d = z Calculated (N-m-2) Equation A4

T, Shear stress at y Calculated (N-m-) Equation A8

Vpax Maximum velocity 1.45 x 104 m-s ~

Vnmean Mean velocity Calculated (m-s) = V2

Uy Velocity at y Calculated (m-s) Equation A5

v, Velocity at depth = z Calculated (m-s) Equation A1

% Flow velocity 1.45 = 0.17 x 10* m-s* = Lt

y Cross-flow distance P: 0-140 m; S: 0-30 m Field measured

z Depth in z-direction Otodm Field measured

Note: P—value used for primary-flow axis, S—value used for secondary-flow axis.

Crust thickness (m)
[ )

0

500 1000 1500
Distance from vent (m)

2000 2500

Figure 4. Down-flow profile of calculated crust thickness (8). Crust thickness was calcu-
lated with equation 1.
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TABLE 2. THERMAL CHARACTERISTICS OF BASALTIC, ANDESITIC, AND DACITIC LAVA FLOWS
Lipman and Banks (1987) Pieri &

Date
1984

Location
type
Mauna Loa, Hawai'l

Kilauea, Hawai'i

type

Rock

Basalt
Basalt

Flow

Channel
Channel
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Figure 5. Down-flow profiles of calculated core cooling rates and core temperature (T.,..),
calculated with equation 2. End-member curves for the cooling rate and T, assume no
vesicles and 30% vesicles (Anderson et al., 1995), respectively, and an eruption tempera-
ture of 850 °C (Scaillet et al., 1998). Hence two curves are given for each parameter, one
for calculations using 0% vesicles and a second using 30%.

rockfall identified in the ETM+ image is the
source of such a small (1080 X 210 m) ash
cloud.

Single-component therma modeling (Roth-
ery et al., 1988) for the ETM + rockfall anom-
aly yields temperatures of 452-805 °C. The
upper range of this estimate compares with a
calculated core temperature for this section of
the flow of 710-780 °C (Fig. 5). This finding
indicates that even small collapses involve
crust and core material, but such localized ex-
posure of the core seems insufficient to trigger
a block-and-ash flow.

Medial-Distal Flow Section

The medial-distal section extends from the
point at which the flow reaches the base of the
dome and is deflected southwest by topogra-
phy. This section was ~1000 m long with a
width of 180-210 m derived from ETM+
data. Shadows apparent on the ETM + image
indicated that a 30-90-m-wide channel zone
was flanked by 30—60-m-wide levees. Given
an angle of repose of 30° for the levees, we
obtain a levee height of 17-35 m, consistent
with an observed flow-front thickness of 18—
30 m.

Surface temperatures across this section de-
rived from ETM+ data were low (53-64 °C)
and showed a weak down-flow decline of 0.01
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°C'm~t (Fig. 3). Anidentical trend of 0.01 =
0.02 °C-m~* was obtained down four inactive
flows adjacent to this section. This trend ap-
pears to be forced by an external cause rather
than by lava cooling. Therefore we do not
trust this trend to be volcanically significant.
The cause may be increased shadowing with
down-flow distance due to extension of the
flows from the open slopes of the dome into
shaded valleys. Most surface temperatures for
the active flow, however, are elevated above
the maximum obtained at any of the inactive
flows by 25.7-0.5 °C. This elevation is due to
heat conducted from the core of the active
flow, where we calculate & of 2.7-3.6 m (Fig.
4) and core cooling rates of 57-115 °C-km~*
or 0.027-0.066 °C-h-* (Fig. 5) for this flow
section.

Flow Toe

Across this ~300-m-long flow section, the
flow had a width of ~200 m and a flow-front
perimeter and height of ~260 m and 18-30
m, respectively. The flow surface consisted of
a blocky crust with temperatures of 34—80 °C
and 5686 °C derived from Raytek and
ETM+ data, respectively. The down-flow pro-
files show an increase in T, across this flow
section (Fig. 3) and a decrease in calculated §
to 1.9-3.2 m (Fig. 4). Thinner, hotter surface
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crusts are maintained by two processes: (1)
avalanching of surface crust at the flow-front
perimeter to expose hotter surfaces and (2)
spreading and thinning the flow across the toe
section. Elevated Tg,, across this section re-
sults in an increase in Q. and hence in the
calculated rate of core cooling to 60-158
°C-km~t or 0.028-0.091 °C-h~* over this sec-
tion (Fig. 5).

Flow-Front Morphology and Processes

Laterally, the flow front could be split into
three segments on the basis of its morphologic
and thermal characteristics: (1) an eastern
margina segment, (2) a medial-axial segment,
and (3) awestern marginal segment (Fig. 6A).
Because access to the western marginal seg-
ment was impossible, here we describe our
observations and interpretations of the eastern
and medial segments.

Marginal Segment of the Flow Front

The eastern marginal segment was ~60-m-
wide and ~18 m high. Across this segment
the flow front consisted of blocks resting
against the flow front at an angle of 32°. Ver-
tically the flow front could be divided into
three thermal zones, from top to bottom: A
crust zone, midzone, and talus zone (Fig. 7).
The flow was capped by a 2-3-m-thick
blocky crust. This crust zone was composed
of 1-3-m-wide, rounded to subangular blocks
at temperatures of 34—76 °C. The midzone
consisted of an 8-10-m-thick layer of finer,
hotter material; clasts were <1 m wide, and
temperatures were 56142 °C. A 2-5-m-high
basal talus zone was also dominated by larger
(1-2-m-wide), cooler (29-84 °C) blocks,
thermally similar to the crust zone.

This structure was maintained by flow-front
collapse (Fig. 7B). Collapses occurred once or
twice per minute, affecting 2-5-m-wide sec-
tions of the flow front and generating small
ash clouds at Raytek-derived temperatures of
up to 185 °C. The source of all collapses was
the crust zone and upper parts of the midzone.
Higher temperatures at the midzone were
maintained by repeated remova of surface
material by the passage of collapse-fed ava-
lanches; a temperature of 154 °C was obtained
from a freshly exposed midzone surface im-
mediately following a collapse. The similarity
between the temperatures of the crust and ta-
lus zones results from the fact that the crust
zone supplies material to the talus zone by
collapse. Inclusion in the talus deposit of hot-
ter material picked up from the midzone ex-
plains the slightly higher temperatures of the
talus zone.
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can be related to each extrusion cluster.

Clusters of massive, pink (oxidized) out-
crops were common at the eastern and western
edges of the margina segment. These were
associated with the most-forward-advanced
parts of the flow front (Fig. 6). Each outcrop
was 3-5 m wide, roughly circular to ova in
cross section, showed crude radia jointing,
and protruded 1-2 m outward from the flow
front. During our observation period, one out-
crop was truncated by a rockfall to reveal
rooting of the extrusion back into the flow. All
outcrops had higher temperatures (elevated by
6-96 °C) than the surrounding blocky crust
(Fig. 6C). We interpret these features to be

toothpaste-like extrusions of the flow core
around axes of advance.

Medial-Axial Segment of the Flow Front
This ~30-m-high segment was advancing
into a ravine (Fig. 6A). The flow front was
oversteepened at an angle of 60°-70°. Verti-
cally, the segment could be divided into three
zones: crust, core, and talus (Fig. 8). The crust
zone consisted of an ~10-m-thick cap of low-
temperature (39—47 °C) blocky crust. As at
the marginal-segment, flow-front collapses
were frequent. The steepness of this axial seg-
ment, however, prevented any collapsing ma-
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terial from gathering on the flow front so that
the frontal section of the flow core was ex-
posed. The crust zone was therefore underlain
by a core structure that was composed entirely
of multiple, massive, roughly circular to oval
extrusions with crude radia jointing (Fig. 8,
A and B). These were up to 10-m-wide and
were similar in form to the extrusion features
described at the eastern margina flow-front
segment. Across this zone, field-based tem-
peratures of 157303 °C were obtained; a peak
of 496-531 °C was measured at a freshly ex-
posed surface immediately following a flow-
front collapse (Fig. 8, C and D). This fresh-
surface temperature compares with a core
temperature near the flow front of 573-683 °C
obtained from equations 1 and 2 by using an
eruption temperature of 800-850 °C (Scaillet
et a., 1998) and vesicularities of 0%-30%
(Anderson et al., 1995). The high temperatures
common to the core zone (Fig. 8) are consis-
tent with this zone representing the exposed
forward face of the flow core.

MECHANICS OF BLOCK-FLOW
ADVANCE

Our observations support a model whereby
forward motion is related to two simultaneous
mechanisms. (1) flow-front oversteepening
and collapse to cause caterpillar-track-type
advance and pushing aside of frontal crust and
(2) forward extrusion of the flow core through
the frontal crust. To assess the validity of these
mechanisms we have applied a model for a
Bingham fluid exhibiting laminar plug flow
(see Appendix). Horizontally, this model gives
an ~59-m-wide axia zone of plug flow (Fig.
9, A—C), consistent with a measured axial-
zone width of ~50 m. For this 30-m-thick ax-
ial zone we obtain plug and shear-zone thick-
nesses of 18 and 12 m, respectively, from the
same model (Fig. 9, D and E).

Verticaly, the plug dominates the top half
of the flow, creating an upper high-velocity
collapsing zone and a lower-velocity basal
shear zone (Fig. 9, D and E). In this case,
higher velocities at the flow top will result in
oversteepening and subsequent instability and
collapse of the upper zone. In the resulting
caterpillar-track-type forward motion, mate-
rial faling from the flow front is overridden
by the advancing flow to contribute to a basal
crust. This feature is typical of basdltic ‘a'a
flow emplacement (Wentworth and Macdon-
ad, 1953; Macdonald, 1953, 1972; Cas and
Wright, 1987; Kilburn and Guest, 1993) and
aso forms at transitional andesitic ‘& a-block
flows, where identical flow-front structures
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Figure 7. (A) Vertical temperature profiles (measurements taken approximately every 2
m) of the flow front taken at the eastern and western edges of the eastern marginal
segment (lines marked E and W, respectively) and 25 and 35 m along the flow front from
the eastern edge (lines marked 25 m and 35 m, respectively). The thermally defined po-
sitions of the crust, midzone, and talus zonesare marked CZ, MZ, and TZ. (B) Photograph
of the eastern marginal section of the flow front showing the location of three thermally
defined zones and the source and destination of rockfalls. (C) Cartoon showing a cross
section through the flow. Arrow lengths in block flow are proportional to velocity (as

calculated by using method in Appendix).

develop (Cigolini et al., 1984; Borgia et a.,
1983).

The extrusion features observed at the mar-
gina and axial segments also support a flow-
emplacement model in which forward motion
results in multiple toothpaste-like extrusions
of the core through the frontal crust. Such
toothpaste-like extrusions of viscous lava have
been observed to pass through the crust at the
toe of basaltic ‘a'aflowsin Hawai'i (Macdon-
ald, 1953). Flow-front core extrusion has also
been noted at basaltic andesite ‘a'a flows
fronts on Etna (Kilburn and Guest, 1993) and

andesitic ‘a'a-block flows at Arena (Linne-
man and Borgia, 1993).

In the case considered here, extrusions are
located at the primary and secondary axes of
advance. Both of these axes occur where the
flow is extending within or toward ravines
(Fig. 6A). The resulting increase in slope, as
well as flow confinement, at these locations
will cause localized velocity increases, thus
promoting shearing (Fig. 9A). Extrusions are
also confined to the lower half of the flow
(Fig. 6B), again a zone of high shear stress
(Fig. 9E). Extrusion therefore appears to be

Geological Society of America Bulletin, May 2002

due to sgueeze out between shear planes. An
extrusion cluster at the edge of, and extending
obliquely from, the primary advance axis in-
dicates that these structures may have their
roots in a zone of divergent flow at the margin
of the axial stream (Fig. 6). Such divergent
flows at the margins of a central zone of plug
flow have previously been observed at chan-
nelized ‘a'a flows at Etna (Booth and Self,
1973).

FLOW-FRONT STABILITY

Block-and-ash flows can be generated by
flow-front collapse followed by pore depres-
surization, vesiculation, and pulverization
(Rose et al., 1976; Mellors et al., 1988; Fink
and Manley, 1989; Fink, 1993; Fink and Kief-
fer, 1993; Fujii and Nakada, 1999; Ui et al.,
1999). Once under way, a dense gravitational
current avalanches along topographic lows,
slowing with decreasing slope. Convection
and fluidization, due to air heating and expan-
sion and release of pore-stored gas during rock
collisions, generates a fluidized, turbulent ash
component that overrides and outruns the
gravitational current (Mellors et al., 1988;
Fink and Kieffer, 1993; Fujii and Nakada,
1999). We consider two interrelated trigger
mechanisms for such flow-front collapse and
block-and-ash flow generation: (1) gravita-
tional flow-front collapse due to high under-
lying slopes and flow-front oversteepening
and (2) exposure of overpressurized and/or
volatile-rich core zones causing explosive
decompression.

As shown by Voight and Elsworth (2000),
increasing the angle of the failure plane ()
increases the forces acting to destabilize the
flow, hence promoting collapse. Voight and
Elsworth (2000) described stability in terms of
the ratio of resisting to disturbing forces (F,
where F, = 1 implies failure) and showed that
such conditions are typically associated with
a > 20°. For the Santiaguito case, we calcu-
late F, of 0.6 and 1.7 for flow fronts advancing
over the 30° and 10° slopes characteristic of
the proximal and distal flow sections, respec-
tively. This result is consistent with our ob-
servation of seven small (=300-m-long) in-
candescent avalanches from the vent and
proximal flow region during a 1-h-long peri-
od, but none from the distal section.

Flow-front oversteepening will also pro-
mote collapse. At Unzen (Japan), lower ve-
locities at the flow base than in the upper zone
caused oversteepening, with gravitationa fail-
ure occurring where the overhanging angle
reached 12° (Yamamoto et al., 1993). This
condition can be smulated by using the plug-
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Figure 8. (A) Photograph of axial segment, showing frontal section of the flow core. The
flow front of the western marginal section is visible at the extreme left of the photograph;
the circle at the top right locates an extrusion through the crust zone. (B) Close up of a
15-20-m-wide section of the axial segment showing cross-section detail of forward-directed
extrusion features. (C) Axial-segment temperature map. Contours are drawn by using
temperature measurements taken across the area shown C. (D) Cartoon showing a cross
section through the flow front. Arrow lengths in block flow are proportional to velocity
(as calculated by using method in Appendix). Plug flow results in collapse of the upper
flow front (between S1 and S2) to supply the talus zone (labeled D).

flow model (see Appendix). For Unzen, the
measured flow thickness (70 m) and plug ve-
locity (4.2-9.2 X 10~* m-s™%), with a plug
thickness of 20 m (from Yamamoto et al.,
1993; Fig. 5), gives a simulated basal zone
velocity (v) of 0.67-1.48 X 10-* m-s~*. This
value compares with measured basal v of
0.47-1.47 X 10* m-s* (Yamamoto et a.,
1993). Given the critical oversteepening angle
(o4 @ which collapse occurs and flow depth
(d), the up-flow distance that collapse will ef-
fect (L) can be calculated from [d tan(o,,)],
and the time taken for o, to be reached (t,,)
from [dh]. For Unzen, this gives L, of ~15
m and t;, of 28-62 h, which compares with a
block-and-ash flow temporal frequency of one
every 51-76 h (from Yamamoto et a., 1993).

If we apply the same model-based approach
to the Santiaguito flow, we gain an insight into
why the axial flow front is oversteepened. For
the 30-m-thick axial plug flow zone, a 12-m-
high shear zone (d4..) has a velocity gradient
(Av/Adg,,) of 1.2 X 10-5 st (Fig. 9F). If col-
lapse occurs at o, = 12°, then we obtain L;,
and t;, values of ~6.3 m and ~12 h, respec-
tively. In the margina zone, the shear zone
effectively comprises the entire 18 m flow

thickness, and plug flow is absent so that dg..
= d (Fig. 9F). Across this zone, lower veloc-
ities (typicaly v,.,/2, Fig. 9A) and higher dy,e.,
values result in lower Av/Ady,, and L, val-
ues and higher t;, values, these being 0.4 X
105 s, ~3.8 m, and ~15 h, respectively.
Therefore in the axial zone, higher-velocity
gradients cause more frequent and more vo-
luminous collapses than in the marginal zone,
favoring a steeper flow front.

The difference in v between the axis and
margin suggests that the axis should overshoot
the margins. That agreater volume of the axial
flow front is being destroyed by collapse,
however, serves to dampen the velocity dif-
ference. For example, we calculate that over a
60 h period, five collapses will occur at the
axial zone and four will occur at the marginal
zone. The resulting difference between ad-
vance (due to forward motion) and retreat
(due to collapse) will be 0.5 and 0.46 m at the
axis and margin, respectively.

In the two cases considered (Unzen and
Santiaguito), flow-front collapse due to over-
steepening generated block-and-ash flows
only in the Unzen case. To trigger block-and-
ash flow, the collapse must have a sufficient
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depressurization effect on the flow core. Ui et
al. (1999) suggested that block-and-ash flows
may be generated where flow-base pore pres-
sure exceeds the lava tensile strength. Follow-
ing their model, decreased tensile strength due
to higher strain rate and shear stress at the
flow base (Fig. 9E) will favor a situation
where pore pressure can exceed the lava ten-
sile strength during crack propagation or de-
pressurization to cause explosive fragmenta-
tion. Fink and Manley (1989) also proposed a
model where volatile concentration due to the
migration and concentration of water vapor re-
leased during crystal growth and microfrac-
turing increases the explosive hazard. During
both cases, depressurization by flow-front col-
lapse will trigger explosive decompression.
We note that L, calculated for Unzen and
Santiaguito are 14.9 m and 3.8-6.4 m, respec-
tively. Lower L, at Santiaguito coupled with
the lack of block-and-ash flow activity indi-
cates that collapse involving low L, values
removes an insufficient proportion of the flow
front to intersect overpressurized zones and is
therefore less likely to generate block-and-ash
flow.

Following these considerations we propose
an integrated model for flow-front stability at
Santiaguito. In this model, block-and-ash
flows will most likely occur during advance
down the steep slopes of the dome complex
and/or during flow-front oversteepening at
thick flow fronts exhibiting well-developed
plug flow. Increases in the velocity gradient
across the shear zone with increased flow
thickness and velocity not only contribute to
oversteepening, but also increase collapse fre-
quency and the distance back from the flow
front affected by collapse. The presence of
these factors increases the likelihood that col-
lapse will penetrate overpressurized and/or
volatile-rich core zones behind the flow front,
hence triggering block-and-ash flow.

Features of the September 16, 1973, block-
and-ash flow at Santiaguito are consistent with
this scenario. This event was triggered by col-
lapse of a thick block-lava flow front that
caused flow-core vesiculation such that vesic-
ular particles constituted up to 50% of the
block-and-ash flow deposit (Rose et al., 1976).
Collapse occurred at the break of slope be-
tween the constructional topography of the
dome apron and surrounding erosional topog-
raphy (Sam Bonis, 2000, personal commun.).
The increase in slope at this point would have
caused a decrease in flow-front stability, as
well as an increase in flow velocity. An aerial
photograph (Fig. 8 in Rose et a., 1976) also
shows that the flow was entering a narrow box
canyon, as was the case for the axial zone con-
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sidered here. Increased velocity caused by ex-
tension into a confining canyon and onto
steeper slopes would have resulted in in-
creased Av/Adg,,, decreased t,, and, more
important, increased L, to levels sufficient to
intersect the overpressurized, volatile-rich
core zones.
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RHEOLOGICAL PROPERTIES

We have used the plug-flow model detailed
in the Appendix to simulate the rheological
properties of this flow. Owing to the extreme-
ly low velocity of this flow, calculated strain
rates are low, giving 1.2 = 0.5 X 105 s * and

25+ 22 X 10¢stinthezandy flow di-
rections, respectively (Fig. 9). Calculated
shear stress and viscosities (Appendix) are,
however, much higher at 6.7-8.5 X 10* N-m—2
and 0.4-2.6 X 10% Pas, respectively. These
viscosities are consistent with the 108-10° Pa-s
value given for rhyolite and andesite at 800—
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1000 °C by Murase and McBirney (1973) and
with 5 X 10" Pa-s calculated following Shaw
(1969) using cooling of 100 °C and a liquidus
viscosity of 1000 Pa:s (Murase and McBirney,
1973). These high model-derived values ex-
plain the extremely low velocities encountered
at this block flow, in spite of the 10°-30°
dopes that the flow is advancing over. To
place these values in context, we can compare
this dacitic case with a basdltic case. Typica
basaltic shear stresses and viscosities are
much lower: 220-370 N-m-2 and 9400-10°
Pa:s, respectively (Pinkerton and Sparks,
1978; Moore, 1987). Given these lower val-
ues, the same flow would advance at speeds
of 559 m-st if it were basdtic (calculated
following Dragoni, 1993).

DISCUSSION AND CONCLUSIONS
Flow Insulation and Hazard Implications

Insulation by athick crust means that block
flows can extend surprising distances in spite
of low eruption rates and forward velocities.
Insulation serves to reduce surface tempera-
ture and heat loss so that core cooling rates
are extremely low (Table 2). Given these cool-
ing rates and a difference between liquidus
and solidus of 150-200 °C (Archambault and
Tanguy, 1976), we calculate that the block-
flow core of this Santiaguito flow will take
89278 days to cool to solidus. Assuming that
flow movement will continue as long as the
core temperature is above the solidus gives a
cooling-limited flow length of 1.3-2.9 km, in
spite of an eruption rate and velocity of
~0.475 m3-s~* and ~0.000145 m-s~1, respec-
tively. Increasing flow depth and velocity re-
tards the cooling rate (egquation 2) such that,
for a 70-m-thick flow with v of 4.2-9.2 X
10~* m-s7%, the cooling rate is 0.004-0.020
°C-m~t or 0.015-0.030 °C-h~*. This range of
cooling rates yields a cooling-limited length
of 7-50 km.

These low cooling rates show that block
flows are one of the most insulated forms of
lava-flow emplacement, where the thick, cool,
crusted carapace is an extremely efficient in-
sulator. In Table 2 we have compared the heat-
loss characteristics of a variety of flow types.
Channelized basaltic lava flows are thermally
the most inefficient flow type, where thin, hot,
discontinuous crusts result in high heat-loss
rates and hence rapid core cooling. As aresult,
channelized flows are only able to extend tens
of kilometers by virtue of rapid emplacement,
i.e., high velocities and eruption rates (Kesz-
thelyi and Self, 1998). As crusts become
thicker, cooler, and more coherent, heat loss

and hence flow cooling decreases (Table 2).
Flow confined to a lava tube is thus a ther-
mally efficient flow type, allowing even, low-
effusion-rate flow to extend tens to hundreds
of kilometers before cooling forces the flow
to halt (Keszthelyi, 1995; Keszthelyi and Self,
1998). Table 2 shows that block flows have
many thermal similarities with tube-confined
flow, where the thick, cool crust insulates the
flow, causing low heat losses and the lowest
cooling rates for all flow types considered. As
aresult, a block flow has the capability of ex-
tending many kilometers at extremely low ef-
fusion rates and velocities before cooling forc-
es stagnation. This conclusion is in agreement
with Manley (1992, p. 27) who stated that “‘a
common misconception about rhyolite lava
flows is that they cannot advance far from
their vents and are constrained to be small due
to their high viscosities.”” Manley’s (1992)
model-based results and field studies of Ob-
sidian Dome (California) show that slow cool-
ing of 100-300-m-thick units mean that such
flows could remain active for decades, even
though advancing at extremely low velocities
(0.59-2.5 km-yr—1).

The potential of a block flow to extend
many kilometers has serious implications for
the hazard posed to down-flow communities.
As the block-flow front moves away from the
vent, so the source of block-and-ash flows due
to flow-front collapse extends closer to vul-
nerable communities. In the case of Santiagui-
to, the September 1973 block-and-ash flow is-
sued from the lobe of a thick block flow 2 km
from the El Brujo vent (Rose et d., 1976). The
block-and-ash flow extended a further 3 km
down valey, where the high temperature and
“hurricane force” of the flow completely de-
stroyed al vegetation and left a deposit that was
up to 5 m thick and contained 4-m-diameter
blocks (Rose et d., 1976). A block flow ad-
vancing 6 km from the El Caliente vent would
place the flow front in the vicinity of the
towns of El Palmar and San Felipe and within
aregion of extensive banana and coffee plan-
tations. Such a flow would aso move the
block-and-ash flow source to within 10-15 km
of the major population centers of San Sebas-
tian and Retalhuleu, as well as the the Pan-
American Highway. Given block-and-ash flow
velocities of 1525 m-s™! (Yamamoto et a.,
1993), these communities would be affected
within 7—17 min of aflow-front collapse. Such
an event would have devastating effects. In
this regard, the 1929 block-and-ash flow at
Santiaguito traveled ~10 km from the El Cal-
iente vent, devastated severa villages and
plantations (including the region around El
Palmar), and resulted in hundreds, possibly
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thousands, of fatalities (Rose, 1987a; Simkin
and Siebert, 1994).

Satellite-Based Thermal Detection

Insulated emplacement is strikingly evident
from the extremely low surface temperatures
obtained for this active block flow. Along the
entire flow length, our data based on helicop-
ter, ground, and ETM+ measurements gave
Tor Of 76-111 °C, 34-85 °C, and 53-86 °C,
respectively. Nighttime observations showed
that there were no incandescent cracks any-
where on the flow. Extremely low velocities
and a lack of thermal renewal of the flow sur-
face means that the surface crust can exist for
tens to hundreds of days, thus alowing time
for significant cooling. Figures 3 and 4 show
that at ~750 m from the vent, the surface had
cooled to a relatively stable ~65 °C, and the
crust had thickened to 3.3 m. Given the ve-
locity of this flow, this distance trandlates to a
flow-surface age of 50-70 days.

With the exception of the vent region, low
surface temperatures mean that most of the
flow is invisible in the ETM + short-wave in-
frared (SWIR) bands (Fig. 2). To emit detect-
able thermal radiation in the SWIR bands of
ETM+, surfaces of >900 m? in area must at-
tain temperatures of >120 °C (Flynn et a.,
2001). The lack of incandescent cracks and
the low crust temperatures mean that the flow
surface has failed to attain this level and was
thus invisible in the SWIR bands (Fig. 2).
Without ground validation, the rockfall half
way down the flow could easily have been
mistaken for the thermal signature from a col-
lapsing flow front. A further 1.3 km down
flow from the rockfal, the flow front itself is
in fact an extremely subtle therma anomaly
in the SWIR data (Fig. 2). Such an anomaly
would have been extremely difficult to iden-
tify with confidence in the SWIR data without
the insights gained from our field work.

In contrast, surface temperatures derived
from the thermal infrared (TIR) are elevated
above those encountered at surrounding inac-
tive flows. This is especidly true across the
distal section, as well as at the rockfall loca-
tion and flow toe (Fig. 10). However, the mag-
nitude of the thermal anomaly over other sec-
tions of the flow is not large. Thisis especialy
true of the medial-distal flow sections in the
January 2000 image. In this case, across the
section between 1100 and 2100 m from the
vent, band 6-derived T, values are in the
range 53-65 °C. This range compares with
40-58 °C at nearby inactive flows (Fig. 10)
and makes this section of the flow difficult to
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Figure 10. ETM + derived down-flow surface-temperature profiles for the active flow and
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as the active flow.

distinguish from the solar-heated background
(Fig. 2B).

Other Thematic Mapper (TM) images of
block flows at Santiaguito acquired on Octo-
ber 25, 1987, and February 14, 1988, show
identical thermal structures. In both cases, the
active, 3.6-km-long, block flow, athough ev-
ident as a low-magnitude TIR anomaly, isin-
visible in the SWIR data except for alocalized
thermal anomaly at the vent and a subtle ther-
mal anomaly at the flow toe (Fig. 2, C and
D). The recurrence of these features leads us
to suggest that low-magnitude TIR anomalies
with subtle SWIR anomalies at their distal
ends are diagnostic of block-flow activity in
satellite thermal data. This correlation also ar-
gues for the need to examine TIR as well as
SWIR data when locating and analyzing ac-
tive block flows. Such data are currently avail-
able from Landsat ETM+ and the Advanced
Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) flown on the Terra sat-
ellite (Yamaguchi et al., 1998; Ramsey et a.,
2001).

Thermal Stealth: A Feature of Block-flow
Emplacement

During May and June 1987, block flows at
Santiaguito extended 2.5 and 2.9 km, respec-
tively (SEAN, 1988a, 1988b). A TM image
acquired during October 1987 reveals exten-
sion to 3.6 km (Fig. 1), giving atime-averaged
velocity and TM-derived eruption rate of 5—
13 m/d and 0.72 £ 0.08 m®-s~* (Harris et al.,
2001). These low rates of advance and erup-
tion rate are comparable with those obtained
for the January 2000 block flow, as are the

image-derived T, of 33—79 °C and calculated
d, 8T/dx, and dT/dt of 2.2-4.9 m, 0.04-0.14
°C-m~* and 0.012-0.082 °C-h%, respectively
(compare with Table 2). We therefore suggest
that such block flows represent a form of in-
sulated emplacement, where thick crusts result
in low core cooling rates and surface
temperatures.

Block flows thus exhibit stealthy behavior,
their activity and advance disguised by im-
perceptibly slow forward motion and extreme-
ly low surface temperatures. Johnson et al.
(1995) used the term ““stealth plume” to de-
scribe gaseous SO, plumes on lo that would
have been invisible to the remote-sensing in-
struments on the Voyager spacecraft. In the
same way, Santiaguito’s block flows are most-
ly invisible to the SWIR bands of terrestrial
thermal remote-sensing instruments. In this
case, the absence of strong SWIR emission
typicaly associated with active lava flows,
lakes, and domes (e.g., Rothery et a., 1988;
Oppenheimer et a., 1993; Wooster and Roth-
ery, 1997) would have caused this thermally
stealthy flow to be overlooked.

APPENDI X

We calculate rheological parameters assuming
that the lava behaves as a Bingham fluid and exhib-
its laminar flow. In this case, plug flow will occur
where “the central part of the flow behaves as a
relatively rigid plug, carried along by the flow as if
it were a solid body” (Peterson and Tilling, 1980).
Across the plug, velocity is constant and thus strain
rates are zero (Gauthier, 1973; Williams and Mc-
Birney, 1979; Moore, 1987). Following Cigolini et
a. (1984), flow velocity at depth z (u,,) is calculated
(within the limitsv, = 0Oat z=dand uy, = Y, a&
z = h,) from
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v, = pg sin(a)d?/(2m){1

— [a + 2h,(d — 2)/d?} (A1)

and, for z = h,,
n = pg sin(@)(d — h,)*/(2v,a,),

where 7, p, g, @, d, h,, z, and v, are lava viscosity,
density, acceleration due to gravity, slope, flow
depth, plug-flow height, depth on the z-axis (down-
ward and perpendicular to the flow direction), and
maximum forward velocity, respectively. Strain rate
at depth z (e,) is then calculated (according to Cig-
olini et al., 1984) by using the velocity gradient
(du/dz), where

(A2)

&, = dufdz, (A3)
and shear stress (7,) is calculated from
7, = pgsin(a)z. (A4)

Following, for example, Holman (1992), we calcu-
late the flow-velocity profile in the cross-flow (y)
direction (v,) within the limits v, = O a r, = R
and vy, = vy, ar, = r, (r, being the plug-flow
radius) from

vy = —(U4n)(dp/d)(R? — r,2),  (A5)
where 7, R, and r, are dynamic viscosity, channel
radius, and radius at cross-flow position y, respec-
tively. Pressure decrease in the down-flow direction
in a noncircular duct (Pitts and Sissom, 1997) (dp/
dx) is obtained from

—dp/dx = (f/Dy)(PUrean’/29)) (A6)

where f, D,, V, and g, are the friction factor, flow
hydraulic diameter, mean velocity (u./2), and pro-
portionality constant (1.0), respectively. The hy-
draulic diameter is defined by D, = 4A,./P, where
A, @nd P are flow cross-sectional area and wetted
perimeter, respectively (Heslop et al., 1989; Pitts
and Sissom, 1997). Friction factor is obtained from
f = K/Re (Heslop et al., 1989), where K is a con-
stant dependent on channel shape (where we use K
= 30 because we assume laminar flow in a rough-
bottomed channel) and Re is the Reynolds number
(Pitts and Sissom, 1997; Heslop et a., 1989),

Re = (pvmaszhZ)/(DhUmeannf)'

In the cross-flow direction, strain rate (g,) = du/
dy, and we calculate shear stress as a function of
flow depth and width (7,) from (Cas and Wright,
1987)

(A7)

Ty = To T n,(8)" (A8)
where T, is the stress required to initiate flow (and
n = 1 for a Bingham substance (Cas and Wright,
1987). Viscosity at depth z and cross-flow distance
y () is calculated from (Cigolini et a., 1984)

My = [pg Sin()(d — hy)?]/[Bu,],

where B has a value of 3 for broad flows (Cas and
Wright, 1987; Chester et a., 1985).

(A9)
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