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lava flows intersect the site and one vent falls with the site boundaries.

Figure 2 Some simulated lava flows on the Shamiram Plateau. Example output from the lava flow simulation code. Lava flows (colored
regions) are erupted from vents (black dots) that are randomly sampled from a spatial density model of vents on the Shamiram Plateau. Flow-
path follows the DEM. The site area is considered to be inundated if the lava flow intersects the white rectangle. In this example, two of the ten

length of the lava flow is controlled by the effusion rate at
the vent. The lengths of the Ashtarak and Tirinkatar-1
lava flows exceed 20 km. Based on comparison with
observed historical eruptions, their effusion rates were
likely on the order of 100 m3 st (Walker, 1973; Malin
1980; Kilburn and Lopes, 1988; Harris and Rowland,
2009). Thus, while volume-limited flows erupt on the
Shamiram Plateau in the immediate vicinity of the site,

effusion rate-limited flows erupt at higher elevations on
the flanks of Aragats volcano. While it is conceivable that
these larger volume flows may reach the site because of
their great potential length, this event is less likely
because their occurrence is so infrequent. Another deter-
rent is the fact that the Shamiram plateau acts as a topo-
graphic barrier to these longer, larger flows reaching the
ANPP site. Each class of lava flows, smaller volume-limited
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Table 1 Size estimates of lava flows
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Volcano Area Thickness Volume Length Composition
(source) (km?) (m) (km?) (km)

Arich 163 8 0.130 9.48 TB', BTA!
Atomakhumb 39 6 0023 343 BA', BTA
Barcradir(Bartsradir) 329 9 0.296 12.10 TB, BTA
Bazmaberd 13.1 14 0.184 6.34 BA, BTA
Blrashark 16 6 0010 249 TA!, TD'
Blrashark 25 7 0.018 3.13 TA, TD
Bolorsar 22 6 0.013 272 BTA, TA
Dashtakar 2.1 10 0.021 444 BA, BTA
Dashtakar 16 6 0.009 3.66 BA, BTA
Karmratar 0.7 4 0.003 361 TA
Mets Mantash 89 9 0.080 8.47 TB, BTA
Shamiram 1.0 4 0.004 141 TA
Siserasar 0.8 11 0.009 1.72 TA
Tirinkatar-2 133 4 0.053 6.54 BTA, BA
Topqgar(Topkar) 29 9 0.026 307 BTA, TA
Ashtarak 84 6 050 26.50 BA, BTA
Irind 66 55 365 20.53 Dacite
Paros 109 8 0.87 3336 TB, BTA
Tirinkatar-1 75 7 053 2636 BTA, BA
Pokr Bogutlu 165 110 18.18 2792 D
(Cakhkasar)

"Note: TB (trachybasalt), BTA (basalt-trachyandesite),
BA (basaltic-andesite),TA (trachyandesite), TD (trachydacite)
The volcanic rock nomenclature follows the one of Le Bas et al (1986)

Size estimates for some lava flows associated with monogenetic vents of the Shamiram Plateau and elsewhere on the flanks of Aragats volcano. The input
parameters for the lava flow simulations were based on the observed characteristics of the smaller-volume flows. Volcanoes located within the area of the
Shamiram Plateau appear in italic font. Size estimates for the 5 largest lava flows on the flanks of Aragats volcano are listed last.

flows and larger effusion rate-limited flows, is considered
separately when assessing lava flow hazard at the ANPP
site.

Results and Discussion

Using spatial density estimation

Locating the source region of erupting lava is critical in
determining the area inundated by a lava flow. Probable
source regions are estimated using a spatial density
model, which in turn depends on a geological map iden-
tifying the locations of past eruptive vents. In this con-
text, volcanic vents are defined as the approximate
locations where magma has or may have reached the sur-
face and erupted in the past. A primary difficulty in using
a data set of the distribution of volcanic vents is determi-
nation of independence of events. In statistical parlance,
independent events are drawn from the same statistical
distribution, but the occurrence of one event does not
influence the probability of occurrence of another event.
We are interested in constructing a spatial density model
only using independent events. Unfortunately, it is diffi-
cult to determine from mapping and stratigraphic analy-
sis if vents formed during the same eruptive episode or

occurred as independent events during different volcanic
eruptions. Some of these are easily recognized (e.g. boc-
cas that are located adjacent to scoria cones). In other
cases, it is uncertain if individual volcanoes should be
considered to be independent events, or were in reality
part of the same event. Because of this uncertainty, alter-
native data sets are useful when estimating the spatial
density. Here, we use one data set to maximize the
potential number of volcanic events: all mapped vents are
included in the data set as independent events. An alter-
native data set could consider volcanic events to be com-
prised of groups of volcanic vents that are closely spaced
and not easily distinguished stratigraphically.

In order to apply the spatial density estimate, it is
assumed that 18 mapped volcanic centers represent the
potential distribution of future volcanic vents on the
Shamiram Plateau. Some older vents are no doubt bur-
ied by subsequent volcanic activity. It is also possible
that older vents are buried in sediment of the Yerevan
basin, south of the ANPP site.

Using a data set that includes 18 volcanic events
mapped on the Shamiram Plateau (Table 2), the SAMSE
selector yields the following optimal bandwidth matrix
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Table 2 Volcanic vents mapped on the Shamiram Plateau

Easting Northing
425507 4449732
425649 4449144
425992 4449400
425053 4449362
428682 4452894
429363 4452946
429504 4452711
429931 4452251
427322 4449676
427383 4449840
427835 4450008
428332 4444255
427386 4454344
427538 4453062
430618 4442102
427623 4452343
426857 4451520
425285 4454652

The location of 18 volcanic events used in the spatial density analysis of
future volcanism on the Shamiram Plateau, units are UTM meters. These vent
locations are used to determine a closer-to-optimal data-driven bandwidth.

and corresponding square root matrix:

H- [ 0.84 —0.01} «/H:I:

0.92 —0.005
—0.01 2.1 } @)

—0.005 1.5

In equation 4, the upper left and lower right diagonal
elements represent smoothing in the E- W and N-S
directions, respectively. The /H indicates an actual
E-W smoothing distance of 920 m and a N-S smoothing
distance of 1500 m. A N-S ellipticity is reflected in the
overall shape of the bandwidth (Figure 3). The resulting
spatial density map is contoured in Figure 4.

A grid-based flow regime
The SRTM database from CGIAR-CSI (the Consultative
Group on International Agricultural Research-Consortium
for Spatial Information) is used as a model of topographic
variation on the Shamiram Plateau and adjacent areas.
This consortium (Jarvis et al, 2008) has improved the qual-
ity of SRTM digital topographic data by further processing
version 2 (released by NASA in 2005) using hole-filling
algorithms and auxiliary DEMs to fill voids and provide
continuous topographical surfaces. For the lava flow simu-
lation, these data are converted to a UTM Zone 38 N pro-
jection, using the USGS program, PROJ4, and re-sampled
at a 100 x 100 m grid spacing, using the mapping program
GMT. In the model, lava is distributed from one 100 m>
grid cell to its adjacent grid cells.

The region that was chosen for the lava flow model is
identified in Figure 1 (red-dashed box). Within this area
a new vent location is randomly selected based on a
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Figure 3 Shape of the kernel density function. Shape of the
kernel density function around a single volcano determined using a
data set of 18 volcanic centers and the SAMSE bandwidth
estimation algorithm, contoured at the 50", 84", 90" percentiles.
Note: the N-S elongation of the kernel function reflects the overall
pattern of volcanism on the Shamiram Plateau.

spatial density model of 18 events clustered within and
around the Shamiram Plateau (Figure 4). The model
simulates a flow of lava from this new vent location
onto the surrounding topography. The total volume of
lava to be erupted is specified at the onset of a model
run. Lava is added incrementally to the DEM surface at
the vent location until the total specified lava flow
volume is reached. At each iteration, 10° m® is added to
the grid cell at the location of the vent (source) and is
distributed over adjoining grid cells. Given that a grid
cell is 100 m?, this corresponds to adding a total depth
of 10 m to the vent cell at each iteration.

The lava flow simulation is not intended to mimic the
fluid-dynamics of lava flows, so these iterations are only
loosely associated with time steps. For example, volume-
limited lava flows of the Shamiram Plateau are generally <
5 km in length, with volumes on the order of 0.3 - 2.3 x
10 km?>. These volumes and lengths agree well with lavas
from compilations by Malin (1980) and Pinkerton and Wil-
son (1994). For such lava flows, effusion rates of 10 - 100
m® s! are expected (Harris and Rowland, 2009). Using
these empirical relations, an iteration adding a volume of
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Figure 4 Model for spatial density on the Shamiram Plateau. The spatial density model of the potential for volcanism is shown for an area
about a site (ANPP), based on 18 mapped volcanic centers (white circles, see Table 2). The SAMSE estimator is used to generate an optimal
smoothing bandwidth based on the clustering behavior of the volcanoes. Contours are drawn and colored at the 57, 16", 33" 67 84" and
95" percentile boundaries. For example, given that a volcanic event occurs within the mapped area, there is a 50% chance it will occur within
the area defined by the 1.7 x 10 km™ contour, based on this model of the spatial density.

10> m® of lava corresponds to an elapsed time of 10° - 10%.
Lava is distributed to adjacent cells only at each iteration,
so this effusion rate corresponds to flow-front velocity on
the order of 0.01 - 0.1 ms™, in reasonable agreement with
observations of volume-limited flow-front velocities.

Parameter estimation for Monte Carlo simulation
Many simulations are required to estimate the probability
of site inundation by lava. Lava flow paths are significantly

affected by the large variability in possible lava flow
volumes, lava flow lengths, and complex topography. A
computing cluster is used to execute this large number of
simulations in a timely manner. Based on the volumes of
some lava flows measured within and surrounding the
Shamiram Plateau (Table 1), the range of flow volumes for
the simulated flows was determined to be log-normally
distributed, with a log(mean) of 7.2 (10" m®) and a log
(standard deviation) of 0.5. Based on these observations,



