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Abstract

Veniaminof Volcano on the Alaska Peninsula of southwest Alaska is one of a small group
of ice-clad volcanoes globally that erupts lava flows in the presence of glacier ice. Here, we
describe the nature of lava-ice-snow interactions that have occurred during historical erup-
tions of the volcano since 1944. Lava flows with total volumes on the order of 0.006 km®
have been erupted in 1983—-1984, 1993-1994, 2013, and 2018. Smaller amounts of lava
(1x107* km?® or less) were generated during eruptions in 1944 and 2021. All known his-
torical eruptions have occurred at a 300-m-high cinder cone (informally named cone A)
within the 83X 10-km-diameter ice-filled caldera that characterizes Veniaminof Volcano.
Supraglacial lava flows erupted at cone A, resulted in minor amounts of melting and did
not lead to any significant outflows of water in nearby drainages. Subglacial effusion of lava
in 1983-1984, 2021 and possibly in 1944 and 1993-1994 resulted in more significant melt-
ing including a partially water-filled melt pit, about 0.8 km? in area, that developed during
the 1983-1984 eruption. The 1983—-1984 event created an impression that meltwater floods
from Mount Veniaminof’s ice-filled caldera could be significant and hazardous given
the large amount of glacier ice resident within the caldera (ice volume about 8 km?). To
date, no evidence supporting catastrophic outflow of meltwater from lava-ice interactions
at cone A has been found. Analysis of imagery from the 1983-1984 eruption shows that
the initial phase erupted englacial lavas that melted ice/snow/firn from below, producing
surface subsidence outward from the cone with no discernable surface connection to the
summit vent on cone A. This also happened during the 2021 eruption, and possibly during
the 1993-1994 eruption although meltwater lakes did not form during these events. Thus,
historical eruptions at Veniaminof Volcano appear to have two different modes of effusive
eruptive behavior, where lava reaches the ice subglacially from flank vents, or where lava
flows are erupted subaerially from vents near the summit of cone A and flow down the
cone on to the ice surface. When placed in the context of global lava-ice eruptions, in cases
where lava flows melt the ice from the surface downward, the main hazards are from local-
ized phreatic explosions as opposed to potential flood/lahar hazards. However, when lava
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effusion/emplacement occurs beneath the ice surface, melting is more rapid and can pro-
duce lakes whose drainage could plausibly produce localized floods and lahars.

Keywords Veniaminof Volcano - Lava flows - Ice melt - Hazards - Historical eruptions

1 Introduction

In this paper, we report on lava flow interaction with ice and snow during historical erup-
tions of Veniaminof Volcano, Alaska (Fig. 1). Effusive, lava-producing eruptions at snow
and ice-clad stratovolcanoes are less common than explosive events (Major and Newhall
1989; Edwards et al. 2012, 2015; Oddsson et al. 2016; Smellie and Edwards 2016). When
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Fig. 1 Location of Veniaminof Volcano on the Alaska Peninsula of southwestern Alaska. Blue area shows
the extent of glacier ice on the volcano as of September 2018. The ice cover was mapped on a Sentinel-2
satellite image (spatial resolution 15 m), acquired on September 11, 2018. Shaded relief base from USGS
IfSar digital elevation data, 5 m resolution
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they occur, they provide opportunities to investigate how lava flows interact with snow and
ice. These interactions typically produce meltwater, and it is important to determine the
rate of meltwater formation and the volume of water produced to better address flood and
lahar hazards at snow and ice clad volcanoes (Delgado Granados et al. 2015), as well as
for obtaining a better understanding of the role of external water in eruption dynamics.
Magma-water interaction processes that occur near the Earth’s surface are known either
as hydrovolcanism (Sheridan and Wohletz 1983; Wohletz et al. 2013), if the water source
is groundwater, lakes or oceans, or glaciovolcanism if the source of water is melting ice
(Smellie and Edwards 2016). Eruptions that involve external water can be highly explosive
(Wohletz 1986; Valentine et al. 2014) and can facilitate the production of fine ash (Self
and Sparks 1978; Heiken and Wohletz 1985), ash aggregates (Van Eaton et al. 2012), the
occurrence of high-amplitude volcanic tremor (Haney 2014), and the generation of pyro-
clastic flows (Belousov et al. 2011).

External water derived primarily from the melting of snow and ice plays a key role in
many global eruptions (Barr et al. 2018; Edwards et al. 2020), but because of the remote
location of snow and ice clad volcanoes in Alaska, observation and study of glaciovolcanic
processes there is limited. Over time, observations spanning multiple eruptions are use-
ful for describing the nature of the interaction of hot eruptive products with ice and snow
and the resulting effects, hazards, and impacts (Waythomas 2014; Smellie and Edwards
2016). In this context, we provide the first synthesis of historical lava-ice interactions at
Veniaminof Volcano, a large, glaciated stratovolcano on the Alaska Peninsula of south-
west Alaska (Fig. 1). We review and evaluate the evidence for lava-ice interaction during
historical eruptions since 1944, document the extent of ice and snow melt, and address the
potential for meltwater generation and ensuing flood and lahar events triggered by erup-
tions of the historically active intracaldera cone. Many volcanoes in Alaska support signifi-
cant quantities of ice and snow, commonly > 1 km® in volume (Waythomas 2014). Thus,
the potential for melting snow and ice during eruptive activity throughout the Aleutian arc
has important implications for lahar development and associated hazards. Although few of
the drainages potentially impacted are inhabited or contain significant infrastructure, these
areas include important biological resources and habitat that could be adversely affected by
volcanic mass flows (Schaefer et al. 2008).

The 1983-1984 eruption of Veniaminof resulted in the formation of 0.8 km? melt pit in
the glacier ice surrounding the historically active vent. The ephemeral lake that formed in
the melt pit raised numerous questions about the potential for catastrophic drainage from
such lakes and associated lahar and flood hazards in the drainages extending from the vol-
cano. This study will address this hazard and provide an analysis of meltwater generation
by lava flows and the likelihood for hazardous meltwater-derived floods and lahars during
future eruptions.

2 Geologic setting

Veniaminof Volcano is a dacite to basalt stratovolcano about 350 km? in volume, located
on the Alaska Peninsula (56.198 N, — 159.393 W) about 35 km north of the village
of Perryville and roughly midway between the Bering Sea and the North Pacific Ocean
(Fig. 1). The volcano is characterized by a circular 8 by 10 km diameter ice-filled sum-
mit caldera (Fig. 2; highest point on the caldera rim is 2507 m above sea level) that
formed during significant eruptions in late Pleistocene—Holocene time (Miller et al.
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Fig.2 View of the caldera icefield at Veniaminof Volcano showing intracaldera cones A and B and ice mar-
ginal cinder cones labeled C. View is toward the northwest. The distance from cone A to cone B is about
3 km. Note minor ash and vapor emissions at cone A. Photograph by Zachary Finley, September 14, 2018

2002). Veniaminof was extensively glaciated during the late Quaternary (Detterman
et al. 1981). The flanks of the volcano have been deeply incised by glacier erosion and
numerous glaciated valleys with nearly vertical valley walls are characteristic, except on
parts of the south flank where a broad lobe of ice drapes over a morphologically subdued
caldera rim.

Veniaminof Volcano is one of the largest and most active volcanoes in the Aleutian arc
and has erupted at least 19 times since 1830-1840 (Table 1; Miller et al. 1998; https:/
www.avo.alaska.edu, 2002). All known historical eruptions have occurred from vents
located on a 300 m high, intracaldera cinder cone about 1 km in diameter, and roughly
1.2 km? in area (cone A, Fig. 1). The volume of the cone is about 0.1 km?>. Historical
eruptions have been characterized by small-to-moderate Strombolian explosions (generally
VEI 1-3) interspersed with episodes of lava fountaining, low-level emissions of ash and
gas, and occasional effusion of small lava flows (Miller et al. 1998; Smellie and Edwards
2016; Waythomas 2021). Ash plumes associated with historical eruptions have been rela-
tively small and usually do not reach more than about 4-6 km above sea level. Occasional
stronger bursts of activity have generated higher rising plumes, such as during the 1939
and 1956 eruptions when ash plumes rose to an estimated 6.1 km above sea level (Miller
et al. 1998), and during the 1983-84 eruption when the largest ash plume reached a height
of 8 km above sea level (Yount et al. 1985). During the 2018 eruption, an ash cloud reach
a height of about 4.5 km above sea level on November 21, 2018 (Loewen et al. 2021; Way-
thomas et al. 2022).

The caldera icefield has a level flat surface that is interrupted by cone A and a second
constructional cone (cone B), but only cone A has significant relief above the ice and snow
surface and because of elevated heat flow, is typically snow-free year-round (Fig. 2). Rock
and pyroclastic debris on cone B is exposed during times of low snow cover and the cone
is clearly a positive topographic feature within the caldera icefield. The eruptive history
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Table 1 Historical eruptions of Veniaminof volcano. U=unknown. Volcano Explosivity Index (VEI) val-
ues are estimates of the largest event within an eruptive period; in many cases not confirmed with known
eruptive volumes

Date Duration Maximum ash  VEI Comments
cloud height
(m)
1830-1840 U U 2?  “Flames” and ash emissions observed sometime during
nine—ten-year period
1852 U U U Ash emissions
1892 3 days 3200 3? Explosions, roaring sounds, lava fountaining, ash
emission
Nov. 1939 U U 27 Ash emission
May—June, 28 days 6100 3? Explosions, ash emission, lava fountaining
1939
1944 Weeks U 27 Ash emissions, flank vent lava flows, see Fig. 2a
1956 ~3 months 6100 3? Ash emissions
1983-1984 ~10 months 7800 3 Ash emissions, flank vent lava flows, lava fountaining
1984 ~10 days 5400 2? Explosions, ash emissions in bursts
1993-1994 ~13 months 5500 2 Ash emissions, flank vent lava flows
1995 ~7months U 1-2? Explosions, possible flank lava flows
2002-2003 ~5 months <1000 1 Minor steam and ash bursts, explosions, ash emissions
2004 ~7 months 3500 2 Steam and ash bursts
2005 ~1.5 months 4000 2 Minor lava fountaining, steam and ash bursts
2005 ~3 months 3000 1 Minor ash emissions, ash and steam bursts
2006 ~8 months 2300 1 Intermittent steam and ash bursts
2013 ~4 months 6100 2-3  Ash emissions, flank lava flows, lava fountaining
2018 ~4 months 4900 2 Ash emissions, flank lava flows, lavafountaining
2021 ~ 1 month 3000 0-1  Ash emissions, subglacial lava effusion

of cone B is unknown, and one lava sample collected in 1973 was basaltic in composi-
tion (53.1 wt.% SiO,, Yount et al. 1985). Cone A is composed of rubbly ‘a’ a lava flows
interbedded with near vent spatter, bombs, lapilli and ash. Two lava samples collected from
cone A in 1973 and 1974 contained 53.8 and 55.4 wt.% SiO, (T.P. Miller USGS unpub-
lished data). The lava flows erupted in 2018 were basaltic andesite in composition (54 +0.7
wt.% SiO,; Loewen et al. 2021).

At least three additional 300—400 m diameter cinder cones extend above the ice surface
along the southern margin of the caldera icefield (Fig. 2). These cones are fresh-appearing
and do not appear obviously glaciated. It is possible that one or more of them were active
historically, but their eruptive history is unknown.

Holocene pyroclastic flow, lahar, and tephra deposits mantle the distal flanks of the vol-
cano and record multiple caldera-forming eruptions and several smaller explosive events
(Miller and Smith 1987; Miller et al. 2002; Waythomas et al. 2015). The pre-Holocene
eruptive history of the volcano is constrained by “°Ar/*’Ar and K-Ar dating of basalt,
andesite, and dacite lavas and indicates a ca. 340 ka long record of eruptive activity punc-
tuated by caldera-forming eruptions of the late Quaternary (Calvert et al. 2021; Calvert
et al. 2005; Bacon et al. 2003).

@ Springer



Natural Hazards

The area of glacier ice on Veniaminof as depicted on U.S. Geological Survey topo-
graphic maps surveyed in 1963 and based on aerial photographs taken in 1957 and 1962
was about 340 km?. Glacier outlines and areas in the Global Land Ice Measurements
from Space (GLIMS) database indicate a total ice area of 286 km? as of 2010 (Raup et al.
2007, RGI Consortium 2012). The ice extent determined from a Sentinel-2 satellite image
acquired on September 11, 2018, near the end of the melt season was about 290 km?. The
estimated ice volume covering the volcano using an average ice thickness of 50 m is about
14.5 km® and more than half of this amount (8 km?®) resides within the caldera (Welch
et al. 2007). Ice on the south flank of the edifice forms a broad ice apron with several outlet
glaciers (Fig. 1). Glaciers on the north, east and west sides of the caldera icefield occupy
breaches in the caldera rim (Fig. 1).

Glacier equilibrium line altitudes of the main outlet glaciers are about 1500-1700 m,
roughly 200-400 m below the surface of the icefield and thus all the caldera icefield is
within the accumulation zone. The surface topography of the outlet glaciers shows no unu-
sual crevasse or moraine patterns indicative of fast flow or surging behavior.

An ice-radar survey of the caldera icefield was completed in July 2005 (Welch et al.
2007). The purpose of the survey was to determine ice thickness, better define the southern
rim of the caldera, and to identify potential subglacial pathways for meltwater. Although
the distribution of crevasses and soft snow conditions prohibited survey of the entire cal-
dera icefield, roughly two thirds of the icefield was surveyed. The surface altitude of the
icefield in July 2005 was about 1900 m and the topography of the surface was nearly flat
(< 1°). Ice as thick as 475 m is present in the southern part of the caldera (Fig. 3). Evidence
of ponded subglacial water was not apparent in the sounding data, and it is possible that
parts of the caldera icefield are frozen to the bed (Welch et al. 2007).

3 Methods

While most of this paper describes visual observations of Mount Veniaminof eruptions, we
have also quantified lava aerial extents using aerial photography, interferometric synthetic
aperture radar (IfSAR; http://agc.dnr.alaska.gov/elevation.html), Sentinel-2, WorldView
and Landsat scenes. Measurements were made using QGIS 3.14. Estimates of ice cauldron
depths are from the IfSAR Digital Terrain Model (DTM; US Geological Survey 2018)
acquired June 16-July 3, 2018, as well as from aerial photographs obtained on August 26,
1983, using Agisoft Metashape Pro 1.6.4 (build 10,928). Additional digital elevation data
and photographs were acquired during aerial overflights of the caldera in 2018 and 2019
(Dieterrich et al. 2021).

The data obtained in 2018 and 2019 were used to produce a structure-from-motion
(SfM) digital elevation model (Dieterrich et al. 2021). Vertical aerial photographs were
processed with Agisoft Metashape using SfM methods and a high-resolution orthophoto
(0.3 m cell size) and DTM (0.58 m cell size). The root-mean-square error of the DTM is
2.3 m, estimated from control points on the USGS 2018 IfSAR DTM.

It was not possible to determine the thickness of historically emplaced lava flows at cone
A, except for the 2018 lavas where DEM’s were used to estimate flow thickness (Loewen
et al. 2021). Observations and photographs of historical lava flows indicate that all flows
are at least 1 m thick but likely thicker along flow margins, in levees, and where flows over-
ran previously emplaced flows. To date, the DEM-based analysis of lava flow thickness by
Loewen et al. (2021) is the best estimate of lava thickness variation for the types of lavas
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emplaced at cone A, given the similarity in eruptive style of the events described here. The
2018 lava flows ranged in thickness from <3 m to as much as 15 m with an overall aver-
age thickness of about 9 m +/- 50% (Loewen et al. 2021). As we will show, the average
thickness value used affects the volume calculations if a simple area-thickness calculation
is made but does not appreciably affect ice melt rates based on lava flow thickness (Wilson
and Head 2007).

Hypothetical lahars originating from a meltwater lake in the caldera were evaluated
using LaharZ, a GIS-based lahar inundation mapping tool that portrays the areas likely
to be inundated by lahars of known or reasonably estimated initial volumes (Iverson et al.
1998; Schilling 2014). LaharZ is implemented in ArcGis Pro and utilizes a digital-eleva-
tion model of the areas of interest. We used the US Geological Survey 1 arc-second, 1x 1
degree DEM’s of the Veniaminof area (approximately 30 m resolution) and converted them
to ESRI grid format for use in LaharZ. Additional information about the application of
LaharZ is given in Sect. 7.

4 Lava-ice interactions during historical eruptions

The following section of the paper presents observations of cone A lava flows that devel-
oped during historical eruptions since 1944. Because Cone A is surrounded by glacier
ice and snow, effusive eruptions from the cone will most likely produce lava-ice interac-
tions. However, even though as many as 20 periods of eruptive activity from the cone are
documented, lava-ice interaction has been observed for only six of those events (1944,
1983-1984, 1993-1994, 2013, 2018, 2021). Steam plumes have been noted during several
other of the 20 eruptive episodes and are commonly a result of lava-ice-snow interaction.
This suggests that there may have been other eruptions older than 1944 where lava flows
interacted with ice and snow.

4.1 1944 eruption

The earliest historical evidence for lava flows from cone A reaching the icefield within
Veniaminof caldera comes from a 1944 oblique aerial photograph that shows an ash plume
rising from cone A and a small steam plume just above what appears to be a small melt
pit on the ice surface on the southwest side of the cone (Fig. 4a). It is unclear from this
photograph if the lava flow was initially emplaced subglacially or from a vent higher up
on cone A. A second photograph shows cone A in eruption and what appears to be a cir-
cular melt pit containing a meltwater lake on the southwest side of the cone (Fig. 4b). The
photograph was taken between 1942-1944 with 1944 being the most likely eruption date.
No lava flows extending from the summit crater of cone A are apparent in the photograph
which implies an eruption from a (subglacial?) flank vent near the base of cone A was
responsible for producing the melt pit.

4.2 1983-1984 eruption

The 1983-1984 eruption of Veniaminof Volcano lasted from early June 1983 to about
mid-April 1984 (Yount et al. 1985). Information about the 1983—-1984 eruption came from
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Fig.4 Photographs of the 1944 eruption of cone A. A Cone A in eruption, March 30, 1944. The photo also
shows a melt pit at the base of cone A likely generated by a lava flow. Scale of the photograph is not known
but the relief of cone A above the caldera icefield is about 300m. View is toward the east. Photograph cour-
tesy of the San Francisco Call-Bulletin, Aleutian Islands Photographs, 1942—-1948 Collection. B Cone A,
ice melt pit, and meltwater lake, view is toward the south—southwest. Date of photograph not known, but
likely 1944. Image courtesy of Lawrence Tyree
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observations made during aerial overflights of the volcano in June, July, and October 1983,
and January 1984 (Yount et al. 1985). The photographs and observations made during
these overflights are the basis for the interpretations that follow regarding the nature of
lava-ice interactions during this eruptive period. Additional information about the erup-
tion can be found in Yount et al. (1985) and on the Alaska Volcano Observatory web site
(https://www.avo.alaska.edu/volcanoes/activity.php?volcname=Veniaminof&page=basic&
eruptionid=319).

Observations made in early June 1983 found an ongoing eruption at cone A, charac-
terized by low-level lava fountaining and Strombolian bursts, which produced concen-
trated, dark ash clouds (Yount et al. 1985). Aerial observations made on June 7, 1983,
indicated that an approximately 90-m-wide 300-m-long linear subsidence depression and
a 400-m-diameter, 20-30-m-deep, circular, ice cauldron-like depression in the caldera ice-
field immediately south of cone A had formed (Fig. 5a). These features record effusion of
a subglacial lava flow (LF1 on Fig. 5a) from a subglacial vent on the southwest flank of
cone A (Yount et al. 1985). By June 9, 1983, a second vent was also effusing lava, but the
flow (LF2 on Fig. 5b) was entirely supraglacial and extended out over the ash covered ice
at the base of cone A. Observations made on June 15, 1983, indicated a second subglacial
lava flow (LF3 on Fig. 5¢) was emplaced just south of the initial subglacial flow, and it also
produced a small ice cauldron.

The combined thermal effects of the subglacial lava flows emplaced earlier, and
the supraglacial lava flow evident on June 9, led to the formation of a 1200- m-long,
200-500-m-wide, 50-100-m-deep, vertical-walled melt pit in the glacier ice on the south-
west side of cone A. As of July 26, 1983 the pit had an area of about 0.8 km? (Fig. 6). The
melt pit contained an ephemeral lake whose depth was unknown but probably on the order
of 10-30 m based on reported heights of the melt pit wall (Yount et al. 1985). Continued
lava effusion from cone A led to the formation of a southward-building lava delta (Fig. 6;
Yount et al. 1985). A semicircular ice cavity was observed in the ice wall at the east end of
the lake (Fig. 7). Initially, this feature was interpreted as a subglacial meltwater tunnel but
is more likely a melt cavity produced by a subglacial or englacial lava flow. While no evi-
dence indicates that the meltwater lake was ever deep enough (i.e., water depth>0.9 Xice
thickness) to develop the hydraulic head required to permit subglacial water flow, it is pos-
sible that the cavity developed within more porous firn at the firn—ice transition (typically
40-80 m depth; Cuffy and Paterson 2010), which would imply englacial rather than sub-
glacial lava effusion.

It is clear from aerial observations that the 1983-1984 eruption began subglacially
and resulted in the formation of circular ice depressions, or ice cauldrons, similar to those
observed in Iceland during eruptions at Grimsvotn (Bjornsson 2003) and at Gigjokull
(Oddsson et al. 2016) only smaller. Eventually the ice cauldrons collapsed, coalesced, and
formed an elongate melt pit that contained a meltwater lake that as of August 26, 1983, had
an area of about 0.4 km?(Fig. 8a). For lake depths of 10-30 m, the meltwater lake volume
would be 4-12 x 10 km?. The lava flows in the August 26 aerial photo have an area of
about 0.5 km?.

4.3 1993-1994 eruption

Eruptive activity at Veniaminof Volcano in 1993 was first observed by passing pilots
who reported steam plumes rising from cone A in February 1993 (Neal et al. 1995). Ash
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emissions were observed for the first time on July 30, 1993, and thereafter intermittently
through August 12, 1993 (Neal et al. 1996). Residents of Perryville observed bursts of
incandescent material rising approximately 300 m above the summit on October 7 confirm-
ing that an active eruption was in progress (Neal et al. 1996).

Observations made on a U.S. Coast Guard overflight on November 6, 1993, documented
the presence of a lava flow on the lower east flank of cone A. The lava flow was contained
within a depression in the ice visually estimated to be about 2.0 km long by 0.75 km wide
(Fig. 8b; McGimsey et al. 1995). Steam emissions were observed along the margins of the
lava flow where it was in contact with glacier ice.

Low-level eruptive activity continued intermittently through the winter of 1993-1994
and occasional minor ash and steam emissions were observed from Perryville (Neal et al.
1995, 1996). Lava effusion was observed on May 9, 1994, during an overflight of the
volcano by the Alaska Volcano Observatory (AVO) and the lava flow observed in 1993
remained contained within the oval-shaped melt depression in the ice and snow on the
southeast flank of cone A (Fig. 9). A Landsat 5 satellite image obtained on September
26, 1995, shows the approximate extent of subaerial lava emplaced during the 1993-1994
eruptive episode (Fig. 8b). The lava covers an area of about 0.9 km>.

Photographs of the 1993—-1994 eruption indicate that lava likely erupted from a spatter
or cinder cone that developed on the lower east flank of cone A (Fig. 9b). It is not known if
the lava was initially erupted subglacially but there likely was a subglacial vent that eventu-
ally breached the ice and produced the spatter/cinder cone observed in May 1994 (Fig. 9).
There were no observations of any lava flows extending from the summit of cone A to the
surrounding glacier ice. Standing water was not evident within the melt pit observed on
May 9, 1994. Low-level activity continued intermittently throughout the summer and fall
of 1994 (Neal et al. 1995), and elevated surface temperatures associated with cooling lava
were detected in satellite data into early 1995 (Neal et al. 1996).

4.4 2013 eruption

The 2013 eruption of Veniaminof Volcano was described in detail by Dixon et al. (2015)
and is only summarized below. It began on about June 13 after a seven-day period of
gradually increasing levels of seismic tremor and ended by about October 17 (Dixon et al.
2015, Fig. 25). The initial pulse of eruptive activity consisted primarily of minor ash emis-
sions followed by satellite detection of elevated surface temperatures at cone A. From June
13-July 19, at least three lava flows were erupted on the southwest flank of cone A (Fig. 10,
lava flows 1, 2, 3). These flows extended a short distance beyond the base of the cone and
began to slowly melt into the underlying snow and ice (Fig. 11a). After July 19, the source
vent for the lava flows shifted to the east, and lava flows developed on the east flank of cone
A (Fig. 10, lava flows 4, 5). The flows on the east side of cone A also extended a short dis-
tance beyond the base of the exposed cone and began slowly melting into the underlying
snow and ice (Fig. 11b). Elevated surface temperatures were observed in satellite data from
June 13-September 20, consistent with reports and observations of lava effusion at cone A
(Dixon et al. 2015).

Between September 20 and October 6, seismicity, ash emission, and lava effusion
declined appreciably. There was a brief period of lava effusion, explosions, and ash emis-
sion from October 6 to 17, but after that, the level of unrest declined gradually, and the
eruption ended.
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Fig.5 June 1983 photographs of cone A and lava-ice interaction features. A Evidence for subglacial lava p
flow during the early part of the 1983-84 eruption, June 7, 1983. This is lava flow LF1 in subsequent photo-
graphs. View is toward the east. B Continued effusion of lava results in a second lava flow (LF2) emplaced
subaerially, June 7, 1983. View is toward the east. C Evidence for a third lava flow (LF3) that was also
emplaced subglacially, June 15, 1983. All photographs by E. Yount, USGS

The lava flows emplaced during the 2013 eruption consisted of relatively short, rub-
bly ‘a‘a flows, approximately 250—1000 m long and 200-250 m wide that extended down
the flanks of cone A onto snow and ice at the base of the cone (Fig. 10). There were three
general phases of lava effusion beginning with the development of a lava fan on the south-
west flank of cone A, effusion of lava on the northeast flank of cone A from two boccas
(Fig. 11b), and effusion of lava from vents on the south flank (Fig. 11c).

Due to the eruptive state of the volcano, we were unable to sample the lavas or obtain
close-in measurements of lava thickness during visits to the area in July and August. Ther-
mal data on lava flows 4 and 5 were obtained on August 18, 2013, using a handheld For-
ward Looking Infrared (FLIR) camera. A spot temperature measured on one of the lava
flows was 619 °C (Fig. 11d). The total area of lava erupted during the 2013 eruption is
about 0.5 km?. The thickness of the lava flows is not known, but in context with the 2018
lava flows (Loewen et al. 2021) volumes could be on the order of 4.5 x 107> km? +/- 50%.

Observations made throughout the 2013 eruptive period indicated that the melt rates of
ice beneath and along margins of the lava flows were relatively slow and did not result in
the production of significant volumes of water. No areas of standing water were observed
in any of the melt pits, although we did observe robust steaming around the margins of
some of the flows where the lavas were close to or in direct contact with glacier ice. The
meltwater that was generated may have seeped back into the edifice, gradually flowed away
from the eruption site ahead of the lava flows, or ponded somewhere below the glacier sur-
face in the vicinity of the intra-caldera cone and probably refroze. Areas of ice subsidence
beyond the lava flows indicate both thermal-related loss of ice, possibly related to minor
meltwater drainage and physical collapse of ice adjacent to the lava flows (Figs. 10, 11).
During our visits to the area in July and August, we observed no evidence for unusual out-
flow of water from the terminus of Cone Glacier (Fig. 1) and no sign of any glacier disrup-
tion except in the vicinity of the lava flows.

4.5 2018 eruption

The 2018 eruption is described in Waythomas et al. (2022) and Loewen et al. (2021) and is
only briefly summarized here. Activity in 2018 began on September 3 with an increase in
seismic tremor that typically indicates the onset of a new period of unrest (De Angelis and
McNutt 2007). Low-level ash emissions were observed on September 4 and by September
7, low-level lava fountaining at cone A and small lava flows on the south flank of the cone
were observed by web camera and in satellite images. Lava flows erupting from as many
as four small vents on the south flank of cone A were observed in a WorldView-3 satellite
image acquired on September 11, 2018 (Waythomas et al. 2022, Fig. 6). The September
lava flows eventually covered an area of about 0.17 km? and had a minimum volume of at
least 3 x 10 km? (Waythomas et al. 2022). Photogrammetric data for a structure-from-
motion digital elevation model (DEM) of the cone A area were obtained by the US Fish
and Wildlife Service and the National Park Service on September 26, 2018 (Dietterich
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Fig.6 Expanded glacier melt pit at the base of cone A, July 26, 1983. View is to the southeast. The distance
from a—a’ is about 1300 m, and the distance from b-b’ is about 300 m; approximate area of the melt pit is
0.8 km?. The lava flow visible in the center part of the photograph is mostly LF2. Photograph by E. Yount,
1983

Fig.7 Oblique aerial photograph of ice melt depression at the exposed base of Cone A, Veniaminof Vol-
cano, July 13, 1983. The semicircular cavity in the middle of the photograph (black arrow) was probably
formed by a lobe of lava flowing into the glacier and is not a subglacial meltwater tunnel as had been sus-
pected when first observed. Approximate location of cavity shown on Fig. 6. Ice thickness estimated by
Yount et al. 1985. Photograph by R. Emanuel, USGS
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Fig.8 Lava flows and melt features at cone A associated with the 1983-1984 (A) and 1993-1994 (B) erup-
tions. The vent for the subaerial lava flows of the 1983—-1984 eruption was at the summit crater, whereas
for the 1993-1994 eruption, lavas were erupted from a flank vent, southeast of the summit of cone A. Fig-
ure 8A is a US Geological Survey vertical color infrared aerial photograph taken on August 26, 1983 scale
about 1:65,000. Figure 8B is a Landsat 5 image obtained on September 26, 1995, pixel resolution about 30
m

et al. 2021). These data were used to generate a DEM from which a shaded-relief map
of the caldera was produced and used to portray the extent of lava flows as of September
26, 2018 (Fig. 12). Photographs taken during the September 26 overflight also showed the
development of melt depressions peripheral to the lava flows and robust steaming along the
lava flow margins where they were in direct contact with ice and snow (Fig. 13).

A WorldView satellite image obtained on October 3, 2018, showed continued advance
of the lava flow, additional development of melted areas on the glacier, and expanded areas
of concentric depressions just beyond the lava flows (Fig. 14). In this image, the lava flow
covered an area of about 0.18 km. Robust steaming is apparent along the southeast margin
of the flow, but ponded water is not obvious in the satellite image.

Intermittent lava effusion throughout October and early November increased the area of
the flows to 0.37 km? as determined from a WorldView satellite image obtained on Novem-
ber 5 (Waythomas et al. 2022, Fig. 19). This image indicates that active lava flows were
nested above previously emplaced flows which had partial snow cover. We note that the
effusion of lava in October—November added to the cumulative lava thickness but likely did
not enhance the heat flow to the underlying snow and ice on timescales significant to rapid
meltwater production.

Cloud cover obscured Veniaminof Volcano and cone A until early December 2018
when a Sentinel-2 satellite image obtained on December 5 showed robust steaming associ-
ated with the advance of lava flows down the southeast and southwest flanks of cone A. By
December 27, declining levels of seismic tremor and limited evidence for lava effusion in
satellite data indicated that the eruption had ended.

The maximum extent of the 2018 lava flows is shown in a June 19, 2019, satellite
image (Fig. 15). In this image the total area of the flows is about 0.6 km?. The lava volume
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Fig.9 Lava flows and ice melt
features on the southeast flank
of cone A, May 9, 1994. In both
photos, view is toward the north.
A Oblique aerial view of lava
flows, small cinder cone, and ice
melt depression. The width of the
lava flow field is about 200 m. B
Closer in view of spatter/cinder
cone and lava flows on the flank
of cone A. Photos by C.J. Nye,
Alaska Volcano Observatory

Lava flows

erupted in 2018 estimated by Loewen et al. (2021) is 6 x 10~ km? and the total ice loss is
on the order of 0.014-0.003 km? (Table 2).

4.6 2021 eruption

The combination of elevated surface temperatures at cone A, detection of small, discrete
explosions by infrasound sensors, and observations of ash emission in satellite and web
camera images confirmed that low-level eruptive activity was underway by March 4, 2021.
A high-resolution satellite image obtained on March 7, 2021, indicated that a subglacial
vent about 1100 m east of cone A was erupting lava that resulted in the formation of a
small ice cauldron (Fig. 16). By March 7, the ice cauldron was about 600 m long, 550 m
wide and had an area of 0.26 km?. The March 7 satellite image also confirmed that minor
explosive activity and ash emissions were occurring from the summit crater of cone A
(Figs. 16, 17). Intermittent ash emission from the summit vent of cone A, explosions, and
lava effusion at a cluster of three vents within the ice cauldron continued into late March
when the eruption gradually ended. By early April 2021, three separate lava flows were vis-
ible on the floor of the ice cauldron. The maximum area of the ice cauldron was 0.67 km?
as determined from an April 29, 2021, satellite image and the combined area of the lava
flows was about 0.03 km?.
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Fig. 10 Lava flows and ice subsidence features associated with the 2013 eruption of cone A. Map base is
September 19, 2013, US Geological Survey satellite image; image resolution approximately 0.5 m

5 Supraglacial lava flows on ice and snow at Veniaminof Volcano

Lava flows erupted from cone A typically encounter snow and ice when the flows reach
the lower third or so of the cone flank. Most of the theory described below pertains to lava
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Fig. 11 Cone A at Veniaminof volcano in various states of activity during the 2013 eruption. (A) Lava
flows 1, 2, and 3 and associated ice-melt depressions on the southwest flank of cone A. The distance from
a-b is about 1 km and the height of cone A above the surrounding icefield is about 300 m. Photograph by
R.G. McGimsey, August 18, 2013. (B) Incandescent lava flows and boccas (located by white arrows) on the
east side of cone A. A bocca is an opening through which lava is effusing. Photograph by R.G. McGimsey,
August 18, 2013. (C) Actively advancing lava flow on south flank of cone A. Also shown are lava flows
on the southwest and east flanks of cone A. Photograph by J. Alto, September 7, 2013. (D) FLIR (Forward
Looking Infrared Radiometer) image of the east side of cone A. A spot temperature measured on one of
the lava flows indicated a temperature of about 619 °C, the highest temperature measured. Also note active
warm emissions from the summit and a spatter collar around the top of the summit crater. Image by R.G.
McGimsey, August 18, 2013

flows advancing over glacier ice, whereas at Veniaminof Volcano there is some amount of
seasonal snow, firn, and ice that subaerial lava flows encounter around the base of cone A.
Since we don’t know the proportions or physical properties of snow, firn, and ice at this
location we consider primarily lava-ice interactions. When a lava flow is extruded onto gla-
cier ice (Fig. 18a), heat is transferred by conduction to the ice through the base of the flow
and to the atmosphere from its exposed subaerial surface (Wilson and Head 2007; Edwards
et al. 2012, 2015). If water can flow easily from the base of the flow, the temperature at
the base of the lava flow rapidly approaches the melting point of ice (~273 K; Wilson and
Head 2007). The cooling time of the lava is typically much longer than the duration of lava
emplacement (Pinkerton and Wilson 1994; Harris and Rowland 2009), and thus, melting of
snow and ice underlying the lava flow is a function of the long-term heat flux from the core
of the flow through the lower part of the lava and into the ice substrate. The heat flux at the
base of the lava flow (Q,) can be expressed as

0,= _k_. =K—= 1
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Fig. 12 Structure from motion digital elevation model-derived hillshade map of the summit area of Venia-
monof Volcano. Data acquired September 26, 2018, by the U.S. Fish and Wildlife Service. Inset photograph
by M. Laker, USFWS. Digital elevation model resolution is 0.58 m, root-mean-square error 2.3 m (Diet-
terich et al. 2021)

where k is the thermal conductivity of the lava and ‘l—: is the change in temperature with
distance below the surface of the flow or another reference point. For one-dimensional
steady-state conduction where the contact area is known, the expression becomes
KA nL-T
Q, = —kA—— @)
where A is the area of the lava flow, T), is the temperature of the base of the lava flow, T is
the temperature at the core of the lava flow, and L is the lava flow thickness (Fig. 18a). Cal-
culations presented in Wilson and Head (2007) indicate that for basaltic lava flows on the
order of 1-3 m thick, melt rates over the first 24 h after emplacement on glacier ice decline
appreciably from 37-85x 107° m/s to about 6x 107 m/s (Fig. 18a). For a 10-m-thick lava
flow, the one-week melt rate (~3.14 x 10°® m/s) is not substantially different from that of a
3-m-thick flow (3.11 x 10°® m/s) (Wilson and Head 2007).

To illustrate supraglacial lava flow melt rates at cone A, Eq. (2) is applied to a lava
flow on the south flank of cone A visible in a satellite image from September 11, 2018
(Waythomas et al. 2022; Fig. 6). The lava flow in this image covered an area of about
5.06x 1072 km?, and the flow was erupted over a 5-day period (September 711, 2018),
giving an average daily area covered of 1.01 x 1072 km?. Using the 1.5-day melt rate for a
3-m-thick basaltic lava flow (6.8 x 107 m/s) calculated by Wilson and Head (2007), a lava
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Fig. 13 Map and vertical aerial photograph of lava flows on the southeast flank of cone A, September 26,

2018. Photo by M. Laker, USFWS Lava flow area=0.17 km?
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Fig. 14 Map and WorldView-3 satellite image of lava flows on the southeast flank of cone A, October 3,
2018. Lava flow area=0.18 km?. Modified from Waythomas et al. 2022, Fig. 12

flow with an area of 10,120 m? gives an ice volume lost to melting of 6000 m?/d, which
equates to about 5400 m*/d of meltwater or roughly 0.06 m*/s which is a low melt rate.

Lava flow melting of snow and firn also occurs as a result of heat conduction and
radiation. Studies of the 2010 Fimmvorduhals eruption, south-central Iceland, and the
2012-2013 Tolbachik eruption in Kamchatka showed that heat transfer by radiation was
too low to cause significant melting of snow except in cases where lava flowed directly
into steep walls of snow and ice (Edwards et al. 2012, 2015). As shown above, rates of heat
conduction from the base of rubbly lava flows are low and observations at Tolbachik indi-
cate that lava flows on the order of 2-3 m thick advancing over snow >2 m thick did not
produce rapid melting (Edwards et al. 2014).

The lava flow in the September 11, 2018, satellite image (Waythomas et al. 2022; Fig. 6)
shows no evidence of significant ice or snow melt. The lava flow is about 680 m in length
and if lava effusion began on September 7, the average flow rate from September 7 to 11
(5 days) is 136 m/d. Thus, it would take about 2.4 days for the flow to reach the base of
cone A and begin flowing over snow and ice. At this rate of flow, the lava flow could have
been over snow and ice for roughly 2.5 days yet showed no obvious signs of snow or ice
melt. This observation suggests that there must have been a shallow thermal gradient from
the core of the lava flow to its base. This was possibly the result of the development of an
insulating basal breccia layer like those described by Edwards et al. (2012) during the 2010
Fimmvorduhéls eruption or like that portrayed ideally in Fig. 18a. The combined effects
of an insulating basal breccia layer, underlying ash deposit, or both and the low thermal
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Fig. 15 WorldView-3 satellite image of cone A and the 2018 lava flows, as of June 19, about six months
after the effusive phase of the eruption ended. Approximate lava area = 0.6 km?

Fig. 16 Planet Labs satellite

image from March 7, 2021, ash cloud ——

showing cone A in eruption and 3
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Fig. 17 WorldView-3 satellite image of ice cauldron and lava flows about 1 km east of cone (A), April 29,
2021. Note that the revised figure only has one part, not an A and B
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Fig. 18 (A) Schematic cross section of idealized cone A lava flow showing inner hot core, and exterior
breccia layers (modified from Lockwood and Lipman 1980). Although the contact relations shown are flat
lying, in most situations the syrface slope is steeper and allows for meltwater to drain out ahead of the lava
flow. The inset depth-temperature plot shows generalized thermal gradients from the core of the flow to
the top of the glacier. See text for further discussion. (B) Glacier ice melt rate versus time for supraglacial
basaltic lava flows 1 and 3 m thick. Data from Wilson and Head 2007
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conductivity of air within the snowpack (DeWalle and Rango 2008) suggests that heat flux
values at the lava-snow-ice interface should be low.

Most ‘a’ a lava flows have rubbly surface and basal breccia layers (Fig. 18a; Lockwood
and Lipman 1980) that modulate the heat flux from the lava flow core to the atmosphere
and into the underlying substrate. The thickness, thermal, and rheological properties of
basal breccia layers are not well known although there are theoretical treatments of the
relevant physical properties (Kerr 2001; Harris 2013). Loock et al. (2010) suggested that
in some settings, basal breccia layers, or basal clinker, may form by phreatomagmatic frag-
mentation, a process that likely occurs when lavas are extruded over ice and snow (Belou-
sov et al. 2011). This process could temporarily increase the rate of meltwater generation
due to the slightly greater surface area of interaction at the base of the flow. At present, we
have no evidence to confirm or deny that this mechanism may operate at the cone A lava
flows and have observed no evidence for phreatomagmatic explosions.

Minimal steaming around lava flow margins resting on snow were evident in aerial pho-
tographs of cone A taken on September 14, 2018. However, a satellite image obtained on
September 16 clearly shows a prominent steam plume issuing from the terminus of the
lava flow indicating melting was occurring by that time, approximately 67 days after lava
reached snow and ice. Steaming around the margins of the lava flows became noticeable
only after the flows gradually melted into the ice and had direct contact with ice walls or
collapsed chunks of ice (Figs. 13, 14). Steam production likely occurs in these scenarios
because the lava is in direct contact with ice for long enough for water to be converted to
steam.

During all types of eruptive product interaction with ice and snow, the important factor
with respect to potential lahar hazards is the rate of meltwater generation (Pierson et al.
1990; Thouret et al. 2007). Observations of the subaerial lava flows emplaced at cone A
at Veniaminof Volcano indicate that the rate of meltwater generation is low relative to the
timescale of lava flow emplacement and cooling. We conclude from these observations that
supraglacial lava flows typically generated during effusive eruptions of cone A are unlikely
to produce hazard-significant amounts of meltwater.

6 Subglacial lava effusion at Veniaminof Volcano

Subglacial lava effusion is generally uncommon at stratovolcanoes because their active
vents are predominantly subaerial (Major and Newhall 1989). Effusion of lava beneath
glacier ice is a process that has occurred historically at Veniaminof Volcano but is less
common than supraglacial effusion of lava flows that extend over glacier ice. In general,
lava flows emplaced subglacially are more efficient at melting glacier ice because about
two thirds of the heat content of the lava is available to melt ice (Wilson and Head 2007).
As a result, large volumes of ice can be melted in settings where glacier ice over the vent
area is thick (> 100 m) as in Iceland (Gudmundsson et al. 2004). Subglacial lava eruptions
in Iceland are often associated with the development of massive outburst floods (jokul-
hlaups) that can pose significant hazards in affected drainages (Bjornsson 2003). The 1944,
1983-1984, 1993-1994, and 2021 eruptions at cone A all likely involved subglacial lava
effusion.

Observations of the 1983-1984 eruption, as described previously, were sparse. Within
approximately seven days after the start of the eruption in June 1983, a small circular ice
cauldron, 1200 m long, 200-500 m wide, and 50-100 m deep was observed (Yount et al.
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1985; Fig. 6). The analysis of glacier melt associated with subglacial lava effusion pre-
sented in Wilson and Head (2007) indicates that the ratio of ice thickness melted to subgla-
cial lava thickness is 6-7. If a 100 m deep ice cauldron formed entirely by subglacial melt-
ing, the ratio indicates that a subglacial lava flow 14—17 m thick could have been present
beneath the glacier. The study by Loewen et al. (2021) indicated that the lava flows erupted
in 2018 were on the order of 3—15 m thick, so this ratio seems at least qualitatively plausi-
ble. In general, the flows emplaced in 2018 are comparable in extent to the lavas emplaced
during previous historical eruptions implying that the 1983 lavas may have been at least
locally as much as 15 m thick.

Photographs of the ice cauldrons near cone A (Figs. 5, 17) show extensive crevassing
indicating that the glacier is undergoing brittle deformation. The crevasse depth provides
an approximation of the thickness of the brittle part of the glacier above a presumed ductile
zone that is expected to deform according to Glen’s flow law for ice (Cuffey and Paterson
2010). The crevasse depth (d) is related to the horizontal strain rate of ice (sm) according to

the following expression:
NS
d= 2 (& a 3)
Pig\ A

where p; is ice density, g is gravitational acceleration, A is a temperature-dependent flow

law parameter (2.4x1072* s~! Pa= at 0 °C, Cuffey and Paterson 2010), and n=3 (Nye
1957). Although £, is not known for Veniaminof’s glaciers, we use a typical value of
1078 57! (Cuffey and Paterson 2010). Application of Eq. (3) indicates that the theoreti-
cal crevasse depths are greater than the ice thickness (about 100 m; Welch et al. 2007).
Although Eq. 3 is shown to overestimate crevasse depths by as much as 15% (Mottram
and Benn 2009), the implication is that all ice affected by subglacial lava effusion at
Veniaminof Volcano likely behaves in a brittle fashion and there is little if any ductile flow
of ice to the eruption site.

The crevasse fields peripheral to cone A lava flows in general extend 200-500 m beyond
lava flow termini (Figs. 12, 13, 14). If the development of crevasses reflects loss of ice
beneath the crevasse field and subsequent brittle subsidence, the extent of these fields
likely records the flow of warm meltwater away from the lava flows.

For temperate glaciers, the heat lost (Q) due to melting by subglacial lava flows can be
expressed as

0=pV.L, €]

(Gudmundsson 2000) where p; is ice density, V; is ice volume lost, and L, is the latent heat
of fusion of ice (334 kJ/kg). The density of glacier ice at 0 °C is 917 kg/m> and the esti-
mated volumes of ice lost in 1983-1984 and 2021 are 0.1 and 102 km?, respectively. This
equates to about 0.09 km?® of water for the 1983—1984 eruption and 9 x 10~ km® of water
for the 2021 eruption. Application of Eq. (4) indicates that the heat energy required to form
the melt pits was 3 10'° J for the 1983-1984 eruption and 3 x 10'* J for the 2021 eruption.

If we assume that the melt pits formed in 1983—-1984 and 2021 were entirely the result
of subglacial lava effusion, the volume of magma (V,,) involved can be estimated with the
following expression:

p.L;V:

[y AR 4

" memAT (5)
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Fig. 19 Topographic map and cross section of area south of cone A at Veniaminof volcano showing maxi-
mum extent of hypothetical meltwater lake. Digital elevation data from DGGS Staff, 2013, Elevation Data-
sets of Alaska. Alaska Division of Geological and Geophysical Surveys Digital Data Series 4, https://eleva
tion.alaska.gov/. https://doi.org/10.14509/25239

where p;, L;, and V; are as defined above, and p,, is magma density (2600 kg/m?), C,, is the
specific heat capacity of volcanic glass (1.1 kJkg™' K~! (Bacon 1977)), and AT is the tem-
perature difference between the initial magma (7)) and the ambient temperature (7,) such
that AT = T,, — T, (Gudmundsson et al. 2004). Using 1173 K for 7,,, and 273 K for T, AT
=900 K. Alternatively, if no quenching occurs and the specific heat capacity of crystalline
basalt is used in the denominator (p,, [Lm + CPAT]) where C,~0.6 kJ kg™! C7!, the result
is about the same. Application of Eq. (5) indicates theoretical subglacial lava volumes of
0.01 km?® for the 1983-1984 eruption and 10™* km® for the 2021 eruption. These values
do not account for any subaerial effects on melting which would be minor, or the melting
associated with the long cooling time of the lava flows and thus should be viewed as mini-
mum estimates.
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Fig.20 Lake volume drained versus peak discharge for glacier-dammed lakes that drain by evolution of
subglacial tunnels and by failure of associated ice dams (Data from Walder and Costa 1996). Failure of
a hypothetical meltwater lake dam at Veniaminof volcano could produce a large outburst flood. Subgla-
cial tunnel drainage of a hypothetical meltwater lake has an associated peak discharge similar to lakes with
equivalent volumes

7 Meltwater lakes and associated flood and lahar hazards

Given the large volume of glacier ice resident on Veniaminof Volcano edifice and the fre-
quency of historical eruptions, it is important to consider the potential for eruption gen-
erated flood and lahar hazards in the main drainages beyond the caldera. Eruptions in
1983—-1984, 1993-1994, 2013 and 2018 all resulted in the formation of lava flows that
extended over ice and snow just beyond the base of cone A. The ice-radar survey results
(Welch et al. 2007) and the recently available IfSAR digital elevation data for Veniaminof
show a topographic ridge oriented roughly northeast-southwest between cones A and B
(Fig. 19). This ice-covered ridge is a barrier to water flow and appears to prevent meltwater
from entering the Cone Glacier—Muddy River drainage. It is possible that if lava effusion
occurred on the north side of cone A, meltwater could plausibly leak into the Cone Gla-
cier-Muddy River drainage. However, we have no evidence that any historical eruptions
have produced lava flows on this side of the cone.

If a hypothetical meltwater lake was to form in the area of lava flow emplacement south
of cone A, it could cover a maximum area of about 2 km? before it spilled over the low
point along the southwest rim of the caldera where the maximum surface elevation of the
lake would be about 1850 m (Fig. 19). For a meltwater lake with this area and a depth of
50-100 m, the volume would be 0.1-0.2 km®. Assuming that such a lake was the product
of subglacial lava effusion only, subglacial lava flows on the order of 7-8 m thick would
be required to melt a 50 m thickness of ice and lava flows 14—16 m thick would be needed
to melt ice 100 m thick (Wilson and Head 2007). The corresponding lava flow volumes
would have volumes of roughly 0.01 km?, considerably more voluminous than any of the
lava flows produced at Veniaminof since 1944. There are several plausible scenarios for
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Fig.21 Areas that could be
inundated by lahars associated
with catastrophic drainage of

a hypothetical meltwater lake
(shown in Fig. 20) near cone A at
Veniaminof volcano. Inunda-
tion areas were determined

with LaharZ, a GIS-based lahar
inundation mapping tool (Schil-
ling 2014)

Al
Hypothetical lake volumes |
5x10’m?
1x108 m®

drainage of such a lake including (1) seepage of water into the volcanic edifice, (2) subgla-
cial tunnel drainage, or (3) spillover of water at the low point of the ice dam and possible
catastrophic breaching.

Instantaneous failure of an ice dam would theoretically produce the largest peak dis-
charge (Q,) at the breach (Walder and Costa 1996). For rapid breach formation to the full
depth of the meltwater lake, the expression for maximum peak discharge is

0, = 1.94g2d°" 6)

where g is gravitational acceleration and d is water depth at the breach (Waythomas et al.
1996). Application of this equation to the hypothetical meltwater lake at Veniaminof gives
estimates of Q, of 1-6X 10° m%/s for water depths of 50 and 100 m (Fig. 20).

Catastrophic breaching of an ice dam involving this hypothetical meltwater lake could
produce a significant lahar. The theoretical area of inundation was estimated using a geo-
graphic information system (GIS)-based lahar inundation mapping tool known as LaharZ
(Iverson et al. 1998; Schilling, 2014). LaharZ makes use of a physically based relation
between lahar volume (V) and planimetric area of inundation (B) such that

B =200V*/?3 )

Inundation areas for lahars arising from catastrophic drainage of hypothetical meltwater
lakes with volumes of 0.05, 01, and 0.2 km?® are shown in Fig. 21. These flows could travel
approximately 35-40 km downstream from the breach in unnamed valleys on the south-
west flank of Veniaminof where they could inundate an area as much as 67 km?.

If lake drainage was to occur through a subglacial tunnel (which we consider unlikely),
the maximum peak discharge (Q,,) can be estimated with the following equation:

0, = 4610 ®)
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where V is lake volume drained (Walder and Costa 1996). Application of this equation

to the hypothetical meltwater lake at Veniaminof gives a 0, of 1-1.5X 10° m’s. If the
meltwater lake that formed during the 1983-1984 eruption drained via subglacial tunnel
drainage according to this equation, Q,=290 m?/s. The above relation is a regression equa-
tion based on data compiled in Walder and Costa (1996; Fig. 20) and estimates of peak
discharge should be taken as order of magnitude estimates only.

8 Discussion

The observations we have assembled indicate that cone A lava flows at Veniaminof Vol-
cano interact with snow and ice by conduction at the lava-ice interface and produce small
but not negligible amounts of ice loss (Table 2). Melting of ice and snow by the advanc-
ing supraglacial lavas resulted in gradual downward sinking of the lava flows into the ice,
accompanied by local collapse of melt pit walls forming a jumble of ice blocks below. The
characteristics of lava-flow bases at the lava-ice interface are not known, but it is likely that
chilled, fractured, or rubbly basal zones developed rapidly and this likely decreased the
heat flow from the still hot core of the lava flow to the underlying ice and snow. The trans-
fer of heat from the base of the lava flow to the ice is a relatively inefficient mechanism for
melting hazard-significant amounts of ice and snow because of rapid cooling and develop-
ment of a “chilled” and fractured lava flow base especially in situations where the lava
advances slowly over snow and ice (Mee et al. 2006; Belousov et al. 2011; Edwards et al.
2012). Limited meltwater production also has been confirmed in theoretical analyses (Wil-
son and Head 2007) and experimental studies (Edwards et al. 2013). If lava advances over
snow and ice on steeper slopes, observations from Fimmvorduhals indicate that greater
amounts of melting may be facilitated by meltwater “degrading” the snow and ice cover
out ahead of the advancing flow (Edwards et al. 2012). Ice subsidence areas peripheral to
cone A lava flows indicate that this process also occurs at Veniaminof Volcano. Brief peri-
ods of robust steaming observed in web camera views and aerial photographs indicate that
advancing lava flows were incorporating snow and possibly ice at the flow margins. The
interactions may have been like the lava, snow and ice interactions at Nevados de Chillan,
Chile (Mee et al. 2006), and Fimmvorduhals, Iceland (Edwards et al. 2012) where slow
downward melting or thermal sinking of the lava occurred as a result of heat exchange by
conduction and radiation.

Historical eruptions of cone A indicate that this style of eruption is unlikely to lead
to the generation of large amounts of meltwater. Future lava-producing eruptions at this
volcano, if similar to recent historical eruptions, are not likely to cause significant lahar
or flood events in the outlet drainages heading on the ice-filled caldera. Significantly more
explosive eruptions, especially those that produce pyroclastic flows, would likely gener-
ate larger volumes of meltwater and could result in inundation of local valleys and drain-
ages on the flanks of the volcano. Sustained subglacial effusive activity could lead to the
development of a large meltwater lake and result in significant floods and lahars if such a
lake drained by catastrophic failure of its ice dam (Fig. 21). Historically, no known lava
flows have developed on the north side of cone A and there is no geomorphic evidence for
water outflow in the Cone Glacier—Muddy River drainage to the north (for example, no
flood deposits or unusual hydrologic features commonly associated with extreme flooding).
Lahar deposits of Holocene age are preserved in many of the main valleys on the volcano,
but these are associated with the large caldera-forming eruption that occurred ca. 3.7 ka
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(Miller et al. 2002; Waythomas et al. 2015). Geomorphic evidence for young lahars or
floods associated with outflow of meltwater from the caldera is not known at Veniaminof
Volcano.

9 Conclusions

Cone A, a 300-m-high intracaldera cinder cone within the 8 X 10 km diameter caldera ice-
field of Veniaminof Volcano has been the site of at least 20 eruptions since 1830-1840.
Five of these eruptions in 1944, 1983-1984, 1993-1994, 2013, and 2018 involved suprag-
lacial lava effusion, although the initial effusion of lava in 1983-1984 was subglacial. Lava
effusion during the 2021 eruption was entirely subglacial. Except for the 2021 eruption,
each of these eruptions produced >107* km? of lava and melted about 3-14 x 10 km? of
ice, except the 1983—1984 eruption where as much as 0.1 km® of ice was melted. The lack
of reliable field measurements on depth of ice melt, ice temperature, lava boundary layer
properties, proximal ash thickness, and lava temperatures precludes a more robust anal-
ysis of the thermodynamics of lava-ice interaction at Veniaminof Volcano. Quantities of
meltwater sufficient to pose a significant outflow flood hazard during the type of activity
described here is not an outcome of lava-snow-ice interaction. Significant lahar hazards
could arise if a large meltwater lake develops in the caldera and its contents are released
rapidly by catastrophic breaching of its ice dam. To date, we have no evidence that this
type of hydrologic hazard has occurred during historical eruptions at Veniaminof Volcano.
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