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study of this system from 2015 to 2018 to document the cooling of the lava over this time, using thermocouple
measurements and data-logging sensors. The heat loss rate from advection through this hydrothermal system in
August 2015 was ~5.5 x 10% W; since eruption, aqueous cooling likely accounted for ~1% of the total heat loss
from the lava. This estimate excludes steam losses from fumaroles as well as any groundwater that was not re-
leased to the surface, and thus is a lower bound. Near the terminus of the flow, advection of heat by flowing
water may have locally accounted for tens of percent of the total cooling of that part of the flow. Our data quantify
the importance of water cooling for this lava flow and can be compared with models to better understand lava-
water interactions more generally. We also provide detailed methods for simple, low-cost monitoring of similar

instances in the future.

Published by Elsevier B.V.

1. Introduction

Cooling is a fundamental factor in the evolution of lava flows and is
one of the major controls on their length and behavior. Cooling in a
dry setting is relatively well studied and modeled (e.g., Hon et al.,
1994; Keszthelyi and Denlinger, 1996; Fagents and Greeley, 2001;
Harris and Rowland, 2001; Keszthelyi et al., 2003; Patrick et al., 2004;
Rumpf et al., 2013). However, water plays an important role in the
cooling of many lava flows and the creation of distinctive volcanic fea-
tures. For instance, aqueous cooling is associated with the formation of
features such as hackly and columnar jointing (e.g., the lava entabla-
tures and colonnades described by Seemundsson (1970) and Long and
Wood (1986)). The latter requires advective heat transport to produce
a constant cooling rate (e.g., Goehring and Morris, 2008). Other features
produced by various forms of lava-water interaction include rootless
cones (e.g., Thorarinsson, 1953; Fagents and Thordarson, 2007;
Hamilton et al., 2017), maars (e.g., Lorenz, 1973), tuff rings and cones
(e.g., Sheridan and Wohletz, 1983), pillow lavas, and volcaniclastics
such as hyaloclastites and peperites (e.g., Skilling et al., 2002). Water
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cooling has also been proposed to explain temperature profiles within
lava lakes or ponds and around small sills that are inconsistent with
simple conduction (e.g., Hardee, 1980, 1982; Baker et al., 2015). Wide-
spread evidence for lava-water interaction has been reported on Mars
(e.g., Squyres et al., 1987; Greeley and Fagents, 2001; Lanagan et al.,
2001; Milazzo et al., 2009; Hamilton et al., 2010, 2011) and understand-
ing these interactions is thus important to both the volcanic and aque-
ous history of that planet, two topics of high scientific interest
(MEPAG, 2020). However, lava-water interactions are challenging to
model and suffer from a scarcity of quantitative field data on aqueous
cooling of lavas. Here, we report on a series of experiments we con-
ducted to collect in situ data that record the effects and evolution of re-
cent lava-water interactions in Iceland.

The 2014-2015 eruption at Holuhraun in Iceland (Fig. 1) provides an
excellent example of one style of lava-water interaction: lava entering a
river system. Pedersen et al. (2017) provide an overview of the em-
placement and evolution of the lava, and thus we provide only a brief re-
view here. The precursor to the eruption was northward-propagating
seismicity that initiated about 5 km east of the Bardarbunga central vol-
cano before eruptive fissures opened to the north of the Vatnajokull ice
cap (e.g., Sigmundsson et al., 2015). A total of approximately 1.44 km® of
basaltic lava (1.21 km® dense rock equivalent; Bonny et al,, 2018) was
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Fig. 1. Context image showing the location of the 2014-2015 Holuhraun lava flow field (outlined in red) as well as the position its main source vent and the locations of Fig. 2a (western
lake), Fig. 2b (eastern lake, shown in Fig. 4), and Fig. 3 (hot springs, located at the lava terminus). Seismicity leading to the eruption initiated at the Bardarbunga central volcano southwest
of this figure. The box within the inset map of Iceland shows the location of the study area in the highlands, north of the Vatnajokull ice cap. The background is a part of a Landsat 8 image
(Band 8) acquired on September 25, 2019 (LCO8_L1TP_217015_20150925_20170403_01_T1_B8).

erupted between August 31,2014 and February 27, 2015, with a peak ef-
fusion rate of at least 350 m?>/s and flows that reached as far as 17 km from
the vent (Fig. 1). The lava ultimately covered approximately 84 km?
(Pedersen et al., 2017). The pre-eruption temperature of the lava was es-
timated to be 1181-1191 °C, close to the liquidus temperature of approx-
imately 1195 °C (Kolzenburg et al., 2017). Thermocouple and Forward
Looking Infrared Radiometer (FLIR) camera measurements 4.3 km from
the vent show that the lava cooled to 1080-1130 °C (mean 1095 °C) dur-
ing transport before stopping (Kolzenburg et al., 2017). The lava flow field
is a mix of spiny and rubbly pahoehoe, with some ‘a‘a (Pedersen et al.,
2017). It was the largest eruption in Iceland since the Laki (Skafta Fires)
eruption of 1783-1784 (cf. Thordarson and Self, 1993).

The lava was emplaced on the sand and gravel of the floodplain and
braided channel system of the J6kulsa & Fjollum river, which emanates
from the Dyngjujokull outlet glacier of the Vatnajokull ice cap (Fig. 1).
The lava intersected the river system and followed the course of the
channel, providing ample opportunity for lava-water interactions.
These interactions were largely non-explosive (Pedersen et al., 2017).
Water was heated where the lava flowed over wet ground, and ground-
water continued to flow beneath the lava. The system is somewhat anal-
ogous to the aqueous cooling of the “Valley of Ten Thousand Smokes”
ignimbrite produced by the Novarupta-Katmai eruption of 1912
(Hildreth and Fierstein, 2012), but smaller in size, lower in energy and
created by lava rather than volcanic ash. Bonnefoy et al. (2019) pro-
vided some observations of the hydrology and water fluxes from the
Holuhraun flow field, which are controlled by groundwater and surface
runoff and their interactions with the hot lava core.

2. Observations
2.1. Site description and study overview

This study uses field observations and in situ sensor data to record
the evolution of the lava-heated hydrological system. We were only

able to make brief site visits during the prolonged cooling of the flow
field, but iteratively developed a continuous monitoring network. Our
initial reconnaissance in 2015 documented the conditions approxi-
mately six months after the end of the eruption, but at that time we
were not equipped to set up longer-term monitoring. We returned in
2016 and emplaced several long-lived sensors. Data were collected
from these sensors in 2017, when they were replaced, improved, and
augmented. All sensors were finally removed in 2018 when the system
had largely cooled to ambient conditions. These data allow us to demon-
strate the significant added value of continuous, as opposed to intermit-
tent, monitoring of the hydrological system. Establishing a sensor
network in the relatively inaccessible and highly dynamic environment
of a lava flow emplaced into a major river proved to be a substantial
technical challenge. One of the main outcomes of this work is a set of
protocols and lessons learned for future attempts to monitor similar
fluvio-volcanic interactions.

The local hydrology around the flow field includes distributed
groundwater-fed springs and seeps as well as glacially fed streams.
These waters reach and dive under the lava both near the vent at the
western edge of the flow (Figs. 1, 2a, ¢), and along the southern/eastern
margin (Fig. 2b, d). The river was initially dammed by the southern mar-
gin of the lava, forcing surface water into and beneath the lava and
forming a transient lake beside the flow. Heated water exited from
warm springs issuing from several locations beneath the distal end of
the lava and fed into the existing braided river channel. These springs,
and emergent groundwater just northeast of the lavas, were the main
surface water sources for the river at the toe of the flow field in 2015.
Steam plumes were observed rising from the interior of the flow field,
but their flux was not quantified. One key question that we sought to
answer was whether the flux of surface water into the lava was similar
to the spring outflow or if more complex groundwater processes were
taking place.

Conditions were markedly different in 2016-2018, when the stream
flowing along the southern edge of the lava reached all the way to the
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Fig. 2. (A) and (B) show the locations of the western and eastern lava-dammed lakes, respectively, as well as the in locations of the insets shown in panels (C) and (D). The cross in
(C) shows the location of the stream gage sensor deployed in 2017. The circle in (D) shows the location of the field photographs shown in Fig. 5, and the arrow indicates the camera
look direction. The basemap image (20 cm/pixel) is a part of an UltraCam orthomosaic acquired by IsViews on September 6, 2015.

northeast end of the flow field. This change is ascribed to the breaching
of a sediment dam in July 2016 (Bonnefoy et al., 2019). Outflow from
the springs at the lava terminus continued but cooled over time, and
by July 2018 spring temperatures were so near ambient conditions
that we could no longer reliably measure the hydrothermal heating.
The one area that did not significantly change over the three years
was the network of groundwater-fed streams just north of the lava ter-
minus. The reader is referred to Bonnefoy et al. (2019) for additional de-
tails on the history of the hydrologic system and associated landscape
evolution at the 2014-2015 Holuhraun lava flow field.

2.2. Documenting cooling by water

In the 2015 reconnaissance, water temperatures were only obtained
as spot measurements using a K-type thermocouple. Water fluxes, how-
ever, were investigated in detail. Velocity estimates were made across
all heated streams using video footage of multiple floating objects pass-
ing known distances. Objects were thrown at various locations across
the width of the stream to determine an average value. We used two in-
dependent feature-tracking approaches to estimate velocity given the
viewing geometry and scale information in the scene. Stream depth
profiles with 1-m spacing were made at the same locations as the veloc-
ity estimates. This enabled us to calculate the water flux at each location.
Combined with temperature measurements, this enabled our best esti-
mate for the excess heat carried by the water as a result of heating from
the lava in 2015.

In 2016 through 2018, we used several types of data-logging sensors
to collect continuous records of water depth and temperature, as well as
environmental conditions. The earlier parts of the dataset proved to be
too sparse spatially to monitor the total heat transport. By the time
the network was improved in 2017, temperatures were only minimally
above background. Nevertheless, the data recorded key behavior on

seasonal and diurnal timescales that are important to interpreting
the cooling of the system. We used three types of sensors: (1) Omega
Engineering® OMYL-RH23 loggers for atmospheric temperature,
pressure and relative humidity; (2) Omega Engineering® OM-
CP-MICROTEMP submersible temperature sensors; and (3) Onset®
HOBO® U20 submersible temperature and pressure sensors. For brev-
ity, we refer to these as weather, temperature, and P-T sensors, respec-
tively. The data used herein are available (Dundas et al., 2020). The key
requirements for the sensors were that they be small, lightweight, func-
tion in freezing conditions, and operate on battery power for over a year.
Most of these requirements were driven by the fact that the key sites are
only accessible on foot over challenging terrain. All the hardware for the
entire network needed to fit in a backpack. Additionally, the dynamic
nature of the system favored a flexible deployment strategy. Because
the region is a national park, it was also important that the instruments
have minimal visual impact and not damage the environment. These
considerations ruled out traditional gaging stations favored by the U.S.
Geological Survey for monitoring water flow (Sauer and Turnipseed,
2010; Turnipseed and Sauer, 2010). Similarly, even compact telemetry
stations were too bulky and visible to utilize in this setting. The side
benefit of the need to use a minimum of hardware was that the costs
were very modest (~$1000 per site). Additional details of sensor instal-
lation and associated challenges are discussed in the Appendix.

2.3. 2015 reconnaissance observations

The bulk of our reconnaissance observations were similar to those
reported by Bonnefoy et al. (2019) from the area around the lava termi-
nus where notable warm springs were well established. A detailed view
of this area shows the mix of rubbly and spiny pahoehoe that filled the
existing river channel (Fig. 3). Our 2015 observations were obtained on
August 21, 23-25, and 27, and the site was revisited on September 4.
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Water heated to ~30-50 °C emerged at multiple discrete sources over an
~350-m-wide flow front. The water emerging from the central section
of thicker rubbly pahoehoe was notably warmer than that flowing
from the thinner and more lateral spiny pahoehoe lobes. Unheated
water from cold streams that flowed along the northern side of the
lava flow mixed with the heated water across the braided river deposits.
The efflux from the hot springs and resulting level of the streams
showed minimal visible variation over time during this visit, but the
quantity of water flowing in from the cold side streams was substan-
tially higher on August 24-25.

A stream flowed along much of the distal ~15 km of the southeast
side of the lava flow field. This region was visited on August 23-25,
2015. On August 23, a shallow braided stream was flowing into the
side of the lava at multiple locations (Fig. 4a) 2-3 km up-flow from
the terminus. No surface water reached the terminus of the lava flow
field. The lava at the region where this southern stream ended had a
thin silt coating, indicating the high-water mark of a previous lake
2-3 m above the water surface, and a broad shallow basin alongside
the lava showed traces of a recent lake (Fig. 4a). On August 24, the
lake basin had been reoccupied to ~1.5 m below the high-water mark
and was draining into the permeable rubbly lava (Fig. 4b). A series of
pools extended into the lava, connected via the extreme porosity of
the fragmented surface.

We made profiles of this southern stream near where it flowed
under the lava on August 23 (near the lake terminus) and August 24
(roughly 1 km farther upstream), by measuring depths at regular inter-
vals, and made estimates of the stream velocity. The stream flux roughly
doubled overnight (8 & 3 m>/s on the 23rd versus 16 & 4 m>/s on the
24th). Profiles of the spring-fed outlet streams at the lava terminus
(Fig. 3b) were also measured, crossing each of the major branches of
the braided system, and used to construct an estimate of the water
flux from the terminus. Based on the stream profile measurements,
the total output of the toe springs was 4.9 + 1.1 m>/s suggesting that
during the few days of observations in August 2015 the influx of
water into the lava flow field was 2-3 times larger than the surface out-
flow. What we could not determine definitively from these reconnais-
sance observations was whether the difference was lost as steam or to
subsurface flow or if we were observing a temporary increase in the
streamflow coming to the lava. Both factors were likely involved to
some extent but the latter was almost certainly important given the
rise in lake level.
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Temperatures were measured at selected points along the profiles of
the outflow streams. In conducting vertical temperature profiles, we ob-
served a few degrees Celsius cooling of the surface of the warm streams.
Temperatures a few centimeters deep in the sand-and-gravel substrate
were near ambient, as much as 21 °C cooler than the flowing water. The
temperature may have been even cooler because warm water may have
accompanied the thermocouple during insertion into the sediment. This
suggests flow of unheated or minimally heated water through the
streambed.

We also systematically sampled the temperatures of many of the
springs emerging from the toe of the flow on August 21 and August
24, immediately upstream from the stream profiles, but it was not prac-
tical to make water flux measurements at those locations due to their
distributed nature and complex topography. We briefly revisited the
hot springs on August 27. During the three days of our observations nei-
ther the level of the outflow streams nor the temperature of the out-
flows visibly varied. This was despite the dramatic changes to the
streamflow into the lava only 2-3 km away.

In the upstream region of the lake and feeder stream, we made
temperature measurements to establish the baseline temperature of
near-surface water, which was approximately 9-10 °C. Subsequent ob-
servations (section 2.4.2) suggest that these values represent afternoon
peaks rising from a baseline temperature of 5-6 °C. Some cold springs
and feeder streams north of the flow were colder (4 °C) than this base-
line value. Snow buried by sand was observed to survive in late August
at some locations along the flow field margin, indicating that subsurface
temperatures are generally not far above freezing.

24.2016-2018 monitoring

24.1.2016-2017

To track the cooling of the system, we revisited the site on several oc-
casions between August 2016 and July 2018, and emplaced long-lived
sensors at several locations. We were especially interested in recording
the response of the warm springs to diurnal, seasonal, and inter-annual
variations of the input of cold water. Limited numbers of available sen-
sors meant that the dataset that we collected was not as extensive as de-
sired. In 2016, the sensor distribution (Fig. 5) was as follows: one P-T
sensor in the warmest remaining spring near the lava terminus
(“Toe Spring”); one P-T sensor in a pool along the northern edge of
the lava (“Side Pool”); one temperature sensor in a warm spring feeding

Fig. 3. (A) Locations of the key study locations in the Hot Springs region, including the Inner Pool (Fig. 5a), Northern Pond (Fig. 5b), Toe Springs (Fig. 5¢), and Southern Channel (Fig. 5d).
The basemap image is a 4 cm/pixel orthomosaic generated from Trimble UX5-HP small Unmanned Aerial System (sUAS) data acquired on August 3,2018. (B) A magnified view of the Toe
Springs region on September 4, 2015. The 4 cm/pixel orthomosaic shown in (B) was generated from DJI Phantom 3 Pro sUAS data. See Scheidt and Hamilton (2019) for sUAS data

specifications.
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Fig. 4. Transient lake location looking approximately west along the southern margin of the lava, observed in August 2015. (A) On August 23, 2015 the stream flowed along the lava margin
before disappearing into the rubble at right. Note old high-water mark on the lava caused by a thin coating of mud. (B) On August 24, 2015 the lake had been refilled to near the former
high-water mark. White arrows indicate two corresponding features in the images for reference. Note person for scale (blue arrow). See Fig. 2d for location. Photo credit: U.S. Geological

Survey.

into the side pool (“Warm Spring”); one temperature sensor in a shal-
low groundwater-fed stream feeding into the side pool (“Cold Stream”);
and one weather sensor concealed in lava rubble just above the side
pool to provide atmospheric information. The lake along the southern

2015 2016

Inner Pool

4 Northgrn Pond

Toe Springs

uthern Channel

ol
NE

margin of the lava that had shown interesting dynamics in 2015 was
not instrumented because the stream breaking through the sediment
dam in July 2016 (Bonnefoy et al., 2019) had altered the dynamics
along that margin of the flow.

Fig. 5. Time-series view of the four locations shown in Fig. 3a.In 2015, panel (A) shows a 20 cm/pixel UltraCam view of the Inner Pool (acquired on September 6, 2015), whereas panels (B),
(C),and (D) show 4 cm/pixel DJI Phantom 3 Pro sUAS views of the Northern Pond, Toe Springs, and Southern Channel, respectively (acquired on September 4, 2015). In 2016, panels show
1 cm/pixel views of same locations imaged using a Trimble UX5-HP sUAS on July 28, 2016.In 2017, panels show 2.3 cm/pixel views acquired using a DJI Phantom 4 Pro sUAS on July 25-28,
2017.In 2018, panels show 4 cm/pixel views acquired by a Trimble UX5-HP sUAS on August 3, 2018. For more detail and for access to the sUAS data see Scheidt and Hamilton (2019).
Circles show the locations of sensors that were deployed in a given year; however, in panel (B) the pentagon shows the location of the sensors deployed in the Side Pool (deployed in
2016, but lost before recovery in 2017); the diamonds identify the location of sensors placed within the Cold Stream (2016-2017); the squares show the location of the Warm Spring
(2016-2017); the circles show the location of the second Side Pool sensor (2017-2018); and the stars identify the location of the weather sensor (2016-2018). Crosses show the

corresponding locations of the sensors in years when the sensors were not deployed.
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Measurements were downloaded from these sensors in September
2016 and July 2017, with several difficulties. The most important issue
was that the thin cable holding the Side Pool sensor rusted through
sometime after September 2016 causing the sensor to break loose and
be lost. When we installed the sensor, the site seemed to be in a low-
energy environment. However, substantial fluvial sediment transport
and deposition occurred between our 2016 and 2017 visits, demon-
strating the need to anchor sensors more robustly. The atmospheric
pressure sensor produced obviously inaccurate data (reported pres-
sures exceeded sea-level values), and thus accurate corrections to invert
P-T sensor pressure data for water depth were not possible; we
attempted to derive a correction factor by comparison with an accurate
sensor, but these data were not consistent with any unique scaling. The
Cold Stream sensor was found buried beneath a few centimeters of sand
on both occasions of data collection, and thus did not directly measure
water temperature. The stream was too shallow to avoid this issue;
thus, we abandoned attempts to monitor streams that were only a
few centimeters deep.

24.2.2017-2018

Several steps were taken to improve the network that we deployed
in 2017 (Fig. 5), and due to concerns about battery life in harsh condi-
tions, the 2016 sensors were removed. One P-T data logger was placed
in the toe spring at the precise location of the previous sensor. Another
was placed in the side pool location, several meters from the former lo-
cation in a site more protected from currents and sediment transport. A
third P-T sensor was placed in a warm pool entirely surrounded by lava
(“Inner Pool”), and a fourth was placed in the glacial stream at the
southern edge of the flow terminus. A final P-T sensor was placed at
the edge of a shallow ephemeral lake on the northern edge of the
flow, ~10 km from the other sensors near the terminus, to understand
the water input upstream. The weather sensor was also replaced at
the previous location.

The data collected from this network for the 2017-2018 interval
were of significantly better quality than our initial (2016-2017) at-
tempt. Water depths were successfully retrieved from pressures by
correcting for atmospheric pressure variations recorded by the weather
sensor data. The stream bottoms were irregular and the sensors were
not resting on the bottom, but the changes in depth rather than the ab-
solute values are the main quantity of interest here. The only major
issue in the data from these sensors was that the lake sensor was buried
by more than half a meter of sediment, which filled the polyvinyl chlo-
ride (PVC) pipe housing with silt and resulted in inaccurate water depth
values.

2.4.3. Summary of observations

Figs. 6 and 7 show the data from these sensors (Figs. 6-7) and some
representative thermocouple measurements from the same locations at
times when no sensor was present. The full datasets, as well as Global
Positioning System (GPS) coordinates and more information on the em-
placement and known issues of each sensor, are available in Dundas
et al. (2020).

During 2016-2017, the Toe Spring temperature initially decreased,
then rose to, and fell from, a new peak in November 2016. This variation
occurred in the months after the southern stream broke through the
sediment dam in July 2016 (Bonnefoy et al., 2019). The temperature
dropped smoothly and monotonically from this peak until the end of
our monitoring campaign in 2018. The Warm Spring and Side Pool tem-
peratures showed a similar pattern in autumn 2016, but with different
times of peak temperature. Water levels at the Warm Spring sensor
dropped enough to expose it to the air (and thus much larger tempera-
ture variations) in the spring of 2017, although it remained warmer
than the ambient air away from the warm pool. Cold Stream tempera-
tures were nearly constant at slightly above freezing throughout the
year. Given that the sensor was likely buried for much of this time,
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this suggests that groundwater flow continued year-round even though
atmospheric temperatures fell well below freezing.

Although it was not possible to correct for atmospheric pressure and
determine true water depths in the 2016-2017 data, it is possible to cal-
culate the difference in depth between the Toe Spring and Side Pool sen-
sors for the period where both have data, because the atmospheric
correction is identical. This difference reveals a change in differential
depth of ~10 cm in late August 2016, where either the Toe Spring rose
or the Side Pool fell in relative terms before reverting to the previous
value. This does not correspond to any notable excursion in the temper-
ature data although the Warm Spring outflow temperature (which fed
the Side Pool) increased slightly.

During 2017-2018, the glacial stream on the southern edge of the
lava flow field maintained a near-constant temperature of 5-6 °C
(Fig. 6), with frequent warmer diurnal spikes in the summer associated
with pulses of runoff. The Toe Spring continued a near-monotonic de-
cline in temperature. The Inner Pool temperature also decayed more
or less monotonically, with a drop associated with a period when the
water level fell and exposed the sensor. Atmospheric pressure data
from this period enabled correction of the water pressure data to derive
water depths. No attempt was made to correct for different elevations,
as the region is essentially flat. Water levels for both the Side Pool and
Toe Spring were quite stable (Fig. 7), while the inner pool fell and
then rose.

Measurements for the lake were clearly disturbed by sediment
burial shortly after emplacement (Fig. S1). The pressure dataset is inac-
curate due to the effects of this burial, which began not long after instal-
lation; substantially negative apparent water depths were obtained
from the pressure data within two weeks of emplacement, following a
period of high runoff in the glacial stream. Minor excursions to negative
apparent water depth occurred even earlier but could have been due to
imperfect pressure correction, because the lake was some distance from
the weather sensor. However, diurnal spikes in the pressure resemble,
and loosely correlate with, periods of high runoff in the glacial stream,
with a longer decay time (Fig. S1) consistent with the slower loss of
ponded water. The temperature record indicates that the sensor was
above freezing for most of the year, falling to freezing in late April and
May 2017, but because of the unknown temporal variation of depth of
burial the surface conditions and water depth are uncertain.

3. Analysis
3.1. Hydrology

One of the main questions we aimed to address was how different
parts of the hydrologic system around the new lava flow field were con-
nected. The glacially fed stream along the southern edge of the lava
shows frequent pulses in water level and temperature during the sum-
mer and fall, indicating pulses in runoff (Fig. 8). Such pulses did not
occur every day and are instead correlated with warm days with en-
hanced glacial melting. However, the correspondence is imperfect,
likely because the atmospheric temperature sensor was tens of kilome-
ters from the ice cap, which ultimately controls the hydrology. The lake
along the northern margin of the lava showed similar but not identical
pulses, indicating that surface flow, and synchronous recharge of
the groundwater table, is largely coupled across the entire area of the
lava flows.

Water levels at the Toe Spring and Side Pool varied almost impercep-
tibly. However, the Toe Spring, Side Pool, and Inner Pool vary in concert,
but with different amplitudes (Fig. 9). Despite the low magnitude of
variation, Fourier power spectra of all three also show a peak indicating
a 24-h cycle (Fig. 10a), which is pronounced in the surface stream but
muted in the spring/pool sensors, indicating that they are only weakly
responsive to diurnal variations. Furthermore, rising water levels in all
three spring/pool sensors correlate with the multi-day intervals when
pulses of glacial runoff occurred (Fig. 9) and are similar to a curve of
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Fig. 6. Temperature data including representative thermocouple measurements from 2015 as well as monitoring from 2016 to 2018. Anomalous temperature drops in the water
temperature curves are interpreted as times when the water level dropped and partially exposed the sensors to atmospheric temperature variations.

the integrated total variation in the glacial stream level. This suggests
that all three water levels track the local hydraulic head (Fig. 11),
which is responsive to meltwater from the glacier, increasing during pe-
riods of high melting and runoff. We did not observe convincing evi-
dence for a phase lag between different locations. In some cases the
elevated hydraulic head was likely caused by water flowing along or
pooling against the side of the lava.

Fourier power spectra of temperatures (Fig. 10b) show a strong 24-
h cycle for the glacial stream, while the Toe Spring and Side Pool show
no such effect. The inner pool shows a weak peak indicating a diurnal
temperature cycle, even when analysis is restricted to the period
when the sensor was immersed. The amplitude of those diurnal tem-
perature variations is extremely low (<1 °C); the likely reason is that
water fluxes in and out of the pool were low enough that the water tem-
perature was slightly influenced by ambient conditions, while water
flowed through the Toe Spring and Side Pool more quickly.

The lack of a simple function to describe the cooling history (section
3.2) suggests that the interaction between the water and the hot lava
changed modes as the hydrology evolved. The change could be related

to the breakthrough of the stream through the sediment dam along
the southern margin of the lava in July 2016, perhaps leading to changes
in the groundwater surface. Alternatively, there could have been some
other change in the physical interactions occurring beneath the lava.
The change in differential depth of the Side Pool and Toe Spring in Au-
gust 2016 is consistent with an adjustment to the hydrology at around
this time, as is the initially complex behavior (from July-November
2016) and subsequent monotonic cooling of the toe spring. Neither of
these behaviors recurred in 2017. However, the lack of earlier monitor-
ing data prevents a definitive answer. Bonnefoy et al. (2019) reported
that groundwater table heights in the area vary from year to year, an ad-
ditional factor that may influence the behavior of water beneath
the lava.

3.2. Water and energy fluxes

We used the 2015 data to investigate the advection of heat from the
base of the lava flow. To do this, we made an estimate of the excess heat
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Fig. 7. Water depth measurements from July 2017 to July 2018, corrected for variations in atmospheric pressure. The stream bottoms were highly irregular and the sensors were not resting
on the bottom, so the depths are relative to an arbitrary local reference (different at each location) and only relative variations are significant. The Inner Pool sensor was not immersed in
early 2018 due to a low water level, which also resulted in anomalous temperatures (Fig. 4). Small (1 cm) steps early in the Toe Spring series may indicate that the sensor shifted position

slightly.
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Fig. 8. Data from the glacial stream for July-August 2017. There is a distinct but imperfect visual correlation between high atmospheric temperature and high stream temperature and

depth.

carried by the outflow streams using their fluxes and excess tempera-
ture above a baseline value.

For the baseline temperature of water input to the system, we used a
value of 5.6 °C; this is the mean of the southern stream in the
2017-2018 data spanning 0.98 years and we assume that it was similar
in 2015. This baseline value is also similar to the mean temperature of
the Cold Stream groundwater north of the flow (6.3 °C) in 2016-2017
data. We use a range of 4-3 °C for error analysis, which encompasses
the 3-4 °C temperatures sometimes measured in the groundwater

north of the flow at the low end and is well above all but the brief
diurnal peak temperatures in the southern stream at the high end. The
area-weighted temperatures and the stream velocities were used to de-
termine the quantity of heat added to the outflowing water in 2015
(Eq. 1):

Qexcess = (X*AT) *V*pHZO*CP
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Fig. 9. Variations in relative depth at the different water sensors. Each dataset was normalized by subtracting its mean from each point to show relative variations, and arbitrary
multiplicative factors were applied to show correlations better. Dividing each set by its standard deviation produced similar results. The variations in the Inner Pool, Side Pool, and Toe
Spring, all fed by the hydrothermal system (the side pool is also fed by groundwater-sourced streams adjacent to the lava), are strongly correlated. These variations do not correlate
with the depth of the glacial stream, but major periods of rising water in the pools and spring do correlate (vertical dashed lines indicate their onsets) with periods of strong diurnal

runoff in the glacial stream.
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Fig. 10. Fourier power spectra of the water depths (A) and temperatures (B) for multiple datasets. A) Depth variations of all of the springs and pools show a peak at a frequency
corresponding to a 24-hour cycle (dashed line), although the Side Pool and Toe Spring peaks are very weak. B) Temperature variations show diurnal-cycle frequencies only in the
glacial stream and the Inner Pool. Power spectra were derived using the Interactive Data Language (IDL, version 8.4.1) fft_powerspectrum function. The Inner Pool series analysis used

only data from the period while the sensor was immersed.

Lava flow field

Fig. 11. Schematic diagram (not to scale) of the hydrology giving rise to hot springs at
Holuhraun. In some areas (A) the water table does not extend into the flow but in
others hydraulic head forces water into the lava (B), often associated with surface
streams and/or ponding. Overland flow can also overtop the lava in places. The spring
outflows occur at the lava terminus, which is the lowest-elevation surface and
associated with a riverbed. Variations in the groundwater table can lead to small rises in
the water depth at the outflows.

where Qexcess i the thermal energy added to the water, X is the channel
cross-sectional area, AT is the excess temperature, V is the mean water
velocity, py,o is the density of water, and Cp is the specific heat of water.
Values for X, V, and AT are given in Table 1. When we had multiple mea-
surements of temperature within a stream, they were weighted by the
cross-sectional area in the vicinity of the measurement.

This procedure resulted in estimates ranging from 4.8 x 108 W to
6.7 x 108 W with a best estimate of 5.7 x 108 W advected from the
lava in late August 2015. This is equivalent to a heat flux of ~7 W m—2
if the relevant area is the entire lava flow. However, the heat is almost
certainly derived only from a fraction of the lava area (no surface
water around much of the perimeter of the flow) and thus is a stronger
flux locally. An approximate lower bound on the area involved is the
roughly trapezoidal area defined by the ephemeral 2015 lake and
the lava terminus. This is ~2 km?, which would yield an average heat flux
of ~300 W m~2, possibly higher within preferred pathways. Fluxes were
presumably higher immediately after the eruption and diminished
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towards zero over time. These fluxes are much less than the radiant heat
from recently active lavas, which can remain above several thousand W
m™2 for hours after eruption (e.g., Flynn et al., 1994), but their relative
importance will increase as the flows cool and develop a thick conduc-
tive crust.

We note that our heat flux values are substantially lower than those
reported in Table 1 of Bonnefoy et al. (2019). This is because Bonnefoy
et al. (2019) reported the total heat carried by the water as opposed
to the heat added by the lava. The heat that would be released from am-
bient water as it is cooled to 0 K is much larger than the heat added by
the lava, explaining this discrepancy. Water velocity and flux values are
consistent (within errors and reasonable temporal variation) between
our study and those of Bonnefoy et al. (2019).

The main source of error in this calculation is in the water flux esti-
mate, which was conducted with very crude field methods. In particu-
lar, the movement during acquisition of handheld video, and the
inconsistent use of scales in the scenes, increased the uncertainties
from <0.01 m s~ ! under ideal conditions to ~0.05 m s~! in most of
our measurements. In hindsight, the simple expedient of putting the
camera on a tripod and leveling it with the horizon would have greatly
reduced our uncertainties. However, because we used the average of
several surface velocity measurements to estimate the water flux, we
were able to derive useful estimates. By examining the stream profiles
in detail, we were able to observe how velocities vary close to the bed
and the banks. Most of the drop-off in velocity is in a relatively thin
zone composing <<10% of the cross-sectional area of the stream.
Thus, this velocity variability is minor if working to no more than two
significant figures for the flux of water and heat, and a simple average
of our velocity measurements excluding those shear zones does not in-
troduce significant error.

We consider other possible sources of error in our heat flux esti-
mates. Evaporative cooling may reduce the water temperature at the
measurement locations relative to the value at the sources, but we con-
firmed that this effect was not large by comparing thermocouple mea-
surements and thermal infrared imaging of the water surface. Side
streams of unheated water make some contribution to the outflow.
While these increase the water flux, they reduce the temperature, and
should not affect the excess heat. Some inflows were even at tempera-
tures slightly lower than the baseline. The observation of substantially
cooler temperatures in the gravel centimeters below the base of warm
streams implies that cooler water was flowing beneath the surface,
and therefore that there is not much mixing between the cold subsur-
face water and the heated water at this location. However, this subsur-
face flow could have been heated to some degree; it was not possible to

Table 1

2015 stream data for calculation of lava heating.
Stream Cross-sectional Area Mean Velocity Excess T

(m?) (ms™) co?

Inlet Stream 8/23° 2.8 2.9¢ -
Inlet Stream 8/24° 16 1.0 -
Outflow 1 45 0.14 45 + 3.0
Outflow 2 0.5 0.34¢ 104 + 3.0
Outflow 3 1.14 0.44° 222 + 3.0
Outflow 4 0.63 0.66° 42.8 + 3.0
Outflow 5 0.67 1.2¢ 408 £ 3.0
Outflow 6 412 0.37¢ 31.8 + 3.0
Outflow 7 53 0.19¢ 186 £+ 3.0

2 Above 5.6 °C baseline; see text.

b Different but nearby cross-section locations.

¢ Measured by analysis of video. Formal uncertainty is difficult to quantify due to un-
even spatial sampling of the streams and imperfect control of camera geometry. We esti-
mated velocities via two independent feature-tracking methods with different approaches
to handling the geometry and found them to generally agree to within 10%. The uncer-
tainty is greater for the inlet stream on 8/23/2015 due to difficulty calibrating the
geometry.

4 Measured in the field; estimated accuracy +25%.
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measure the temperature without at least some disturbance that intro-
duced warm water, so we do not have an accurate measurement of the
water temperature below the streambed. Two significant uncertainties
remain that we cannot quantify. The first is the amount of heat
transported as steam from fumaroles and what fraction of that steam
originated as rainwater versus subsurface sources. The second is the
possibility that some subsurface water was heated but left the system
via other pathways; much of the lava flow field is likely below the
water table and the mobility of the water at depth is not well
constrained. Clearly, the location is hydrologically complex, with high
topography in several directions and a large preexisting groundwater
spring just to the north of the lava terminus.

The most important uncertainty is the poor constraint on temporal
variations from early in the cooling history when heat fluxes were the
largest. Although we did not observe significant variations in the behav-
ior of the hot springs on the days of in situ data collection, those data are
limited temporal snapshots. At the same time, our observations of the
changes to the southern lake in 2015, as well as the changes reported
by Bonnefoy et al. (2019), suggest that variations in the hydrologic con-
ditions surrounding the lava flow on various timescales were signifi-
cant. Without continuous monitoring the uncertainties in the heat flux
measurements cannot be fully characterized.

Our longer-term monitoring data provide some insights into those
uncertainties and into the total heat loss. When data from times when
the sensors were out of the water are excluded, most of the water tem-
perature curves from 2016 to 2018 can be fit to reasonable accuracy by
exponential curves with e-folding decay times of a few months to a few
years. However, no single decay time works for all of the fits. Those
curves are also a poor fit to measured temperatures from 2015 and to
the complex variations that occurred in late 2016. This poses a challenge
for definitively understanding how much energy was removed by the
water. If we assume a linear decline from August 2014 (start of the erup-
tion) to August 2017 (when the spring temperatures were barely above
background) then aqueous advection removed ~4 x 10'¢ J. This history
is obviously simplistic, but the data are not sufficient to enable more
complex modeling. The total thermal energy that must be lost from
the lava during cooling is ~5.3 x 10'® J. This calculation assumes
1.21 km® of dense rock equivalent basaltic lava (Bonny et al., 2018),
an eruption temperature of 1195 °C (Kolzenburg et al., 2017) cooling
to 0 °C, a density of 2700 kg/m?>, latent heat of crystallization of
400 kJ/kg (Keszthelyi, 1995), and temperature-dependent heat capacity
following the Keszthelyi and Denlinger (1996) model for Hawaiian ba-
salt. Neglecting crystallization, about 3.6 x 10'7 ] is lost during the em-
placement phase, when the lava cooled from 1195 to 1095 °C
(Kolzenburg et al., 2017). Thus, aqueous cooling by groundwater (as op-
posed to rain and snow falling on the flow) accounted for on the order of
1% of the total heat loss. However, because the water-enhanced cooling
was localized, the process was more important near the lava terminus,
with an effect multiplied by the inverse of the volume fraction of the
lava that was water cooled. In the opposite end-member case, if the
spring outflow water was heated only by the lava in the lower-bound
area noted above (~1/40th of the flow area) then advection may have
caused locally ~40% of the post-emplacement heat loss. The effect
would be even higher because the lava is thinner than average near
the terminus, but because the groundwater-cooled area is not well
known an accurate calculation is not possible.

4. Discussion
4.1. Lava-water interaction

The hydrologic system at Holuhraun, defined here as the flow field
and its interactions with surface runoff and subsurface flow, is con-
trolled by groundwater rising from below or forced in from the side,
closely coupled with surface flow arising from precipitation and glacial
melt. The measurable aqueous cooling effect was thus affecting the
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bottom of the lava flow. Inundation from above may be required for
aqueous cooling to dominate, but greater hydraulic head could drive
higher groundwater fluxes in conditions where lava interacts with
steeper topography. If the end-member case where the water cooling
was localized is accurate, this model could result in very important
cooling effects even with low hydraulic head. Water pools were also ob-
served on the lava surface at times, but their contribution to the cooling
of the lava has not been determined.

In the Holuhraun system, at least some parts of the base of the mas-
sive flow core were persistently in contact with liquid water. Such a set-
ting could produce conditions for the formation of orderly basal
colonnade columnar jointing typified by relatively narrow columns at
the base of the lava (e.g., Semundsson, 1970; Long and Wood, 1986;
Goehring and Morris, 2008), depending on the stability and uniformity
of the system. Parts of the flow core subjected to repeated and persistent
contact with water could develop advection-dominated cooling.
However, Goehring and Morris (2008) estimated heat fluxes of
200-2000 W m~2 associated with several basal colonnades in the
Columbia River Basalt Group. The low end of this range is similar to
the upper-limit (minimum area) flux estimated above. Thus, a well-
defined basal colonnade is unlikely in the Holuhraun lava except per-
haps in places where the water flux was locally concentrated. However,
this mechanism of aqueous cooling driven by groundwater rising from
below may be applicable to the formation of some basal colonnades, es-
pecially in cases where the hydraulic head is stronger and forces more
water into the lava. If ongoing fluvial erosion exposes the flow interior
along the southern margin of the lava, it will be of interest to examine
the jointing within the lava and look for effects of aqueous cooling, espe-
cially at locations where water was impounded. Hackly jointed entabla-
ture indicative of more intense water cooling (likely via inundation by
flowing water) is unlikely in the 2014-2015 Holuhraun lavas.

4.2. Implications for Mars

The lava flow from the 2014-2015 eruption at Holuhraun is in many
ways a good analog for Martian lava flows, which often are interpreted
to have been emplaced with high eruptive fluxes and rubble crusts
(Keszthelyi et al., 2000, 2004, 2008; Pedersen et al., 2015). This style
of aqueous cooling may also be important for Martian lava flows,
which are likely to have flowed over and melted ice in many instances,
producing hydrovolcanic features such as rootless cones (e.g., Squyres
et al.,, 1987; Greeley and Fagents, 2001; Lanagan et al., 2001; Hamilton
et al,, 2010, 2011; Keszthelyi et al, 2010) and columnar joints
(Milazzo et al., 2009). Many lavas on Mars occupy likely fluvial channels
(e.g., Burr et al.,, 2002; Fuller and Head, 2002; Jaeger et al., 2007; Voigt
and Hamilton, 2018) or have channels near their edges (e.g., Squyres
et al., 1987). In some cases, lava may occupy older channels, or divert
later, unrelated flows, and it can be difficult to discriminate between
lava-formed and fluvially eroded channels. However, water and lava
may possibly have emerged from the subsurface nearly simultaneously
(e.g., Head et al., 2003), and/or lava may have melted ground ice to
water that would subsequently drain downhill into lower parts of the
flows. This could be an important part of the cooling history of Martian
lava flows, which are potential targets for future exploration. Water
flow also complicates simple models for heating water and ice at the
base of lava flows (cf. Dundas and Keszthelyi, 2013). Moreover, warm
water at the base of lava flows could form ephemeral oases for life, espe-
cially subsurface life that might be brought to the surface by aqueous
floods.

4.3. Future field measurements and modeling

The aqueous cooling at the 2014-2015 Holuhraun flow field was
only one example of lava-water interaction and more datasets would
enable better characterization of such interactions. We were unable to
begin systematic instrumental monitoring until ~17 months after the
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conclusion of the eruption and did not reach a fully satisfactory set of
procedures until the hydrothermal system had cooled to near ambient
temperature. We have demonstrated in this work that significant in-
sights can be derived from simple experiments and monitoring with a
small number of low-cost sensors, but a larger number and earlier in-
stallation would have produced a more complete picture. Unfortu-
nately, appropriate eruptions are not common. The sensor set will
depend on the characteristics of the lava flow and local hydrology but
must be sufficient to characterize each component of the inflow and
outflow of water, ideally with multiple sensors each. For an eruption
identical to the one in this study, our minimum sensor set would include
at least seven sensors: one P-T sensor in the streambed near the vent,
one in the lake on the northern margin, one in the Side Pool, one in
the groundwater streams, two in the warm springs at the flow toe,
and one in the glacial stream along the southern edge of the lava flow,
as well as two sensors for weather logging. At least one or two addi-
tional sensors in each setting would be preferred to provide redundancy
and assess spatial variability. One or more sensors to monitor the re-
gional groundwater level would also be valuable but would require a
different installation method than used here. Additionally, it would be
desirable to revisit the site more often than yearly to adjust the sensor
distribution in response to major changes in the hydrology. For instance,
we would have instrumented the lake present in 2015 if we had sensors
available at that time. Further insights would be gained by placing sen-
sors in the ground immediately ahead of an advancing flow to gather
data on the initial stage of cooling.

While the limitations of our dataset also limit our conclusions at this
time, numerical modeling of the subsurface flow of water under the
2014-2015 Holuhraun flow field will likely reveal additional insights.
Our data and the observations of Bonnefoy et al. (2019) provide con-
straints on the water flow and heating and their temporal variation,
which can be used to constrain such modeling. Important features to re-
produce include the timescale and temperatures of the late-stage
cooling of the hydrothermal system, strong correlation in the depth var-
iations of springs and pools, and evidence for weak diurnal variations in
their outflow.
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Appendix A. Methods for sensor installation

This appendix expands on the best-practice methods that we deter-
mined for pressure/temperature sensor installation for the reference of
others who may attempt similar studies. The measurement methods
that we developed between 2015 and 2018 should allow rapid deploy-
ment of a useful low-cost sensor network that provides reliable moni-
toring of future fluvio-volcanic interactions or other events where
similar data are desired, even in remote and sensitive locations.

The most significant challenge was the dynamic and vigorous nature
of the hydrologic system. In quiet locations where the water flow was
entirely sourced from groundwater, we found it sufficient to suspend
sensors from a metal cable wrapped around protrusions (Fig. S2). In lo-
cations with more active flow and sedimentation, we constructed hous-
ings with 5 cm diameter PVC pipe to provide mechanical protection
(Figs. S3, S4). This diameter left open space around the sensor, allowing
the water level to adjust easily. Sensors were suspended from a cap at
the top of the pipe, and the base remained open. To ensure that water
could freely circulate in and out of the pipe and therefore accurately re-
flect the exterior water depth, short slits were cut in the side of the pipe
at intervals. This effectively created a stilling well, necessary for accurate
measurement of the water level in a fluvial setting. A hole was drilled in
the cap in order to ensure that trapped air would not cause the pipe to
become buoyant or interfere with the water depth measurement.

The pipes were cut in the field to a length appropriate to the partic-
ular site (0.5-1 m) and secured to outcrops with metal cable or wedged
among rocks large enough to hold the apparatus in place (Fig. S4), de-
pending on the setting. The latter approach was used in locations sub-
ject to high flow capable of displacing the pipe, as the large blocks
were not subject to fluvial transport, and the pipes were also secured
with loose fragments of cobble-sized lava. They were installed near ver-
tically but precise vertical alignment was not necessary as this has no ef-
fect on the measurement of the water column pressure. These methods
were visually unobtrusive and resulted in no damage to the environ-
ment after the sensors were removed.

One pernicious issue that we were unable to address was sedimen-
tation in lacustrine settings. After discovering this issue when retrieving
sensors in 2018, we considered designs with filters of thin mesh over
the perforations in the pipe that could exclude silt-sized and larger
particles but did not have the opportunity to deploy or test such an in-
stallation. As such, we do not have a demonstrated design that can con-
tinue to reliably measure water levels after being buried by sediment. It
should be noted that while the lake sensor was buried by material that
was mostly sand, the infill within the housing was densely packed silty
mud, so it is necessary to exclude the finest suspended sediment with-
out blocking water flow. The buried sensor returned to normal function-
ality after it was removed from the sediment-packed housing. In the
future, the best mitigation for this challenge may be selecting sites
that are not dead-end or backwater locations where deposition is likely.

In locations subject to active sedimentation or other rapid geomor-
phic change, photo documentation of the sensor location is necessary.
Without such documentation readily available in the field, it would
not have been possible to locate and recover the lake sensor in 2018
after burial.

Sensors rated for marine settings were appropriate for the condi-
tions, and PVC pipes did not suffer appreciable degradation over the
course of a year in this cool hydrothermal setting. Labels were
waterproofed and affixed to sensors with packing tape and remained at-
tached and undamaged. However, the sensors were suspended from
outcrops or within housings using wire cable, which proved vulnerable
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to corrosion. For sensors deployed in 2016 we initially used a thin cable,
but this rusted through in several instances and resulted in the loss of
one of the sensors. The housing of the Side Pool sensor lost in the winter
of 2016-2017 remained in place, and the PVC pipe was likely displaced
at high water after the cable had broken, allowing the sensor to slip out
of the bottom of the housing and onto the streambed, where it was bur-
ied or carried downstream. A thicker, stainless steel cable with a flexible
plastic coating (3 mm exterior diameter) proved much more robust and
was in fair condition after one year of deployment, although it showed
some signs of corrosion.

The simple weather sensors that we used were placed in sheltered
locations and survived through the year. The weather sensor for
2016-2017 failed to collect valid pressure data and suffered from
clock drift but it appears to have been inaccurate from the beginning
of data collection rather than as a result of field conditions.

We did not encounter any issues with humans or animals tampering
with or disturbing our sensors, although 1-cm step changes in water
depth in the Toe Spring data were possibly caused by human activity.
Although the remote setting of Holuhraun helped in this regard, the
small size of the devices used made them easy to conceal from any ca-
sual observer.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2020.107100.
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