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ABSTRACT

‘We provide the first detailed documentation of a lava tube cave with permanent ice on
the Hawaiian Islands. “Mauna Loa Icecave” had been surveyed in 1978; we periodically
visited the cave and monitored temperature, humidity, and ice levels from 2011 to 2014.
Perennial ice still blocks the lava tube at the terminal end, but a previously present large
ice floor (estimated 260 m?) has disappeared. A secondary mineral deposited on the cave
walls is interpreted as the result of past sustained ice levels. Airflow measurements, scallop
patterns in the ice, strong temperature and humidity variations, and ice volume fluctua-
tions indicate ventilation of the cave, which suggests that additional ice loss could occur
rapidly. The scientific potential of the ice record remains to be explored, before it is lost.

INTRODUCTION

Less impressive than the huge polar caps and
glaciers and less visible than the vast ice masses
above ground, the more concealed subsurface ice
can be an archive for past climate conditions. Cave
ice can contain well-conserved air and sediments
with plant and animal matter, so it holds informa-
tion on past environmental conditions. It is well
known from the analysis of ice cores and pollen
(Feurdean et al., 2011), that the ice in some caves is
several thousand years old, has outlasted several cli-
mate optima, and 1s not a remnant of the Little Ice
Age (Silvestru, 1999). Besides the visible biomass
(e.g., leaf, pollen) inside the ice, the geochemistry
and the water isotopes provide information about
precipitation, meltwater, and karst water composi-
tion for each year that formed ice in the cave (Kern
et al., 2010, 2011). Recently, many cave ice bodies
worldwide have experienced significant mass loss
(Kern and Persoiu, 2013).

The Mauna Loa shield volcano (19°N, 156°W),
one of two summits over 4000 m a.s.l. on the Is-
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land of Hawaii, has a high density of lava tubes. The
Hawaiian chain, the most isolated islands on earth
with the highest summits in the North Pacific, is
located in the northern tropics, and air tempera-
tures inside lava tubes near sea level are well above
20 °C. At high elevations, the climate 1s alpine in
character and snowfall and freezing temperature
are possible any time of the year. Heavy storms
occasionally bring snow to the tallest summits of
Hawaii, but at elevations below 3350 m any snow
vanishes quickly (Blumenstock and Price, 1994).
Mean annual temperatures are well above freez-
ing, even on the summit (Da Silva, 2006). At the
Mauna Loa Observatory (3397 m), which is close
to our study site, the average annual mean and di-
urnal max/min are +7, +11, and +4 °C, respec-
tively (Da Silva, 2012). Many of the high altitude
lava tubes on Mauna Loa have icy floors during
winter months or seasonal icicles (Jack Lockwood,
personal communication), but perennial ice has
rarely ever been reported in Hawaii (Pflitsch et
al., 2012). Patches of buried permafrost were once
documented near the summit of the other tall vol-
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cano on the island, Mauna Kea (Woodcock et al.,
1970; Woodcock, 1974).

In a comprehensive literature survey, Turri et al.
(2009) have evaluated historical sources, including
English, Italian, and Russian literature, and com-
piled the geographic distribution of ice caves in
Europe and Asia. For the United States, ice cave
locations have been compiled by Merriam (1950)
and Halliday (1954). There are also theoretical ap-
proaches on the geographic distribution of ice
caves (Mavlyudov, 2008) and studies based on his-
torical data (Mavlyudov, 2010). In none of this lit-
erature do we find any mention of ice caves on the
Hawaiian Islands. For many parts of the world, the
publications of caving clubs and associations as well
as of speleology meetings and conferences hold
additional information on ice cave locations. In
these, Kempe (1979) and Kempe and Ketz-Kempe
(1979a, 1979b) briefly describe a lava tube cave on
Mauna Loa with perennial ice.

We have visited and surveyed the “Mauna Loa
Icecave” on the north flank of Mauna Loa from
2011 to 2014, and here we present our first results,
emphasizing changes in the ice volume. The cave
is located at ~3600 m elevation, still ~600 m be-
low the summit. The lava flow that contains the ice
is 750—-1500 yr old (U.S. Geological Survey, 1996),

which places a maximum age on the ice.

THE Ice DEepPosIiTS OF MAUNA Loa
IceEcavE: THEN AND NOw

Mauna Loa Icecave has been known since at least
1978 (Kempe and Ketz-Kempe, 1979a). A map was
published by Kempe (1979), and reprinted in Hal-
liday (1991), based on a visit in August 1978. The
lava tube is over 200 m long and slopes downhill.
The map shows large areas of ground ice from the
middle of the cave to its end. Based on the map, the
contiguous ice-covered area was about 260 m?, as
determined by drawing the mapped area onto grid-
ded paper.The known end of the cave was blocked
by an ice plug (Fig. 1). The Kempe team found a
contiguous, walkable ice floor, which they called
“Skating Rink.” Figure 2, part a, shows a photo-
graph from 1978 with the ice floor.

We located and visited this cave in November
2011 and semiannually thereafter, until April 2014,
and found that ice is still present year-round. But a

comparison with the 33-year-old cave map reveals
that a significant volume of ice has been lost (Figs. 1
and 2). Except the ice plug, all of the former known
ice blocks are gone. The “Skating Rink” segment
has entirely disappeared, leaving only sporadic spots
of ice, a few centimeters thick, on the ground. Fig-
ure 2 compares the photograph from 1978, of an
area of the cave once covered by ice, with one from
2014 from nearly the same point of view. Today the
floor of the lava cave is exposed, with a few small
wet or icy spots in cracks in the middle of the room.
More ice (patches up to 0.3 m in diameter and up
to 0.1 m thick) appears seasonally along the walls.
Two alcoves, respectively 0.7 and 1.1 m high and
4.5 and 5.5 m deep, which were previously sub-
merged in the ice, have appeared in the “Party Hall”
(Fig. 1). Both still have ice-covered floors. In sum-
mer, the lower alcove has meltwater, up to 0.1 m
deep, over a thin ice layer. The upper alcove never
had any meltwater on the ice and the ice is at some
parts at least 0.5 m thick (Fig. 3), based on the pen-
etration depth of the laser distometer. In the small
room between the Party Hall and the ice-filled si-
phon (pit) are a few spots as well, which are be-
tween 0.1 and 1.0 m in diameter and filled with
water (summer) or ice (winter) up to 0.2 m deep.
The ice that blocks the lava tube is at about
the same level as on the map from 1978. Debris
particles are seen on the ice surface (Fig. 4), and
dust-sized evaporite deposits (probably cryogenic)
are often uniformly scattered over the ice surface.
Embedded in the ice are millimeter-sized air bub-
bles. The length of the ice block from the begin-
ning to where it narrowed to the ceiling until we
could no longer pass was 5.4 m. From there to the
next wall reached with the laser distometer, it was
4.2 m. During the last visit in April 2014, the pas-
sage was open for the first time and we could crawl
through and confirmed the previously measured
length of 9.6 m.The maximum width in the pas-
sage is 2.25 m. The depth of the ice is unknown,
but is at least 0.5 m, based on the penetration depth
of the laser distometer. During the first visit in No-
vember 2011, the ice near the walls at the begin-
ning of the block had a few scallops, which is often
a sign of ablation by air flow or melting (Benn and
Gulley, 2006). They changed in depth, width, and
shape at each following visit. At the second visit
in April 2012, the scallops on the right side had
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Figure 2. View of the Skating Rink in 1978 (credit:
Stephan Kempe), when the ground was entirely
covered with ice, and in April 2014 from almost the
same position. One can see the rocky ground without
any ice. The symbols are put in for easy comparison
between the two photographs.

almost completely disappeared, while the ones on
the left side had deepened (Fig. 4). In November
2012 and April 2013, the right side showed them
again, and in November 2013, they were filled with
ice or with water covered by a thin ice layer, which
was frozen completely in April 2014. Because the
scallops were completely dry first and were com-
pletely filled with water later on, they must have
formed by air flow and invaded by meltwater later
in the warm season. Due to the topography, the
development of the scallops by flowing water is not
possible. The meltwater during the summer melt-
ing fills the scallops and refreezes in early winter.
Moreover, this small passage is the only place in the
cave where we detected an airflow during all visits
(as described at the end of the next section).

The surface temperature of the ice ranges from
—0.6 to —0.0 °C over time and surface location,
which demonstrates that the ice is only marginally
frozen. (Surface temperature was measured with a

precision ribbon surface probe from ThermoW-
orks, THS-103-030, nominal accuracy £0.5 °C; the
temperature of liquid water above ice was measured
as +0.1 °C, which serves as validation of the meas-
urements, as this water must have been very near
the freezing point.)

Precipitation in this exceptionally dry region
on Mauna Loa (45 ¢cm yr') is primarily by rain
and secondarily by snowfall (9 cm yr') (Western
Regional Climate Center, 2015). Water percolates
through the cave ceiling and forms small seasonal
ice stalactites and stalagmites. These melt after win-
ter, at the latest, or during short warming periods.
This trickle supplies a slow intermittent flow along
the cave floor; the occasional icefall at the terminal
pit is evidence of this episodic supply of water to
the terminal ice plug. The ice level changes at the
ice plug are small even compared to the 1978 map,
so that this ice may be a fossil relic. In some years, a
coat of fresh ice may cover the ice plug.

MAUNA LoA Icecave Is A
Dynamic CAVE

In November 2011, it appeared the ice cave was
of ““ice cellar” type, because the lava tube led down-
ward from a single entrance and was blocked by
ice. But in April 2012, we noticed an airflow at the
distal end of the cave. The airflow, combined with
the scallop patterns in the ground ice, suggest the
air continues through cracks and spaces impene-
trable to humans. In April 2014, the scallops were
deep enough for us to crawl to the end of the cave,
where large cracks are visible on the wall and a
strong airflow came through the cracks.

The air passage may be larger now than in the
past. The cave ice may have blocked the cave pas-
sage in the past and during our first visit, but not
during the second, so that the cave climate might be
changing either seasonally or secularly. Long-time
observations are needed to distinguish between
these two possibilities. In any case, the remaining
ice block is very dynamic and changing.

These conclusions are consistent with measure-
ments of the air temperature and humidity in front
of the ice block. Figure 5 shows large fluctuations
of the air temperature over short periods and at all
seasons, which are not typical for a stable situation
in an ice cellar—type cave. There is no strong cool-
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Figure 3.

(a) View into the upper alcove, with an ~1.8-m-
wide and 0.6-m-high entrance. Inside is ice on the ground
and there are seasonal icicles, but there is no ice in front of
the alcove. (b) View into the lower alcove, with an ~2-m-
wide and 0.7-m-high entrance and an ice floor.

ing-down season with invasion of cold air and no
stable season with a slow warming without strong
temperature fluctuations, which are typical for sta-
ble ice cellar—type caves (Meyer et al., 2014). Al-
though a yearly cycle is clearly discernible in the air
temperature evolution, with warmer summer and
cooler winter temperatures near the ice block, the
air temperature can rise above freezing any time
of the year and it can fall below freezing even in
summer.

Two air temperature sensors (GeoPrecision
M-Log5W, PT1000 and HOBO U23-002) were
placed ~10 c¢cm above the ice; they provided con-
sistent measurements. The temperature average was
0.16 °C (median: 0.11 °C, min: —1.7 °C, max: 2.6
°C) for the two-year period 20 November 2011 to
20 November 2013, and only 37% of the time was
below freezing (Fig. 5). This explains the repeated
melting of the ice.

The relative humidity also shows large fluctua-
tions throughout the year, which again is typical for

a dynamic cave climate (Fig. 6). In closed limestone
caves, the relative humidity near free water surfaces
1s usually nearly constant and close to the saturation
point (Badino, 2010). But the relative humidity at
the end of Mauna Loa Icecave shows only short in-
tervals above 90% and dry extremes down to 20%.
The annual mean for 2012 was 65%. Altogether,
this is a clear hallmark for a dynamic cave system
with significant air exchange.

To quantify the airflow at the known end of the
cave and to corroborate the theory of a dynamic
cave, we measured the air velocity over a period
of several days at the beginning of the ice block.
We carried two motorcycle batteries to power the
ultrasonic anemometer (three-axis, Vaisala, Wet-
tertransmitter WXT 510), which lasted 3.5 days.
The raw data with a sampling interval of 10 s were
smoothed by averaging over 1-min intervals. The
measurements shown in Figure 7 reveal an outflow
from the passage over the ice block out of the cave.
The flow velocity in the 1 min average was up to
2.08 m s'. The unsmoothed data showed a maxi-
mum of 2.5 m s, an average of 0.99 m s! and a
standard deviation of 0.56 m s'. These very high
fluctuations of the air velocity are apparent in Fig-
ure 7. These measurements, although short, clearly
demonstrate that air enters the cave mostly through
the cracks inside the walls of the last chamber at
the end of the ice block. The relatively strong air
flow and the variability of the air current at the
last few meters of the cave are clear evidence for its
dynamic character.

MINERAL DEPOSITS

A few almost continuous white lineations go
along both sides of the Party Hall, approximately
around where the Skating Rink used to be. The
white mineral deposit shows a strong contrast with
the darker background of the lava tube, especial-
ly at the lower end of the Party Hall (Fig. 8, parts
a—d). We counted up to seven clearly identifiable
levels and additional ambiguous levels, although
most of them cannot be traced over long distances.
The highest weakly visible line is about 1.2 m and
the highest clearly visible one is 0.87 m above the
ground. These almost continuous white linings may
indicate a previous sustained ice level. The white
lineations are tilted with the lava tube, which in-
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Figure 4. (a—c) View of the
ice block at the terminal end
of the cave at various times.
(d—g) Close-up view of the
scallops on the sides of the
ice block. (a and e) Deep
scallops on the left side in
April 2012; (b) scallops
deepened on the right side
between November 2011
(not shown) and April 2012;
(f) water filled and slightly
over frozen scallops on the
left in November 2013; (c
and g) refilled and fully
frozen scallops in April 2014.

Figure 5. Air temperature above the
ice block from 21 November 2011 to 24
November 2013 measured with a data logger
(GeoPrecision M-Log5W, sensor type PT1000,
accuracy of 0.1 °C at 0 °C), and with data
stored every 10 min.
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Figure 6. Relative humidity (gray) and air temperature (blue) above the ice block from 21 November 2011 to
20 April 2014. Diamond symbols indicate the days of cave visits (20 November 2011; 21 April and 10 November
2012; 31 March and 24 November 2013; and 19 April 2014).Variables were measured with a HOBO U23-002 data
logger with a nominal accuracy of 0.2 °C; average values were stored in 30 min intervals. The air temperature was
also measured with another data logger from GeoPrecision (M-Log5W), with sensor type PT1000 (green line).

dicates that these levels correspond to a tilted ice
surface rather than ponded water. We interpret
the white material as a secondary mineral deposit
(White, 2010). The water may contain dissolved
ions extracted from the lava, and when it freezes,
the ions precipitate.

The volume of the ice that once reached to the
most pronounced of these levels is estimated using
depth measurements along six transects. The aver-
age depth is ~0.50 m; combined with the afore-
mentioned area of the ice floor, this corresponds to
an estimated volume of 130 m’. The map (Fig. 1)
and the photograph of 1978 (Fig. 2) provide a con-
straint on the depth of the ice at the time. Based on
the photo, the ice level in 1978 was slightly lower
than the main white line, and the extent of the ice
in the map was slightly smaller than indicated by

the main white line. Hence, most but not all of the
130 m’ of ice was lost since 1978.

The same kind of lines, but thinner, is visible in
the terminal pit and indicates a stepwise retreat of
the ice there as well. Based on these deposits, the
entire pit and most of the upper tube parallel to the
lower ice block (Fig. 9) were once filled with ice.
We could identity that the first line directly above
the ice block in the siphon represents a previous
level of the meltwater above the ice between two
visits (Fig. 10).

DiscussioN

The retreat of ice observed in Mauna Loa Ice-
cave is consistent with the trend reported by Kern
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Figure 8. (a) Lower end of Party Hall, where the cave is about 7 m wide. A white mineral deposit covers the
lower walls on both sides of the cave, and most of the floor. Blue markers are added to the image to highlight its
boundary. The seasonal icicle at the center is 2 m high and was only seen during our visit in April 2014. The red
tape is a temporary survey marker. (b) Mineral deposits on the wall of the Party Hall. Various levels are marked
yellow. (c) The white deposit forms a stark contrast with the dark lava tube at the lower left (west) end of the
Party Hall and continues beyond the Party Hall farther into the cave. (d) A mosaic of images of the mineral
deposit on the right (east) side of the lower end of the Party Hall.
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and Persoiu (2013). They have evaluated the litera-
ture and data for caves in the northern hemisphere
and found a trend of decreasing ice levels.

The temperature at the nearby Mauna Loa Ob-
servatory shows a trend of increasing temperature

between 1977 and 2006 (Malamud et al., 2011).

The rising temperatures suggest the ice retreat in
the Mauna Loa Icecave may be due to climate
warming. On the other hand, there has also been

_ Grain Size goaye

Apr 19,2014

Figure 10. A faint straight line of mineral deposit
(arrow) is discernible on a scale that was placed in a
scallop on the right wall at the ice block in November
2013. The photo was taken in April 2014, and the
white line must have formed at a water level from the
intervening time period. The bottom 0.5 cm of the
scale is frozen in ice, and the faint white line is about
1 cm above that.

Figure 9. Upper and lower
passage at the distal end of
the cave. The lower passage
is filled with old ice. The
upper passage has a mineral
deposit with discrete levels,
evidence of a past ice level.

a trend of decreasing rainfall since the cave was
described in 1978 (Diaz and Giambelluca, 2012).
And beginning in 2008, the island experienced a
drought. Less precipitation may mean not all of
the ice that was lost was replenished; dynamic cave
weather could have caused a significant ice loss by
sublimation alone.

A question of concern is whether Mauna Loa
Icecave will continue to lose ice. Climate warming
at high elevations in Hawaii is estimated at 0.27 K
decade™ since the mid-1970s (Giambelluca et al.,
2008) and at the nearby Mauna Loa Observatory
it was 0.21 K decade™ (Malamud et al., 2011). At
this point we cannot determine whether the fluc-
tuations in the ice level at the terminal end of the
cave and the frequent melting represent short-term
variations or whether they indicate the beginning
of a systematic retreat. However, ventilation of the
cave means that ice loss can potentially occur rap-
idly. Ice could be lost from the cave in three ways:
melting and subsequent evaporation, melting and
subsequent run-oft, or by sublimation alone. Any of
these modes would be accelerated by the dynamic
character of the cave climate. On the other hand,
growing ice could stop the ventilation by blocking
the ventilation channel and would change the cave
climate back to a more static environment. This
can accelerate the growth of ice at least in some
parts. We have also observed these processes of rapid
changes in the climatology of a cave with a strong
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effect on the cave ice by opening or closing of pas-
sages in the Fossil Mountain Cave (Wyoming) and
in the Schellenberger Eishohle (Germany). In both
cases, a strong positive feedback exists.

There are numerous differences between basalt
caves and carbonate caves, and some potentially have
an impact on ice formation. Intact open lava caves
often have only a thin ceiling and do not reach to
great depth, while karst caves often reach deep un-
derground. The incline of long lava tubes 1s small
overall, and deep ducts as well as large halls are rare.
Karst caves have more vertical ducts and larger rooms.
These factors affect the inversion between cold air in
the cave and warmer air outside. The thin ceiling of
lava tubes is often very porous and thus extremely
permeable to water, so that rainwater enters the cave
neither delayed nor damped. In any case, there exist
mighty ice bodies even in lava caves, whose condi-
tions have been insufficiently investigated and there
is a significant need for additional studies.

Ice-filled lava tubes on Mauna Loa illustrate that
cave ice can be found in extreme geographic isola-
tion, and in geologic environments similar to those
of Mars, where many lava tubes have been observed
(Cushing et al., 2007; Leveille and Datta, 2010; Wil-
liams et al., 2010). Moreover, the high altitude lava
tubes on Mauna Loa are situated in a stone desert,
an environment poor in organic carbon (the food
source of heterotrophs), and they are potentially in-
teresting for the microbial communities that colo-
nize and inhabit these dark biospheres (Northup
and Lavoie, 2001).

CONCLUSIONS

We provide the first detailed documentation and
monitoring of a lava tube cave with permanent ice
on the Hawaiian Islands. Mauna Loa Icecave still
contains a perennial ice deposit at its distal end,
but a comparison with a map based on a visit in
the summer of 1978 reveals that a massive ice floor
(~260 m?) at the middle of the cave has disappeared.

Several almost continuous white linings are dis-
cernible around where the massive ice floor used to
be. This secondary mineral deposited on the cave
walls may indicate previous sustained ice levels and
is further evidence for significant ice loss.

Airflow measurements, scallop patterns in the
ice, and relatively strong temperature and humidity

variations indicate that air flows through the cracks
at the reachable end of the lava tube. The cave ice
may intermittently block the air passage, so that the
microclimate is changing stochastically, seasonally,
or gradually. In any case, ventilation of the cave im-
plies that additional ice loss can potentially occur
rapidly.
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