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[1] Cryoconite holes in the McMurdo Dry Valleys are ice-lidded, thus isolating the pools
of water from the atmosphere and from potential surface melt. Hourly measurements of ice
and water temperature and water electrical conductivity (EC) were recorded to broadly
characterize the physical and chemical changes on daily to seasonal timescales. Overall,
subsurface ice/water temperatures were typically several degrees warmer than air
temperatures, underscoring the importance of subsurface solar heating. At no time was
surface melt observed and the holes melted from within. Detailed differences in the timing
and magnitude of both temperature and EC variations during melt-out and freezeup
existed between holes despite short separation distances (<1 m). We attribute these
differences to small-scale changes in the optical characteristics of the ice and perhaps
different efficiencies in hydrologic connections between holes. The holes melt-deepened
quickly in the first half of the summer before slowing to a rate equal to the rate of surface
ablation that kept hole depth constant for the remainder of the season. The relatively
constant EC of the hole waters during midsummer indicates that these holes were
connected to a subsurface water system that flushed the holes with fresher meltwater. The
early and late season ECs are dominated by freeze-thaw effects that concentrate/dilute
the solutes. We speculate that high solute concentrations imply high nutrient
concentrations in early summer that may help alleviate potential stresses caused by the

production of new biomass after the winter freeze.
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1. Introduction

[2] Cryoconite holes are vertical cylindrical melt holes in
a glaciers surface, which have a thin layer of sediment at the
bottom and are filled with water. The Swedish explorer, A.
E. Nordenskjold, first named these melt holes during his
1870 Greenland expedition: “cryo” meaning ice and “con-
ite” meaning dust [Leslie, 1879]. Cryoconite holes are
common to the ablation zone of glaciers worldwide, includ-
ing the Arctic [Sdwstrom et al., 2002; Stibal et al., 2006;
Von Drygalski, 1897], the midlatitudes [Margesin et al.,
2002; McIntyre, 1984; Wharton and Vinyard, 1983], and the
Antarctic [Mueller, 2001; Wharton et al., 1985]. On most
glaciers, particularly those in temperate zones, the holes
form water-filled pools, with typical horizontal and vertical
dimensions of ~10 ¢cm, and maximum dimensions <1 m. In
the McMurdo Dry Valleys of Antarctica, cryoconite holes
are ice-covered owing to the energy balance conditions on
the glacier surface which are unfavorable for surface melt
and promote subsurface heating [Fountain et al., 2004].
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[3] Inrecent years, cryoconite holes have gained attention
because they host microbial communities whose activities
can alter the chemistry of surface runoff [Fortner et al.,
2005; Hodson et al., 2005] and may be an analogue for
similar refugia on icy planets [Nisbet and Sleep, 2001;
Vincent and Howard-Williams, 2000] or on Earth during
its hypothesized global glaciation (“Snowball Earth’”) 600—
800 million years ago [Hoffman et al., 1998]. Despite this
increased attention, little is known about the temporal
evolution of the holes including their physical character-
istics, chemistry, or biology. The purpose of this paper is to
summarize our direct measurements of temporal variations
in hole temperatures and depth, and to broadly infer
biogeochemical processes from in situ measurements of
electrical conductivity (EC) of the hole waters. We specif-
ically test the equilibrium depth hypothesis of a cryoconite
hole [Wharton et al., 1985]. The melt-deepening of a
cryoconite hole slows with depth owing to decreased solar
heating of the cryoconite with depth. Eventually, hole depth
reaches an equilibrium value where the rate of melt-deep-
ening equals surface ablation of the glacier.

2. Site Description and Previous Work

[4] Taylor Valley, one of the McMurdo Dry Valleys,
Antarctica, is located on the Ross Sea coast of Southern
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Victoria Land, Antarctica, at ~77.5°S and ~163°W
(Figure 1). The valley is a polar desert, a barren landscape
dominated by a gravely, sandy soil with enclosed, perenni-
ally ice-covered, lakes. Polar alpine glaciers descend from
the surrounding mountains (1000—2000 m) and the larger
glaciers reach the valley bottom where they abruptly termi-
nate in cliffs about 20 m high [Chinn, 1985; Fountain et al.,
2006, 1998]. Ephemeral streams flow from the glaciers to
the lakes for no more than ten weeks during the austral
summer [McKnight et al., 1999]. Average annual air tem-
peratures on the valley floors vary from —15° to —30°C
with summer temperatures close to freezing [Doran et al.,
2002]. Annual precipitation (snow) in the valley bottom
averages about 6 cm water equivalent [Bromley, 1985; T. H.
Nylen, unpublished data, 2006]. However, the snow largely
sublimates before making a hydrologic contribution to the
streams or lakes and glacier meltwater is the primary source
to the streams and lakes [Chinn, 1981].

[5] Our study site is located on Canada Glacier, the
second largest alpine glacier in Taylor Valley. The glacier
starts at about 1600 m elevation and reaches the valley floor,
50 m elevation, where it forms a large lobe almost 4 km
across. The lobe is the ice-covered ablation zone, or that low
elevation part of the glacier where more glacier mass is lost
via ablation (melting, sublimation, calving) than is gained
through snow accumulation. The average ablation rate in
the ablation zone is ~10 cm a ' and winter (February—
October) ablation, via sublimation, is roughly equal to
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Map of Taylor Valley. The black shapes are the perennially ice-covered lakes, except for the
upper right—most shape which is the Ross Sea. The grey shapes are the glaciers. The site location is
indicated by the cross mark on the vertical aerial photograph.

summer (November—January), which is composed of sub-
limation and melt [Fountain et al., 2006]. Unlike glaciers in
more temperate regions, the ablation zones of the dry valley
glaciers typically do not accumulate snow in winter
[Fountain et al., 1998].

[6] Cryoconite holes in the Dry Valleys were first ob-
served by Scott’s expedition [Zaylor, 1916; Wright and
Priestly, 1922]. Cryoconite holes found in more temperate
regions are subaerial pools of water that freely exchange
gases with the atmosphere and exchange water with surface
melt, whereas cryoconite holes in the Dry Valleys have ice-
lids ~20 cm thick isolating them from the atmosphere
[Fountain et al., 2004]. Surface energy balance conditions
suppress surface melt due to the advection of cold winds
[Lewis et al., 1995]. However, the transmission of solar
radiation (radiant energy) into the ice and the relatively slow
heat conduction to colder ice at depth or at the surface
results in a solid-state greenhouse condition causing internal
melt [Brandt and Warren, 1993; Liston et al., 1999].
Modeling and observations have shown that the internal
melt is probably quite small owing to scattering in the ice,
except where sediment is present or the ice is particularly
clear (J. Ebnet, unpublished data, 2006). Subsurface sedi-
ment absorbs the transmitted solar radiation and expands the
range of environmental conditions favorable to internal
melt. Formation of cryoconite holes in these conditions
results from patches of sediment blown on to the glacier
surface, which subsequently melt into the ice followed by
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Figure 2. Schematic of a cryoconite hole in the McMurdo
Dry Valleys with the two experimental arrangements:
(a) electrical conductivity and temperature probes frozen
in the ice prior to internal melt out of the hole, Eulerian
arrangement; and (b) probes attached to a mast that rides on
the sediment, Lagrangian arrangement. The diagram is not
to scale, but the hole diameter depicted is about 10 cm. The
cryoconite thickness is expanded for visibility in the
illustration. The horizontal lines off the vertical wire/mast
represent the probes.

surface refreezing. Once in the ice, the solar-heated sedi-
ment melts the surrounding ice forming a subsurface pool of
water maintained through the solid-state greenhouse
[Fountain et al., 2004]. In this state, the cryoconite hole is
entombed, freezing and melting beneath the glacier surface
for years. However, many cryoconite holes appear to be
hydrologically connected to a subsurface system of drainage
passages that pipe fresh water though the holes [Fountain et
al., 2004]. Other holes appear to be hydraulically isolated,
some for a decade, and under these conditions they develop
unusual geochemistries [7ranter et al., 2004].

[7] The aeolian transport of sediment from the valley
floor also includes biota [Nkem et al., 2006] that inoculate
the cryoconite holes. A subset of the biota survives the
freeze-thaw cycles and form entombed ecosystems within
the holes. A census of microbial organisms in the cry-
oconite holes of the Dry Valleys includes algae and
cyanobacteria [Mueller, 2001; Wharton et al., 1985,
1981], as well as rotifers and tardigrades [Porazinska et
al., 2004]. In a phylogenetic survey of a single cryoconite
hole, [Christner et al., 2003] identified the members of
eight bacterial lineages, cyanobacteria, ciliates, green al-
gae, truffles and invertebrates, including nematodes and
tardigrades. No study has yet examined the entire foodweb
within a cryoconite hole from either a microscopic or a
phylogenetic perspective. However, studies of metabolic
activity and nutrient analyses suggest active microbial
ecosystems exist in the holes [Foreman et al., 2007].
Tranter et al. [2004] hypothesize that photosynthesis,
presumably by the green algae and cyanobacteria, uses
and recycles nutrients scavenged from the inorganic and
organic sediments in the hole, as well as from the melted
glacier ice. Photosynthesis and hydrolysis of carbonates
during the spring thaw can increase the pH to ~10.5,
saturate the water with O, (160%) and CaCOs;, and
decrease pCO,. Thus in these poorly pH-buffered closed
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systems, there might be negative feedback between pho-
tosynthesis and the high pH/low pCO,, which limits
further photosynthesis. Additionally, there may be limita-
tions on new carbon and nutrient sources. The high pH
and relatively high concentrations of solute in some of the
holes increase the electrical conductivity to relatively high
values of ~10% uS cm™ ' [Tranter et al., 2004]. In general,
waters with high conductivity also have high pH.

[8] Although we can broadly outline the physical, chem-
ical, and biological processes that occur within the holes,
our specific knowledge of the temporal processes is quite
limited. We therefore designed a simple experiment to test
some of these notions by tracking temperatures and electri-
cal conductivity in the sediment and in the water above the
sediment in several cryoconite holes. The electrical conduc-
tivity (EC) is an inexpensive and reliable measurement for
long unattended monitoring of water quality. These initial
experiments set the stage for future, more sophisticated,
efforts. Ultimately we would prefer to track specific bio-
geochemical processes via changing water chemistries (e.g.,
0O,, pH), but such probes are not sufficiently robust at
present to survive freeze-thaw cycles and long unattended
field operation in Antarctica. We believe that time series of
EC and temperature variations will provide new insight into
the dynamic nature of cryoconite holes over and above
those gained from spot sampling of a range of different
holes. Hence the goal of this paper is to explore the use of
monitoring EC and temperature for determining the chem-
ical and physical dynamics of cryoconite holes.

3. Methods

[v] A site was selected on Canada Glacier for its prox-
imity to our camp. Our first experiment, during the austral
season of 2003—-2004, monitored six cryoconite holes all
located within a 5 m radius. Prior to spring melting, each
hole was drilled to the sediment layer using a 1 cm diameter
drill bit, probes inserted, and frozen into place using glacier
ice melt. Four holes had one pair of temperature and EC
probes in the sediment and two holes had two pair of
probes, one pair in the sediment and one about 5 cm above
the sediment. As the holes melted from within and deep-
ened, the probes stayed in fixed position, providing a fixed
frame of reference (Eulerian). Our second experiments
during the 2005-2006 season monitored seven cryoconite
holes with 2 sets of probes in each hole. We used a
Lagrangian approach, where the probes deepened with time
as the sediment layer deepened into the ice, but stayed fixed
relative to the sediment. The probes were attached to a
bicycle spoke that provided a stiff mast for the probes and
wire. To prevent the probe from preferentially melting into
the ice relative to the sediment, a small pad of sediment was
cemented to the end of the spoke. At the bottom of the
spoke a thermistor measured sediment temperature. At 5 cm
above the sediment, EC and water temperature were mea-
sured. During periodic visits we measured spoke depth and
assessed whether the spoke was indeed resting on the
sediment. Figure 2 shows a schematic of the experimental
arrangements of each season.

[t0] The temperature probes were Fenwall thermistors
(192-502LET-AO01) housed in a 5 mm diameter tube filled
with silicone adhesive to provide water proofing. The
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thermistors were powered using a 279 mV and a 5 K ohm
precision reference resistor. The temperature values were
calculated from the manufacturers’ calibration data and cross
compared using an ice bath. The EC probes were manufac-
tured from stainless steel wire also set in the silicone-filled
tubes with a separation gap of 4—5 mm and calibrated at 0°C
using standard solutions of KCI of known electrical conduc-
tivity at 25°C. Therefore the EC values reported are stan-
dardized to 25°C. Measured water temperatures are close to
0°C, rarely exceeding 1°C, and the small correction, 0.0187
°C~! [Hayashi, 2004], is insignificant. The EC probes were
measured using an AC half-bridge and a 50 K ohm precision
reference resistor.

[11] We expected our experimental approach to perforate
the ice lid entombing the cryoconite hole. On the basis of
previous experience we anticipated that solar radiation
absorbed by the wire or the spoke will melt the ice
surrounding each forming a small passageway that may
convey gases between the atmosphere and the hole air
space. However, we did not expect the passageway to affect
the heating of the sediment, hole waters, or the rate of hole
deepening. Temperature differences between the water and
surrounding ice are probably small and convective heat
transfer is minimal. In addition, the air-filled head space
above the cryoconite waters acts as a heat insulator com-
pared to the ice walls surrounding the hole on the sides and
bottom.

[12] In addition to probes in the cryoconite holes, during
the 2005—-2006 season we carefully collected grab samples
of the waters from five of the seven holes for EC and
geochemical analysis. The purpose was to characterize the
bulk waters of the hole rather than the near sediment water.
The waters were collected under vacuum using a tube
inserted into the hole via the access passage around the
instrument cable. The collected waters were drained from
the tube into washed 500 mL bottles and rinsed three times
with sample water prior to final collection. Samples were
filtered through 0.4 pm Whatman nucelopore membranes
within 12 hours of collection, and stored at a temperature of
<5°C until analysis. The samples were collected intermit-
tently throughout the summer as we visited the site to check
the data loggers and made other measurements. Local ice
samples where taken to characterize the ice surrounding the
cryoconite holes. A SIPRE corer collected 10cm diameter
samples of glacier ice to the depth of the cryoconite holes
(~40 cm). The ice samples were bagged and melted in the
laboratory, filtered and stored as described above. In addi-
tion, grab samples of approximately 500 mL were collected
from runoff from Canada Glacier prior to contacting the
valley floor. The bottles were also triple-rinsed and the
samples were filtered and stored as described by Tranter et
al. [2004]. We report here only the results from the EC
measurements.

[13] Finally, a meteorological station was erected to
measure wind speed and direction, air temperature and
humidity, and solar radiation. A sonic distance ranger
measured the distance to surface providing a measure of
surface ablation and snow accumulation. These instruments
were mounted one meter above the ice surface. Data from
the meteorological instruments, sonic ranger, and the
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probes in the cryoconite holes were recorded using a solid
state data logger.

4. Results and Analysis

[14] During the two month experiments the ice surface
ablated, the cryoconite holes melted from within, and the
sediment floor of the holes deepened with time as had we
hoped. Occasional snow during the season blanketed the
experimental area. As predicted, the ice surrounding the
wire or spoke melted forming a small passageway. At no
time did the glacier surface melt.

4.1. The 2003-2004 Season: Eulerian Observations

[15] Depth to hole bottom and therefore to sediment
varied between holes from 11 to 30 cm deep. Variations
in EC and water temperature in each hole showed similar
behavior across all six holes. However, specific behavior
and exact timing of warming/cooling and EC variation
differed. Over one day from about noon on 3 December
to noon on 4 December, the sediment in all holes but one
reached 0°C. The order of warming to melting did not
correlate with depth to sediment such that deeper sediment
warmed first or last. The holes with two temperature probes
showed that the sediment depth warmed to the melting point
within a few hours prior to the probe 4—6 cm in the ice
above. The one hole that did not reach the melting point,
Hole 2, was covered with a small patch of snow no more
than 2 cm thick. It finally reached melting point on
31 December. With the return of colder air temperatures
on Dec 14 the holes started to refreeze roughly in reverse
order of melting (last melt to first freeze).

[16] Figure 3 shows the results from Hole 2 with the two
temperature probes and one EC probe. The temperature/EC
paired probe (18 cm deep) was initially in the sediment.
This one was selected over the other hole with paired probes
because the latter were moved at some point during the
season. As mentioned, this hole melted out last because of
the snow patch above it but the record is most complete and
undisturbed. The hole began to warm to melting in late
December when it lost its snow cover and warmer air
temperatures heated the ice. With the onset of melt EC
values jumped to nearly 800 xS cm ™! before dropping, after
several days, to values closer to 100 xS cm™'. The daily
peaks in EC typically occurred in the morning (~1000)
local time compared to the peaks in solar radiation (~1600)
and air temperature (~1800—2000).

[17] While the temperature exhibited steady variations the
EC was quite flashy with a spiky behavior and an overall
trend of decreasing EC with time. Once the hole melted, it
maintained its temperature until about 13 January, a week
after the air temperatures were consistently below freezing,
starting about 4 January. Closer to the sediment, temper-
atures remained above freezing for almost three weeks after
cooling air temperatures. Solar heating of the sediment
(2.5 hour lag, rg = 0.43), thermal mass of the sediment,
and increasing water density with temperature, up to 4°C,
probably interact to keep the near-sediment temperatures
relatively warm. By about 13 January, the seasonal cooling
of the atmosphere and decreasing solar intensity began to
freeze the hole at the top and bottom. EC values were zero,
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Figure 3. Results from one of the cryoconite holes monitored in 2003-2004. The electrical
conductivity and temperature probes were fixed in the ice prior to the onset of melt.

presumably frozen probes, until late afternoon when solar
radiation reached its maximum and ice temperatures rose
above 0°C and the ice around the probes melted for a few
hours before refreezing. The temperature difference be-
tween the upper and lower probes increased as the upper
probe (12 cm) froze into the thickening ice lid. The actual
position of this probe, initially at 12 cm below the surface,
by 13 January was about 8 cm below the surface, owing to
surface ablation. At the lower probe, near the sediment, the
sharp EC excursions and more gentle temperature cycles
probably reflect daily melt/refreeze cycles in a small bulb of
water around the sensor.

[18] From these results we infer that the detailed differ-
ences in temperature and melt onset between holes suggest

local variations in optical properties of the surface and
subsurface ice because atmospheric properties do not vary
substantially across a relatively uniform surface of a few
meters. A striking example is the effect of snow on Hole 2.
The episodes of abrupt decreases in EC to zero probably
reflect melt-freeze cycles around the two short sensing wires
of the probe, although the thermistor housed in a relatively
large thermal mass of epoxy a mm or so away records
temperatures just above freezing. Local thermal effects
seem to exert a major influence on the EC measurements
and the wire probes may act as ice nucleation sites. That EC
is greatest in the morning (~1000) while air temperature
and solar radiation are near their minima probably reflects
maximum daily freezeup. We hypothesize that first ice melt
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Ice surface height, set to zero at the start of the measurements, and the depth of the bottom of

the cryoconite hole with respect to the ice surface. Stated instrument accuracy is 1 cm. Hole bottom is the
average of the seven cryoconite holes, and the error bar is the standard deviation of depth. Note that the
standard deviation increases with time as different holes deepen differently.

has high conductivity due to solutes scavenged from ice
grain boundaries and veins [Harrison and Raymond, 1976].
EC may be further enhanced by the hydrolysis of carbonates
(the first minerals to be precipitated during freeze) and by
photosynthesis of cyanobacteria. The abrupt EC episodes,
exhibited in all holes, although different in magnitude and
time, probably result from rapid melt-freeze cycles in
response to variations in solar radiation. Sustained (days)
background levels reflect heterogeneity in geochemical,
biological, and physical conditions within and around the
holes. Given the potentially large number of biogeochem-
ical interactions, and measurements limited to EC and
temperature, more detailed insight is precluded.

[19] We conjecture the following scenario. The abrupt
increase in EC and temperature on 30—31 December
indicates internal melting of the cryoconite hole. The peak
in EC is due to the initial high solute content of the ice near
the sediment. The slow decrease in EC after its abrupt initial
peak on about 31 December reflects the melt-deepening of
the hole that dilutes the solute concentration. Also, the
sediment deepens in the glacier relative to the probe such
that the probe is higher in the water column and in fresher
water. Starting about 2 January, the rising EC background,
with sustained sediment (now water) temperatures of 0°C,
reflects closed conditions and increased solute content of
the water due to photosynthesis. After 9 January the hole
became connected to the subsurface water system that
flushed the hole with fresher and warmer waters, reducing
EC, and slightly increasing water temperatures.

4.2. The 2005-2006 Season: Lagrangian
Observations

[20] Depth to hole bottom/sediment varied between holes
from 34-41 cm deep. The rate of hole deepening varied

somewhat from hole to hole but overall was quite similar.
Part of the variation was due to local conditions (e.g., trace
snow preferentially collected in depressions over several
holes) and part due to the experimental method (e.g., some
spokes leaned, skewing measurements of vertical displace-
ment). Results of the water temperature and EC measure-
ments in the seven holes were also broadly similar, although
like the Eulerian measurements, details in timing and
magnitude differed from hole to hole.

[21] To compare surface ablation to melt-deepening of the
holes the ablation was taken from the sonic ranger, which
removed variations of individual manual measurements.
The manually measured melt-deepening, that is depth to
sediment over time, were averaged for all seven holes
(Figure 4). Starting about 25 November, the ablation rate
of the glacier surface was relatively constant ~—0.09 cm
d~'. Depth from the surface to the hole bottom initially
decreased reaching a minimum depth about 2 December.
Subsequently, hole depth rapidly increased until about
22 December when the rate slowed to a relatively constant
rate of —0.09 cm d~', matching that of the ablation rate.

[22] Figure 5 shows the results from Hole 5 plotted with
air temperature measured at the meteorological station. The
obvious diel variation in temperatures was caused by the
diel variations in solar radiation intensity. Initially, all
temperatures are below freezing and the EC is near zero
because the ice entirely encloses the probes. By 24 Novem-
ber, when the ice above the sediment warms to the melting
point, the ice at and above the sediment begins to melt and
the cryoconite hole begins to reform. During this period the
EC varies greatly, similar to the Eulerian experiment, and is
probably due to the ice around the probes partially melting
and refreezing. In late November air temperatures average
about —6°C and the ice 5 cm above the sediment (~15 cm
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