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Abstract

Ephemeral streams in Wright Valley, Antarctica, are fed by glacial melt and flow
for between four and ten weeks annually.  Hyporheic zones develop
concomitantly with ephemeral stream channels. These zones are areas of
saturated or moistened soil, depending on their proximity to the stream. The
hyporheic zones are laterally extensive, and may represent a greater proportion of
total meltwater than surface water in the stream channel, thus exacerbating the
risk of accidental contamination of streams. The hydrological system in Wright

Valley is closed, with streams flowing inland to Lake Vanda via the Onyx River.

This study aimed to quantify the extent to which liquid moisture was present in
soils associated with Goodspeed Stream, in order to better predict the
vulnerability of stream margins to impacts of human activities. Soil samples were
collected from transects across the Goodspeed lower alluvial fan and analysed for
gravimetric moisture content, electrical conductivity, and particle size
distribution. A pedotransfer function was used to estimate soil moisture potential
in order to show the direction of water movement across the lower alluvial fan.
Climate data including air temperature, soil temperature, and total solar radiation

were measured; stream flow in Goodspeed Stream was estimated.

The Goodspeed Stream near-stream and extended hyporheic zones were
identified. Distal components of the hyporheic zone were also identified at

distances of up to 74 m from Goodspeed Stream.

Soil gravimetric moisture content increased with soil depth and proximity to
Goodspeed Stream. Distal components of the hyporheic zone observed at
distances of 21, 59 and 74 m from Goodspeed Stream had relatively high
gravimetric moisture contents (up to 7%; 0, in visibly dry soils was 0.6%). The
distal hyporheic zones have the potential to develop into flowing stream channels

during periods of increased melt.
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ABSTRACT

Soil electrical conductivity ranged from 34 — 10520 pS/cm. Salts precipitated at
the soil surface were concentrated at the western-most edge of the extended
hyporheic zone and on raised bar features across the fan, highlighting zones of
movement and evaporation of soil moisture. The particle size distribution of the
<2 mm fraction was relatively uniform across the fan, being dominated by

medium sand (45%).

Soil moisture potential decreased with distance from Goodspeed Stream,
indicating that small spills occurring outside the extended hyporheic zone would
be driven laterally across the fan, away from the stream. Spills within the
extended hyporheic may be incorporated into Goodspeed Stream. Large spills
anywhere on the Goodspeed lower alluvial fan would migrate downwards to ice

cement before flowing down-slope under gravity towards the Onyx River.

Areas vulnerable to accidental spills and physical disturbance were highlighted on
oblique photographs.  Three vulnerability zones were identified based
predominantly on the observed extent and movement of soil moisture. Zone 1
designates stream channels or surface waters and near-stream hyporheic zones,
Zone 2 encompasses extended hyporheic zones, while Zone 3 applies to soils of
alluvial fans, including distal hyporheic zones. Recommendations were made as

to the types of activities permissible in each of the three zones.
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Chapter1 General Introduction

1.1 Background

Antarctica, although almost completely covered in ice, has a distinct paucity of
liquid water. Consequently, the continent affords one of the most inhospitable
environments for life on Earth. The McMurdo Dry Valleys (Figure 1.1) constitute
one of the largest (~ 4000 kmz) ice-free areas in Antarctica (Bockheim, 2002), and
are therefore one of the most biologically active non-coastal terrestrial areas in
Antarctica. However, the ice-free areas attract scientists, and, increasingly,
tourists from around the world, whose presence acts to increase the risk of

disturbance to the pristine environment (Waterhouse, 2001).

162€
180E ’ 161E : i 163€ 184E
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Figure 1.1. Location of the McMurdo Dry Valleys. (Adapted from Potton and
Green, 2003)



GENERAL INTRODUCTION

The McMurdo Dry Valleys are designated as an Antarctic Specially Managed
Area (ASMA) under the Protocol on Environmental Protection to the Antarctic
Treaty (Antarctica New Zealand, 2004). This legislation means that the Area
must be managed in order to ensure that its scientific, wilderness, ecological and

aesthetic values are protected.

1.1.1 Characteristics of the McMurdo Dry Valleys

The McMurdo Dry Valleys are the coldest and driest deserts in the world
(McKnight et al., 1999). Wright Valley (77°30' S, 161°00 - 163°00' E) is one of
the McMurdo Dry Valleys. The present climate within Wright Valley is
characterised by extremely low temperatures (mean annual temperature —20° C)
and precipitation (mean annual precipitation <100 mm) (Keys, 1980); snowfall
generally sublimates before melt can occur (Nichols, 1966; Fenwick and

Anderton, 1975; Chinn, 1980; Chinn, 1981b).

Ephemeral streams, fed by glacial melt, provide the only significant source of
liquid water to hydrological and biological systems within the Dry Valleys
(Fountain et al., 1998). Such streams flow for between four and ten weeks during
the austral summer (Lyons et al., 1997b; McKnight et al., 1999; Treonis et al.,

1999), and are markedly influenced by diurnal variation in solar radiation.

Hyporheic zones develop concomitantly with ephemeral stream channels. These
zones are areas of moistened soil adjacent to stream channels, in which water and
solutes are exchanged with water in the stream channel (McKnight et al., 1999;
Gooseff et al., 2003). Hyporheic zones are laterally extensive (McKnight et al.,
1999; Treonis et al., 1999), and may represent a greater proportion of total melt-
water than surface water in the stream itself (Conovitz et al., 1998), thus

exacerbating the risk of contamination of waterways.

Soils formed under the cold, arid climatic conditions prevalent within the Dry
Valleys depict evidence of climate having the dominant influence on soil genesis.

The effects of the arid climate are primarily manifest as accumulations of soluble
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salts within soils (Claridge and Campbell, 1977; Bockheim, 1979), though the
limited rate at which chemical weathering proceeds means that soils are typically

gravelly (Bockheim, 1980), and weakly oxidised.

1.2 Existing research

Antarctic research group K123, a FRST-funded, Landcare Research programme
entitled “Environmental Protection of Antarctic Soils”, focuses on mitigation of
human impacts on Antarctic ice-free ecosystems, as well as mapping and
characterising the soil resource. As part of K123’s programme, this study further
contributes to an understanding of ecosystem processes, namely those associated
with the hyporheic and stream-soil transition zones. An improved understanding
of the processes operating within hyporheic zones, and measurement of the extent
to which liquid water is present in soils of the associated alluvial fans will

ultimately enhance management decisions regarding access to stream margins.

1.3 Objectives

This study aimed to assess the vulnerability of streams, hyporheic zones and
associated fans to impacts from human activities in Wright Valley, Antarctica.

Specific objectives were to:

e monitor stream flow in Goodspeed Stream;

e monitor key climate parameters to provide the basis for interpretation of

variations in stream flow;

e determine the lateral and vertical extent of the Goodspeed Stream

hyporheic zone;

e determine the extent and distribution of soil moisture within the
Goodspeed Stream hyporheic zone and in soils of the Goodspeed lower

alluvial fan during the period of maximum melt (January);
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e investigate the relationship between soil moisture content and salt

concentration within the fan area;

e interpret soil moisture data with respect to potential vulnerability to, and

potential fate of, contaminant spills;

e extrapolate the findings to other streams in Wright Valley, based on

geomorphic interpretation.

1.4 Relevance

Further characterisation of hyporheic zones and soils of alluvial fans is important
in understanding the relatively dynamic nature of Antarctic ice-free areas.
Evaluation of the vulnerability of soils associated with streams to human activities
in Antarctica is, to the best of my knowledge, the first study addressing this issue.
Climate and soil data obtained from this study will also contribute baseline

information pertinent to on-going research in the Dry Valleys.
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Chapter 2 Literature Review

2.1 Introduction

Antarctica is almost directly centred on the South Pole of Earth’s axis, and is
isolated from other land masses by the Southern Ocean (Benninghoff, 1987). It is
a continent of extremes; cold temperatures and high winds prevail for much of the
year. Ninety-eight percent of the surface is mantled by 2000 m or more of glacial
ice, flowing towards coastal outlets to the sea (Benninghoff, 1987). Despite the
vast quantity of water stored in ice sheets, glaciers, and frozen ground within
Antarctica (Keys, 1980; Kennedy, 1993), the cold temperatures dictate a scarce

availability of liquid water, rendering the continent almost inhospitable to life.

This chapter describes the environment of the McMurdo Dry Valleys, detailing
the present climate and geomorphology. The characteristics of Antarctic streams
are discussed, with particular emphasis on the variability of stream flow.
Properties of soils in the Dry Valleys are reviewed, and human impacts on the

McMurdo Dry Valley ecosystem are outlined.

2.2 McMurdo Dry Valleys

The McMurdo Dry Valleys are located on the western edge of the Ross Sea
(76°30' — 78°30' S, 160 — 164° E), and are the largest (~ 4000 km?) ice-free area in
Antarctica (Fountain et al., 1999; Doran et al., 2002). The Dry Valleys were first
discovered by Scott’s 1903 expedition, and have become one of the most

intensively studied areas in Antarctica (Keys, 1980; Doran et al., 2002).

The McMurdo Dry Valleys are predominantly comprised of three large valleys:
Taylor Valley, Wright Valley, and the Victoria Valley system. They extend from
the crest of the Transantarctic Mountains to the ocean (McMurdo Sound), being
about 80-100 km in length, and 5-10 km in width (Prentice et al., 1998). Relief
ranges from sea level to over 2000 m in a horizontal distance of only a few

kilometres (Fountain et al., 1999; Doran et al., 2002; Nylen et al., 2004). The
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landscape of the Dry Valleys consists of an array of cold-based alpine glaciers,
ephemeral streams, perennially ice-covered lakes, and extensive areas of soils and

exposed bedrock (Fountain et al., 1999; Doran et al., 2002).

The ice-free nature of the valleys results from the Transantarctic Mountains
blocking much of the flow of the East Antarctic Ice Sheet toward McMurdo
Sound (Bull, 1966; Nichols, 1966; Clow et al., 1988). Furthermore, in the valley
floor, ablation of snow and ice exceeds accumulation throughout the year (Clow
et al., 1988; Fountain et al., 1999), and the annual net-radiation balance is positive
(Bull, 1966).

2.2.1 Climate

The McMurdo Dry Valleys are considered a cold desert environment, being
characterised by a paucity of liquid water and extreme cold conditions (Fountain
et al.,, 1999). The austral summer is characterised by continuous daylight, near-
freezing temperatures, and the presence of meltwater flow (Fountain et al., 1999),
with climate being predominantly controlled by solar radiation (Clow et al.,
1988). In contrast, the winter months provide almost continuous darkness, liquid
water is absent (Fountain et al., 1999), and temperatures are controlled by the
wind (Clow et al., 1988).

Despite climatic conditions being generally unfavourable for life, biological
communities are found in the lakes, streams, and soils (Wynn-Williams, 1990;
Fountain et al., 1999). Such communities are adapted for survival in conditions
including freeze-thaw cycles, high winds, prolonged low temperatures,
hypersalinity, and exposure during summer to high intensities of solar radiation
(Wynn-Williams, 1990; Vincent et al., 1993; Fountain et al., 1999), though
resistance to extreme dessication is arguably the most important factor influencing
the distribution of biological communities in Antarctica (Wynn-Williams, 1990;
Kennedy, 1993).

The McMurdo Dry Valleys are highly climate-sensitive environments (Fountain

et al., 1999), with small climatic changes potentially leading to extreme variations

6
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in the local hydrologic regime (Lyons et al., 1997a; Fountain et al., 1999).
Increases in the number of degree days above 0 °C result in increased stream flow
and lake levels; conversely, fewer degree days above freezing decreases the
availability of liquid moisture (Clow et al., 1988; Lyons et al., 1997a). Changes
in hydrology are likely to have a substantial impact on the biological communities
within the valleys, as the existence of biota is primarily dependent on the

availability of liquid water (Kennedy, 1993).

2.2.1.1 Temperature and solar radiation

The mean annual temperature in Wright Valley ranges from —17 to —20 °C
(Thompson et al., 1971b; Keys, 1980; Clow et al., 1988), although mean annual
temperature decreases inland as surface elevation increases (Keys, 1980). Mean
annual solar radiation flux density in the Dry Valleys ranges from 73 — 117 Wm™
(Doran et aI., 2002); maximum solar radiation is received at the summer solstice,
while sunlight is absent between the months of April and August (Nylen et al.,
2004).

A strong east to west gradient in summer temperature exists within the valleys;
temperatures increase with distance inland (Bull, 1966). The east to west
temperature gradient is correlated with the occurrence of coastal winds, with
easterly sea breezes accounting for the majority of the cooling effect observed
toward the coast (Doran et al., 2002). However, it is not the spatial variation in
the frequency of easterly winds inland that explains the temperature increase up-
valley, but more a result of their warming as they progress inland, presumably due
to the movement of the cold coastal air mass over the relatively warmer dark

valley surfaces (Doran et al., 2002).

2.2.1.2 Precipitation

Mean annual precipitation is estimated to be <100 mm water equivalent, with
most occurring as snow (Keys, 1980; Doran et al., 2002), although rain does

occasionally occur (Keys, 1980; Bromley, 1985). Snow patches are generally
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rapidly sublimed, and hence lost as a source of moisture to soils or streams
(Nichols, 1966; Fenwick and Anderton, 1975; Chinn, 1980; Chinn, 1981b),
though when air temperatures are greater than 0 °C, melting may be intense
(Keys, 1980).

The low levels of precipitation received in the McMurdo Dry Valleys are derived
from low-pressure systems passing over the Ross Sea. Low-pressure systems
bring moist air to the valleys, with moisture precipitating out as the air mass is
forced to rise over the Transantarctic Mountains (Bromley, 1985). Thus a marked
precipitation gradient exists, decreasing from east to west as the distance from the
ocean increases (Bull, 1966; Keys, 1980). Precipitation is generally greater at
higher elevations, especially in summer (Keys, 1980). The frequency at which
precipitation events occur also decreases as distance from the coast towards the

polar plateau increases (Genthon et al., 1998).

2.2.1.3 Wind

The wind regime of the Dry Valleys is dominated by easterly and westerly winds,
and has a substantial influence on air temperatures. Wind direction is almost
completely controlled by and is generally parallel to valley orientation, blowing
either down-valley from the polar plateau (westerlies), or up-valley from the

ocean (easterlies) (Bull, 1966; Keys, 1980; Nylen et al., 2004).

In summer, the most frequent wind direction in the valley floors is up-valley
winds (easterly sea breezes) (Thompson et al., 1971b; Keys, 1980; Nylen et al.,
2004). Easterly sea breezes are generated as a result of differential heating of the
valley floors and the ice-covered ocean, and in the case of Wright Valley, the
Wilson Piedmont and Wright Lower Glaciers driving flow up-valley. These
winds typically intensify during the day, becoming strongest in the afternoons and
evenings when ground temperatures are warmest (Keys, 1980; Clow et al., 1988;
Nylen et al., 2004). The easterly winds also warm as they progress up-valley;
Doran et al. (2002) show that a strong linear relationship exists between potential
temperature and distance from the coast, with air temperatures increasing by 0.09

°C per kilometre inland.
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Mean annual wind speed increases with proximity to the polar plateau (Doran et
al., 2002), while mean summer wind speed increases at a rate of 0.04 m s™' per km
inland (Doran et al., 2002). Furthermore, the ratio of easterly to westerly wind
frequency decreases from ~7 near the coast to ~2, 50 km inland (Doran et al.,
2002).

Wright Valley has a bimodal wind regime, with strong warm katabatic winds
(westerlies) coming from the plateau, and lighter sea breezes (easterlies) coming
from McMurdo Sound (Doran et al., 2002). The mean annual wind speed
recorded at Lake Vanda is 4.9 ms™ (Keys, 1980).

Katabatic winds

Westerly winds in the McMurdo Dry Valleys, commonly referred to as katabatic
winds, are generally f6hn winds where the air is warmed adiabatically as it
descends into the valleys (Keys, 1980). Therefore, the westerly winds are warmer
than the air they displace, as opposed to being true katabatics which are a gravity
flow of cold air, and are colder than the air they displace (Keys, 1980). However,
the fohn type winds will continue to be referred to as katabatic winds for

consistency with the current literature (e.g. Nylen et al., 2004).

Katabatic winds, sourced from the polar plateau, have a strong influence on the
climate of the McMurdo Dry Valleys (Nylen et al., 2004). The onset and
cessation of katabatic winds is generally abrupt, though elevated air temperatures
remain for days after the winds cease (Nylen et al., 2004). The frequency of
katabatic winds increases with distance away from the coast towards the polar
plateau (Nylen et al., 2004). Winter wind events increase by 14% for every 10 km
inland, while summer events increase by only 3% per 10 km (Nylen et al., 2004).
The increase in katabatic wind frequency inland is probably a result of the

proximity to the katabatic source.
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Westerly katabatic winds occur infrequently during summer (Nylen et al., 2004),
and are generally limited to the mornings, when solar radiation is minimal
(Thompson et al., 1971b; Keys, 1980; Clow et al., 1988). However, katabatic
winds exhibit the greatest wind speeds (up to 37 m s') (Keys, 1980; Nylen et al.,
2004). In winter, katabatic winds occur more frequently (Thompson et al.,

1971b), and are stronger than summer katabatics (Nylen et al., 2004).

Adiabatic warming of the katabatic winds, combined with the disruption they
cause to temperature inversions (Thompson et al., 1971b; Nylen et al., 2004), acts
to increase valley air temperatures and decrease relative humidity (Bull, 1966;
Thompson et al., 1971b; Clow et al., 1988). Nylen et al. (2004) estimate that
katabatic winds increase average annual temperatures by 0.7 — 2.2 °C, depending
on location. Seasonally, katabatic winds increase average winter temperatures by
0.8 — 4.2 °C, and average summer temperatures by 0.1 — 0.4 °C. Katabatic winds
decrease relative humidity by —1.8 to —8.5% in winter, and —0.9 to —4.1% in
summer, and increase wind speeds by 0.6 — 2.3 ms” in winter, and 0.2 — 0.8 ms’

in summer (Nylen et al., 2004).

Local glacier drainage

Strong local glacier drainage winds also occur in the valleys (Doran et al., 2002)
when the sun is low along the southern horizon, and heating of valley soils is
minimal (Nylen et al., 2004). Down-glacier winds operate in much the same way
as the katabatics, acting to drain cold air accumulated in basins above the alpine

glaciers.

2.2.2 Influence of climate on geomorphology

Climate is a major factor controlling landform development in the McMurdo Dry
Valleys (Marchant and Denton, 1996). The scarcity of liquid water in the Dry
Valleys dictates that soil moisture content and relative humidity are fundamental
in influencing the spatial distribution of solifluction terraces, gelifluction lobes,

polygonal ground, and scree slopes (Marchant and Denton, 1996). Soil moisture

10
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content and relative humidity are both strongly affected by atmospheric
temperature and wind direction (Keys, 1980), thus landscape features vary

spatially in relation to temperature and wind.

The availability of liquid moisture in soils largely determines the rate at which
chemical and physical weathering processes, and hence soil development, occurs
(Campbell and Claridge, 1982). Consequently, weathering and soil development
act to control rates of downslope movement, fan development, and gullying
(Marchant and Denton, 1996).

Marchant and Denton (1996) differentiate three climatic zones within the Dry
Valleys on the basis of differences in precipitation, wind direction, relative
humidity, temperature, and soil moisture content. Zone 1 is coastal, Zone 2

intermediate, and Zone 3 the far-western areas of the McMurdo Dry Valleys.

The coastal zone extends to about 1000 m elevation near the coast, and covers the
inland valley bottoms to about 100 m elevation, having a relatively mild climate
that facilitates the development of solifluction terraces, gelifluction lobes, ice
wedges, rills, channels, debris flows, levees, and ephemeral ponds, lakes, and
streams (Marchant and Denton, 1996). Therefore, as such landscape features
require the presence of liquid water, soils developed in the coastal zone are
described as subxerous, being moist for some period during the year, and thus
having more moisture available for weathering than xerous or ultraxerous soils

(Campbell and Claridge, 1982).

Zone 2, the intermediate zone, includes moderate-to-low elevation areas in the
central Dry Valleys region and high-elevation areas near the coast (Marchant and
Denton, 1996). Zone 2 is characterised by the presence of katabatic winds, which
produce relatively cold and very dry conditions. Hence soil moisture and its
associated landforms are rare, with ephemeral streams, accounting for less than
5% of the area in Zone 2, flowing for a few weeks each summer (Marchant and

Denton, 1996).

11
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The far-western inland areas of the Dry Valleys constitute Zone 3. Zone 3
encompasses all ice-free areas above 800 m elevation along the western edges of
the Asgard and Olympus Ranges (Marchant and Denton, 1996). The climate of
the inland region is hyper-arid, soils are ultraxerous, and glacial ablation is
entirely by sublimation (Marchant and Denton, 1996), hence liquid water rarely, if

ever, exists.

Dating of landforms and volcanic ash present within each of the climatic zones
indicates that landscape stability increases with distance inland. Features of the
coastal zone, such as solifluction terraces, gelifluction lobes, and fans, are
younger than 12 000 years old, whereas undisturbed ash samples from within
Zone 2 are late Miocene to mid-Pliocene in age (Marchant and Denton, 1996).
Ashfalls of mid-Miocene and mid-Pliocene age are found in Zone 3, with their
preservation in sand-wedges implying that relatively warm and wet climatic
conditions, necessary for their disturbance through freezing and thawing of an
active layer or erosion by liquid meltwater, have not occurred in the western
Asgard and Olympus Ranges during the last 15.0 Ma (Marchant and Denton,
1996).

2.3 Antarctic streams

Streams in the McMurdo Dry Valleys differ considerably from most streams on
Earth (McKnight et al., 1999). Ephemeral streams, flowing for between four and
ten weeks during the austral summer (Lyons et al., 1997b; McKnight et al., 1999;
Treonis et al., 1999), provide the only significant source of water to hydrological

and biological systems within the Dry Valleys (Fountain et al., 1998).

Stream water is sourced from glacial melt (Gooseff et al., 2003; Gooseff et al.,
2004), which begins in late November to mid-December, and continues until mid-
January to early February (Conovitz et al., 1998). The onset of glacial melt and
the concomitant arrival of liquid water enables microbial communities, having
lain dormant, in a dessicated state over the winter months, to re-establish

themselves (Vincent et al., 1993). Consequently, what appears a relatively
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passive system over the winter months is transformed into a myriad of dynamic

subsystems.

2.3.1 Stream characteristics

Stream length in the McMurdo Dry Valleys varies from less than 1 km to over 30
km, with the Onyx River in Wright Valley representing the latter. Stream bed
width varies from 1 to 30 m (McKnight et al., 1999). The virtual absence of
vegetation within the valleys constrains the stability of stream banks; small,
sporadic patches of moss have a negligible stabilising effect on steeply sloped
banks of poorly sorted sediment (McKnight et al., 1994; Conovitz et al., 1998;
McKnight et al., 1999).

Most Antarctic streams flow through unconsolidated alluvium comprised
predominantly of sand-sized particles interbedded with gravels, large cobbles and
boulders (Conovitz et al., 1998). The unconsolidated nature of the alluvium,
combined with the absence of stabilising vegetation, results in large sediment
loads during high flows (Conovitz et al.,, 1998). Similarly, undercutting of the
unstable stream banks during high stream flows can result in 1-2 cm deposits of
sediment in the lower reaches of the streams (McKnight et al., 1999). However,
some streams have diminished sediment transport levels resulting from the
presence of a stone pavement within the stream bed. This armoured surface acts
to stabilise the stream bed, and is formed by a combination of both fluvial and

periglacial processes (Conovitz et al., 1998).

The relatively uniform substrate through which Antarctic streams flow leads to a
strong similarity between streams. Dominant features of each stream are
controlled by topography and hydrologic and periglacial processes (Fountain et
al,, 1999). However, the common features of Antarctic streams can be

generalised as follows:

e In steep gradient reaches, the active channel ranges from 5 — 20 m in
width, with steep stream banks at the angle of repose of the alluvium (at an

angle in equilibrium with the alluvial material). Large, poorly sorted rocks

13
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are present in the stream bed, with deposited sediment abundant at the
margins of the active channel,

e In moderate gradient reaches, the active channel is composed of rocks
wedged together to form an armoured stream bed, with steep stream banks
again at an angle in equilibrium with the alluvial material of which they
are comprised. Less sediment deposition is evident than in steep gradient
reaches;

e In shallow gradient reaches such as second-order streams in the valley
bottoms (e.g. the Onyx River), a sandy braided channel is formed as a
result of sediment deposition from tributaries. Some channels may also
have armoured stream beds. Stream banks are low, and again at the angle

of repose of the alluvium (Fountain et al., 1999).

The armoured stream beds found in moderate and shallow gradient Antarctic
streams probably develop as a result of long-term freeze and thaw cycles.
Saturated alluvium within the stream channel freezes at the end of summer and
thaws at the beginning of the following summer; this acts to rotate rocks until the
larger side is upward, with clasts then becoming wedged together across the
stream bed (Fountain et al., 1999). The fact that armoured stream channels are
not commonly found in streams with steeper gradients may be attributed to greater
stream flow velocities eroding the finer textured material, thus making larger

rocks less prone to the action of freeze-thaw cycles (Fountain et al., 1999).

2.3.2 Hyporheic zones

The development of ephemeral stream channels produces contemporaneous
hyporheic zones. Hyporheic zones extend several metres from ephemeral stream
channels (Gooseff et al., 2003; Gooseff et al., 2004), and are evident as dark

bands of moistened soil that border the streams (Figure 2.1).
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Figure 2.1. Dark bands of moistened soil, indicative of the extended hyporheic
zone, western branch of Hart Stream, Wright Valley. (Photo: M.R. Balks)

Hyporheic zones are defined by McKnight et al. (1999) as “the area adjacent to
and underneath the stream, in which water flows through the stream bed in the
downstream direction and exchanges with water in the main channel”. Gooseff et
al. (2003) elaborate on this definition, differentiating two hyporheic zones based
on the time-scale over which exchanges take place. The near-stream hyporheic
zone exchanges water and solutes with those in the stream on an hourly timescale,
whereas exchanges with the extended hyporheic zone occur over a period of days

to weeks or longer (Gooseft et al., 2003).

The rapid rate at which exchanges occur between the stream and the near-stream
hyporheic zone is partly due to the high permeability of Antarctic stream beds and
hyporheic zone sediments (McKnight et al., 1999), and dictates that the near-
stream hyporheic zone is saturated, thus being in direct contact with the stream
(Gooseft et al., 2003). Slower exchanges occurring between the stream and
extended hyporheic zones, which are not in direct contact with the stream
(Gooseff et al., 2003), mean that extended hyporheic zones are moistened, rather

than saturated.
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The exchange of water between stream channels and hyporheic zones means that
any dissolved solutes are also exchanged. Solutes exchanged through the alluvial
substrate on the sides and beneath the stream bed may undergo reactions that
affect their transport (McKnight et al., 1999); thus solute exchanges and reactions
may substantially influence the concentration of salts in soils of the hyporheic
zone. Solutes present within extended hyporheic zones may be concentrated as a

result of evaporation in summer, and sublimation in winter (Gooseff et al., 2003).

2.3.2.1 Extent of hyporheic zones

The absence of inflows from groundwater, combined with the rapid exchange
rates of water between the hyporheic zone and main channel and the shallow ice
cement barrier dictates that the hyporheic zones associated with Dry Valley
streams are generally laterally extensive (McKnight et al., 1999; Treonis et al.,

1999).

The vertical extent of the hyporheic zone is limited by the presence of ice cement,
commonly at depths of around 50 cm beneath the ground surface. The depth to
ice cement coincides with the lower limit of the active layer, which acts to
increase or decrease the vertical limit of the hyporheic zone based on seasonal
thawing. Consequently, the vertical extent of the hyporheic zone tends to increase
over summer; Gooseff et al. (2003) report a vertical extent of up to 70 cm depth as

the active layer thaws.

The combined lateral and vertical extent of the hyporheic zone can produce a
lateral cross-section as large as 12 m* (Gooseff et al., 2003), thus providing a
substantial reservoir of water which persists after glacial melt subsides. There are
contrasting opinions as to the fate of such water over the winter season; Conovitz
et al. (1998) suggest that water in the hyporheic zone is largely lost to evaporation
rather than remaining until the next summer, whereas Gooseff et al. (2003)
advocate the persistence of water in the hyporheic zone from one flow season to
the next. Such contrasting views must be further investigated, as the fate of water

in the hyporheic zone over the winter season has implications for the rate of
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exchange of water in extended hyporheic zones, and the accumulation of salts in

dry valley soils.

During colder, low-flow years, the amount of water stored in the hyporheic zone
may constitute a greater proportion of the total meltwater from the source glacier
than that in the stream itself (Conovitz et al., 1998). Such low flows in streams
are likely to reflect the volume of water required to wet the hyporheic zone, with
less water remaining as surface flow. This is fundamental in terms of its
importance pertaining to regional hydrology, as well as human impacts on

hydrological systems as moisture may not always be evident at the soil surface.

2.3.3 Stream flow variation

Hydrologic data from both Wright and Taylor Valley highlights tremendous
variability in stream flow over daily, seasonal, and interannual time scales
(Kennedy, 1993; Vincent et al., 1993; McKnight et al., 1994; House et al., 1995;
Lyons et al., 1997b; Conovitz et al., 1998; McKnight et al., 1999).

Such variation is, arguably, predominantly a result of differences in solar intensity
on source glaciers, with changes in intensity influenced by the sun angle (solar
geometry) and the aspect of the glaciers (McKnight et al., 1994; Conovitz et al.,
1998; Fountain et al., 1998). While recognising aspect and exposure to prevailing
winds as being important in glacial melt, Chinn (1981b) cites altitude as the
dominant factor controlling glacial ablation. However, Clow et al. (1988) suggest
that the amount of meltwater sourced from alpine glaciers each summer is highly

sensitive to the duration of periods when air temperatures are above 0 °C.

Clow et al.’s (1988) data from the austral summers of 1985/86 and 1986/87
indicate that the conditions required for temperatures to exceed 0 °C are
somewhat erratic, giving rise to large interannual variations in meltwater
production. Such variation in meltwater production is evident in stream flow data
from the Onyx River (e.g. Fenwick and Anderton, 1975; Chinn, 1980; Chinn and
Woods, 1984; Chinn and Dickson, 1986).
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Nonetheless, temporal variability in stream flow is intimately linked to the rate of
glacial melt, irrespective of its relative dependence on solar radiation, air
temperature and altitude, which can ultimately provide an indication of both long
and short term climatic fluctuations (Conovitz et al, 1998). Therefore,
comparisons of measured stream flow rates with those expected under ‘ideal’ melt
conditions can be used to monitor trends in climate change, over both spatial and

temporal scales.

2.3.3.1 Factors affecting stream flow variation

Variation in stream flow is influenced by both “source” and “instream” processes
(Conovitz et al., 1998). Source processes control the production of meltwater,
hence they are primarily driven by climatic conditions such as cloud cover,
temperature regime, and solar energy inputs to glacier surfaces and terminal faces
(Conovitz et al., 1998). Stream flow is very responsive to changes in temperature
and solar radiation, with such conditions rapidly altering the flow rate (Vincent et
al., 1993; Conovitz et al., 1998).

Instream processes are thought to influence stream discharge patterns, and are
affected by stream morphological characteristics such as gradient, length, bed
morphology, and properties of the alluvium (Conovitz et al., 1998; McKnight et
al.,, 1999). Variations in stream morphology affect the volume of water stored in
the hyporheic zone, and, accordingly, the volume available to be exchanged with
water in the main channel (Figure 2.2). Individual stream morphologies also
influence flow velocity and sediment transport (Conovitz et al., 1998). Thus, as
stream flow is controlled both climatically and morphologically, it is both highly

spatially and temporally variable.
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Figure 2.2. Schematic representation of the variation in extent of the hyporheic
zone under low and high flow conditions in two morphologically different stream
channels in Taylor Valley. (Source: Conovitz et al., 1998)

Solar radiation

The duration of flow is dependent on climatic conditions (McKnight et al., 1999),
with solar radiation acting to drive the melt cycle (Vincent et al., 1993; Conovitz
et al., 1998; Dana et al., 1998), and thus stream flow. Solar radiation however, is
subject to considerable topographic variability, though coastal cloudiness and
orographic effects may also influence solar radiation received (Dana et al., 1998).
North facing slopes receive more energy than south facing slopes, while

differences in solar radiation received also arise from terrain shading effects.

The variable nature of solar radiation received within the Dry Valleys produces

strong daily and seasonal variations in glacier melting and stream flow (Vincent et
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al., 1993; Conovitz et al., 1998; Dana et al., 1998). Solar radiation received is
predominantly a function of changing solar zenith angle and azimuth, and shading
by terrain (Dana et al., 1998). The maximum intensity of solar radiation occurs
when the solar azimuth is normal to the glacial face (Conovitz et al., 1998). The
diurnal and seasonal changes in solar zenith angle acts to influence incident

radiation on glacial cliff faces.

Though glacial melt is small, the cliff faces are particularly important sources for
stream flow (Lewis et al., 1999). Chinn’s (1981b) data from the Wright Lower
Glacier suggests that glacial meltwater volumes are more dependent on ice cliff
length and orientation that the catchment area of the glacier surface. Cliff faces
are the first part of the glacier to melt in spring, and the last to freeze in autumn
(Dana et al., 1998; Fountain et al., 1998; Lewis et al., 1999). This arises from the
solar zenith angle and azimuth dictating that the vertical cliffs of the terminal face
present a surface more perpendicular to the sun’s rays, compared with the
horizontal glacier surface (Fountain et al., 1998), thus increasing meltwater
production. The predominantly snow-free cliff faces also have a lower albedo
than that of the glacier surface, thus absorbing more incident solar radiation

(Lewis et al., 1999).

Hence, for a short period each day, when the sun’s rays directly strike the terminal
face, incident radiation is greater on vertical faces as opposed to the more
horizontal glacial surface (Dana et al., 1998). The temporary increase in solar
radiation intensity appears sufficient to melt the ice (Fountain et al., 1998). The
terminus cliffs are also at lowest elevation, and closest to the warmer soil surface,
thus being warmer than the corresponding upper surface of the glacier (Fountain

et al., 1998). Consequently, ablation is further intensified.

Topography and cloud cover

Stream flow variations in the McMurdo Dry Valleys are predominantly controlled
by climate, solar position, and geomorphic factors (Conovitz et al., 1998).

However, topographic effects and the presence of clouds are also important
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modulators of incoming solar radiation in the dry valleys (Dana et al., 1998).
Under partly cloudy conditions, cloud fields act to dominate the spatial variability
in incoming solar radiation. Conversely, under uniformly clear or cloudy skies,
the spatial variability in solar radiation is dictated by topographic effects (Dana et
al., 1998). Such effects arise from variations in slope, aspect, terrain reflectance,

shadowing, and obstruction by nearby topography.

Other factors relating to solar radiation received also impact on the energy balance
within the valleys; such factors exacerbate the inherent spatial variability, and
include optical path length, and the scattering and absorbing properties of the
atmosphere and their variation with height (Dana et al., 1998).

2.3.4 Habitat provision

Ephemeral streams provide habitats for, in some cases, relatively diverse
microbial communities. The microbial communities consist primarily of
cyanobacteria, though chlorophytes and diatoms are also found (Wynn-Williams,
1990; Vincent et al., 1993; Niyogi et al., 1997; McKnight et al., 1999). The
continuous daylight of the austral summer and its associated stream flow also
provides for the growth of algal communities. Algal communities grow in the
streams as mats, having different colours due to photosynthetic and accessory
pigments (Vincent et al., 1993; McKnight et al., 1999). Such communities are
most abundant in stream reaches with armoured stream beds (Fountain et al.,
1999). Stream macrofauna are limited to nematodes, rotifers, and tardigrades

(McKnight et al., 1999).

2.4 Antarctic soils

Weathering in Antarctica proceeds at a slow rate, though differences in available
moisture and surface age have a strong influence on soil development.
Consequently, a highly variable soil pattern exists within the McMurdo Dry
Valleys, driven predominantly by differences in climate, though also by parent

material, surface age, and local relief.
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2.4.1 Soil-forming environment

The soil-forming environment of the McMurdo Dry Valleys is characterised by
hyper-arid climatic conditions; this is a function of the prevailing low
temperatures, low precipitation, and low humidity (Campbell et al., 1997b). Thus
available moisture is low, and biological activity is negligible (Campbell et al.,
1998b). The landscape is phenomenally stable, and, consequently, the dominant
soil-forming processes occurring are salinisation and oxidation (Bockheim, 1990;

Campbell et al., 1997b; Campbell et al., 1998b).

Inherent soil variability is predominantly a function of the range of climatic
conditions experienced, and, to a lesser extent, the geomorphic and geological
differences within the region (Campbell et al., 1998b). The dominant geomorphic
surfaces existing within the region include coastal lowland and marine terraces,
long, narrow, steep-sided inland and coastal valleys, upland valleys, wide cirques,
broad plateaus and high mountains (Campbell et al., 1998b). The soil-forming
environment is also influenced by differences in parent materials on the different
land surfaces, and by differences in the ages of the glacial deposits (Campbell et
al., 1998b), though the influence of organisms on soil development is negligible
(Campbell and Claridge, 1987).

2.4.2 Soil morphology

Soils of the McMurdo Dry Valleys are characterised by the presence of a surface
pavement of lag gravels, often stained, ventifacted or polished, and underlain by a
thin sandy horizon which is apparently formed by the physical disintegration of
the surface stones (McCraw, 1967, Bockheim, 1980; Campbell and Claridge,
1982). Desert pavements increase in development with soil age and degree of
exposure to katabatic winds; increasing development is seen as clasts packed
more tightly together, and evidence of desert vamish, exfoliation, pitting, and

ventifaction (Bockheim, 1980).
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Below the desert pavement, soils commonly exhibit a zone of salt accumulation
which overlies a layer of permanently frozen soil (permafrost) (Campbell and
Claridge, 1982). The permafrost generally consists of ice-cemented ground,
although in places where there is insufficient moisture to form an ice-cement, the
frozen ground is referred to as “dry” permafrost (McCraw, 1967; Bockheim,
1997a). “Dry” permafrost is defined by Bockheim (1980) as ground which
remains below the 0°C-isotherm for two or more years in succession but contains
insufficient moisture to cause cementation by ice. The depth to ice-cemented
permafrost varies with soil age and proximity to glaciers. In older soils located in
particularly arid regions, ice-cemented permafrost may recede downwards in the
regolith due to sublimation (Bockheim, 1980), thus forming an upper zone of

“dry” permafrost above the ice-cemented layer.

Salt encrustations are found beneath coarse fragments in soils older than 18 ka
(Bockheim, 1979), while salt flecks ranging from 2 — 5 mm in diameter occur in
the matrix of soils older than 135 ka (Bockheim, 1980). Weakly cemented salt-
pans are found in soils older than 1.2 Ma, and strongly cemented salt-indurated

layers occur in soils older than 3.5 Ma (Campbell and Claridge, 1975).

The soil profile commonly consists of unconsolidated bouldery or pebbly gravels
with some horizons weakly cemented by finer textured material (Campbell and
Claridge, 1969; Claridge and Campbell, 1977). Physical disintegration and
staining of clasts is strongest at the soil surface and in the upper horizons,
decreasing with depth down the profile. Soil textures are dominantly controlled
by the lithology of the parent material and weathering (Bockheim, 1980).
Therefore, the availability of soil moisture plays an important role in influencing
textural changes, as it is intimately linked to weathering processes. The fine-earth
fraction of soils of the Dry Valleys tends to be dominantly sand, while coarse
fragments (>2 mm) commonly comprise between 25 and 75% of pedons in these
soils (Bockheim, 1980). Soil structure is generally absent and single-grained
(Bockheim, 1980), and organic matter content is negligible (Campbell and
Claridge, 1969; Claridge and Campbell, 1977; Campbell et al., 1998b).
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2.4.3 Soil chemistry

Soils of the McMurdo Dry Valleys have pH values ranging from neutral to mildly
alkaline (Bockheim, 1980). Electrical conductivities are high due to the arid,
accretionary environment in which the soils develop. The dominant cation in 1:5
soil: water extracts of soils older than 18 ka is sodium (Bockheim, 1980); this
further highlights the arid nature of the soil-forming environment, with the low

moisture levels effectively preserving the presence of soluble salts.

Soils located within 75 km of the open sea contain chloride as the dominant anion
(Bockheim, 1980), with the distribution of chloride markedly decreasing with
distance inland (Keys and Williams, 1981). Ionic ratios of water extracts from
these soils indicate that the provenance of sodium, magnesium, chloride, and
sulphate ions is most likely marine, while the origin of calcium and potassium is
probably from rock weathering (Claridge and Campbell, 1977; Bockheim, 1979;
Keys and Williams, 1981). Salt efflorescences are dominantly comprised of
sodium salts; such salts often contain chloride, thus reinforcing the dominance of
sodium and chloride as the two major ions present in Antarctic soils (Bockheim,
1979).

The clay mineralogy of the McMurdo Valley soils is dominated by mica and iron-
chlorite; these are inherited from the felsic nature of the parent material
(Bockheim, 1979; 1980). Montmorillonite and vermiculite are also present.
Vermiculite may form as a weathering product of the slow hydration of mica,
while weathering of vermiculite to montmorillonite can be considered a function
of the high pH and low leaching environment that prevails in soils of the Dry
Valleys (Claridge, 1965; Bockheim, 1980).

2.4.4 Influence of climate on soil development

Climate is the single most important factor influencing the properties of Antarctic
soils (Campbell and Claridge, 1987). The significance of local climatic

conditions on soil development are such that they control the rate at which soil-
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forming processes operate, with other soil-forming factors such as time and parent

material having a comparatively negligible influence on soil genesis.

The dominant component of climate influencing soil development is the extreme
cold temperatures. This acts to restrict the availability of water in the landscape,
with any water present generally occurring as ice (Claridge and Campbell, 1977,
Campbell and Claridge, 1987).

2.4.4.1 Soil moisture

Marked differences in climatic conditions in Antarctica are manifest in the soils as
differences in moisture supply. This variation is predominantly seen as a
difference in precipitation and its availability, thus being dependent on the length
of time a soil is above freezing (Campbell and Claridge, 1982), or its proximity to
a meltwater channel. Consequently, soil moisture availability is reflected in the
development of soil morphological properties, such as soil depth, horizonation,

and salt accumulation.

Individual site characteristics such as aspect and parent material are also important
in determining soil moisture availability. Soils developed on northerly aspect
sites will be considerably warmer than those on southerly aspect sites, while soils
formed from darker coloured parent materials are likely to absorb more heat from
incoming radiation than those formed in lighter coloured parent materials due to
their lower albedo (Campbell and Claridge, 1987; Campbell et al., 1997a). The
presence of snow also acts to increase the surface albedo, resulting in a greater

proportion of short-wave solar radiation being reflected (Campbell et al., 1997a).

Soil salinity also influences the water content of Antarctic soils, with the presence
of distinct salt horizons acting to produce significantly greater water contents than
those in adjacent horizons without accumulations of soluble salts (Campbell et al.,
1997b; Campbell, 2003).

The existence of moisture as small ice crystals, vapour, or thin water films

(Campbell and Claridge, 1982) limits both physical and chemical weathering
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processes, and provides few opportunities for the translocation of materials. The
relative absence of moisture also promotes the precipitation and persistence of
soluble salts in subsoil horizons, as with increased moisture levels, soluble salts
may be dissolved in solution and leached from the soil (Campbell and Claridge,
1975).

2.4.4.2 Soil classification based on moisture regime

The extent of development of soil properties is predominantly dependent on
climatic conditions, though soil development is also influenced by individual site
characteristics such as aspect, proximity to moisture sources, the age of the land
surface, and the characteristics of the parent material (Campbell et al., 1998b).
However, the climate zonation system of Campbell and Claridge (1969) can be
used to classify soils according to their moisture regime. Three zones are defined:
ultraxerous, xerous, and subxerous. The three climatic zones encompass the
regional climate variability, though individual site characteristics will appear as

deviations from the typical soil chemical and morphological properties.

In each of the three climatic zones, the quantity of soluble salts present is related
to the age of the soil and its moisture status, with salt abundance increasing

linearly with time (Claridge and Campbell, 1977; Bockheim, 1979; 1990; 1997a).

Ultraxerous soils

Ultraxerous soils are found at high altitudes, dominantly inland, where both
temperature and snowfall are low. Consequently, moisture is rarely, if ever,
available, and, accordingly, there is no leaching of soluble materials (Campbell
and Claridge, 1969; 1982). Ultraxerous soils do not generally exhibit a frozen
ground layer except on sites with an aspect favouring warmer and moister

conditions.

The presence of a strongly developed horizon of salt accumulations is common in

ultraxerous soils. In older soils this may be up to 10 cm thick and consist almost
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entirely of water-soluble salts (Campbell and Claridge, 1969). The salts present
are dominantly nitrates and sulphates of sodium, magnesium, and calcium, and are
representative of the residues remaining after sublimation of the snow cover,
combined with the products of rock weathering (Campbell and Claridge, 1969).
Chloride concentrations are low as a result of the low proximity to the sea
(Campbell and Claridge, 1982).

The effects of chemical weathering on soils of the ultraxerous zone are minimal,
with the absence of moisture and low temperatures severely limiting chemical
degradation processes. However, some oxidation of iron compounds does occur,
along with staining of soil particles. There is also breakdown of some soil
minerals, while hydration of micaceous clays produces clay-vermiculites and

montmorillonite (Campbell and Claridge, 1969).

Xerous soils

The xerous zone is the most extensive of the three zones, and experiences climatic
conditions intermediate between the coastal (subxerous) and plateau (ultraxerous)
regions (Campbell and Claridge, 1969; Bockheim, 1997a). Consequently,
available moisture is greater than that of the ultraxerous zone. The dominant
source of moisture is from summer snow-melt, with sufficient water released to
allow some leaching of soluble materials from the profile (Campbell and Claridge,

1969; 1982).

Soils of the xerous zone are characterised by the presence of dry permafrost at a
depth of between 45 and 100 cm (Campbell and Claridge, 1969; 1982; Bockheim,
1997a). These soils have a lower soluble salt concentration than ultraxerous soils
of equivalent age; this reflects the greater level of moisture available and thus the

stronger leaching regime of the environment.
Salts present in xerous soils also tend to be dispersed throughout the profile, rather

than being concentrated in horizons as seen in soils of the ultraxerous zone.

Those dominant within the soil matrix include nitrates, sulphates, and chlorides of
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sodium, calcium, and magnesium, while encrustations of gypsum and calcite can
be found on rocks above the soil surface (Campbell and Claridge, 1969). Soil
colours tend to be darker and horizonation is distinct (Campbell and Claridge,
1969; Bockheim, 1997a); this is indicative of the slightly greater influence of

chemical weathering, again reflecting the greater levels of available moisture.

Subxerous soils

Soils of the subxerous zone occur predominantly in coastal regions, where both
temperature and precipitation are higher than in xerous or ultraxerous zones.
Consequently, subxerous soils are exposed to greater levels of soil moisture; this
is manifested in their morphology as a relative paucity of salt accumulations
(Campbell and Claridge, 1969; Bockheim, 1997a). However, surface crusts of
gypsum and coatings of carbonate on the undersides of stones are found. This is a
function of the lower solubility of gypsum and carbonate, as the higher
temperature, higher rainfall environment dictates that more soluble salts such as
nitrates and chlorides are generally leached from the soil (Campbell and Claridge,
1969; 1982). Salts found in subxerous soils are generally chlorides, reflecting
their low-altitude coastal location (Campbell and Claridge, 1975; Claridge and
Campbell, 1977).

Meltwater is sourced from summer snowfalls, along with any remaining winter
snow, and areas of permanent ice. Subxerous soils have ice-cemented permafrost
within 30 cm of the surface, weak soil horizon development and shallow profiles
(Campbell and Claridge, 1969; Bockheim, 1997a).

The weathering of subxerous soils is greater than that of xerous and ultraxerous
soils, with soils of equivalent age appearing to be slightly finer textured
(Campbell and Claridge, 1969). Soil colours are typically stronger, again
highlighting the influence of available moisture on soil morphology. The clay
mineralogy is dominated by clays such as montmorillonite, typical of those

formed in a base-rich environment (Campbell and Claridge, 1969).
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2.4.4.3 Salt accumulation

The influence of climate on soil development is primarily manifested as salt
accumulations within profiles (Campbell and Claridge, 1975). A morphogenetic

sequence of soluble salt accumulation in cold desert soils has been defined (Table
2.1) (Bockheim, 1990).

Table 2.1. Morphogenetic stages of accumulation of soluble salts in Cold Desert
soils. (Source: Bockheim, 1990).

Salt stage Maximum salt Electrical Numerical age
morphology conductivity
(dS/m)

0 None <0.6 <10 ka

I Coatings on stone 0.6-5.0 10-18 ka
bottoms
Few flecks (<20% 5-18 18-90 ka

II of surface area has
flecks 1 —2 mm in
diameter)
Many flecks 18-25 90-200 ka

III (>20% of surface

area has flecks 1 —
2 mm in diameter)

v Weakly cemented 25-40 250-? ka
pan

\Y% Strongly cemented 40-60 ~1.7-2.5 Ma
pan

VI Indurated pan 60-100+ ~>2.5Ma

The qualitative salt morphology is related to electrical conductivity and soil age
(Bockheim, 2002). Soils of salt stages 0 and I are generally found in coastal

regions and young surfaces, highlighting the effect of moisture availability and
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time of soil development on the accumulation of salts.  Greater salt
accumulations, and thus salt morphological stages, occur in older soils with

climate regimes dictating negligible availability of moisture.

2.5 Ecosystem vulnerability to human impacts

The cold desert environment which characterises the McMurdo Dry Valleys
dictates that the ecosystem is particularly vulnerable to impacts from human
activity, due to the long time-scales over which processes operate. Disturbances
arising from walking, camping, and scientific investigation all have some degree
of environmental impact associated with them; recovery time can range from a
period of months to millions of years depending on the extent of the initial
disturbance, local climatic conditions, and the rate at which natural site evolution
processes occur (Waterhouse, 2001). An Environmental Code of Conduct has
been developed for the McMurdo Dry Valleys in order to minimise disturbance
associated with human activity in the valleys. Guidelines for behaviour within
these areas are published in the McMurdo Dry Valleys ASMA Manual
(Antarctica New Zealand, 2004).

2.5.1 Streams and lakes: Wright Valley

Streams and lakes in Wright Valley are particularly vulnerable to human impacts,
as the hydrological system is closed. All meltwater is ultimately transported, via
the Onyx River, to Lake Vanda (Tumbull et al., 1994; Isaac et al., 1996), an
enclosed (Fenwick and Anderton, 1975; Chinn, 1980), thermo-haline, stratified
lake in which bottom temperatures can be as high as 25.5 °C (Isaac et al., 1996).

The closed nature of the hydrological system within Wright Valley means that

there are no opportunities for self-remediation, with all contaminants remaining

within the lake (Waterhouse, 2001).
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2.5.2 Soils

Soils of the McMurdo Dry Valleys are loose and unconsolidated, making them
particularly vulnerable to disturbance (Campbell et al., 1993; Campbell et al.,
1998a). Furthermore, natural recovery of disturbed sites in the Dry Valleys is
slow due to negligible vegetative cover, the paucity of liquid water, and the

limited movement of soil materials within the landscape (Campbell et al., 1993).

Disturbances to the environment can range from large-scale, high impact activities
such as deep drilling, to smaller-scale field investigations such as soil and
geological mapping (Campbell et al., 1993). Criteria for evaluation of the impact
of field parties on the terrestrial environment have been developed; these include
assessing the severity and extent of impacts from walking tracks, campsites, and
scientific investigations (Campbell et al., 1993). Assessment of impacts can
therefore be readily identified, and provide the basis for monitoring of residual

impacts, and inter-site comparisons.

The effects of walking on soil disturbance have been monitored through several
studies (e.g. Campbell et al., 1993; Campbell et al., 1998a). The degree to which
soils are disturbed by walking is dependent on individual soil and site
characteristics (Waterhouse, 2001). Older soils commonly show greater evidence
of disturbance as contrasts between surface and subsurface material are likely to
be greater, as opposed to contrasts in younger, less weathered soils (Campbell et
al., 1998a). However, recovery from disturbances can be relatively rapid (~ 1
year), depending on local climatic conditions. Water and wind are the most
effective agents of restoration; disturbed sites located in warmer, moister zones
where freeze-thaw processes are active have a relatively rapid recovery rate

(Campbell et al., 1993; Waterhouse, 2001).

The impact of camping on the soil environment depends on soil characteristics
such as age and texture, as well as intensity of use and local the climate
(Waterhouse, 2001). Soils with a high proportion of fine textured material (<2
mm) and a desert pavement comprised of small <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>