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Abstract Arid regions, particularly polar and alpine desert environments, have diminished landscape
connectivity compared to temperate regions due to limited and/or seasonal hydrological processes. For
these environments, aeolian processes play a particularly important role in landscape evolution and biotic
community vitality through nutrient and solute additions. The McMurdo Dry Valleys (MDV) are the largest
ice-free area in Antarctica and are potentially a major source of aeolian material for the continent. From
this region, samples were collected at five heights (~5, 10, 20, 50, and 100 cm) above the surface seasonally
for 2013 through 2015 from Alatna Valley, Victoria Valley, Miers Valley, and Taylor Valley (Taylor Glacier,
East Lake Bonney, F6 (Lake Fryxell), and Explorer’s Cove). Despite significant geological separation and
varying glacial histories, low-elevation and coastal sites had similar major ion chemistries, as did
high-elevation and inland locations. This locational clustering of compositions was also evident in scanning
electron microscopy images and principal component analyses, particularly for samples collected at ~100 cm
above the surface. Compared to published soil literature, aeolian material in Taylor Valley demonstrates a
primarily down-valley transport of material toward the coast. Soluble N:P ratios in the aeolian material reflect
relative nutrient enrichments seen in MDV soils and lakes, where younger, coastal soils are relatively N
depleted, while older, up-valley soils are relatively P depleted. The aeolian transport of materials, including
water-soluble nutrients, is an important vector of connectivity within the MDV and provides a mechanism to
help “homogenize” the geochemistry of both soil and aquatic ecosystems.

1. Introduction

Aeolian processes play an important role in the global transport of both geological and biological materials
that in turn can greatly impact the biogeochemistry of ecosystems. In recent years, research has identified
global winds as a pertinent force in material transport and in connecting distant environments and has
detailed how this enhanced connectivity modifies depositional regions (Jickells et al., 2005; Okin et al.,
2006; Vitousek et al., 1997). Precipitation on temperate landscapes maintains high hydrological connectivity,
where overland flow moves soil materials into rivers and lakes on basin-wide, and even continental, scales.
But arid regions, particularly those in polar and alpine environments with frozen soils, have significantly
diminished landscape connectivity due to limited and/or seasonal hydrological processes (Gooseff et al.,
2002). For polar desert environments, wind transport of materials may be particularly integral to landscape
evolution and ecosystem vitality (Šabacká et al., 2012). Other than ephemeral streams, which may transmit
liquid water 4–12 weeks annually connecting glaciers to primarily closed basin lakes, winds are a major trans-
porter of materials (Fountain et al., 1999).

TheMcMurdo Dry Valleys (MDV) are the largest ice-free region in Antarctica (~4,800 km2), located in Southern
Victoria Land, East Antarctica, and are geographically isolated from other dust-producing regions. This region
is a network of soils, perennial ice-covered lakes, ephemeral streams, and alpine glaciers (Fountain et al.,
1999). The MDV are classified as a polar desert with a mean annual temperature of �20 °C and annual pre-
cipitation of less than 5 cm water equivalent (Doran et al., 2002; Fountain et al., 2010). The ecosystems
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associated with the MDV are relatively simplistic; are composed of microbial and algal communities, moss,
and soil invertebrates; and are greatly affected by summer pulses of meltwater and aeolian deposition
(Barrett et al., 2007; Fountain et al., 1999, 2014). Similarly, chemical weathering is limited to portions of the
landscape where liquid water exists, such as stream channels, hyporheic zones, cryoconite holes, and lakes
(Gooseff et al., 2002), but physical weathering aids in soil formation and is driven by winds.

Strong winds and katabatic events are an important feature of the MDV and can lead to surface modifica-
tion. The winds of the MDV region are of three major types: down-valley, coastal, and drainage winds
(Doran et al., 2002; Nylen et al., 2004). The latter flow down valley sides and alpine glaciers from higher
elevations. Direction is generally dependent on valley orientation, except for strong katabatic events flow-
ing from the east (Clow et al., 1988; Nylen et al., 2004). In the MDV, katabatic winds, specifically föhn
winds, originate from the polar plateau (180–315°) where cold dense air sinks and flows downslope. The
climate of the MDV is greatly influenced by the magnitude and frequency of föhn events (Obryk et al.,
2017), with spatial variations dependent on proximity to the ice sheet (Nylen et al., 2004). These föhn
events also help explain discrepancies in the expected temperature-elevation relationship-driven adiabatic
lapse rate in Taylor Valley (Doran et al., 2002; Nylen et al., 2004) and are integral to material transport
(Gillies et al., 2013; Lancaster, 2002).

The dynamics of winds and mass transport of aeolian material in MDV have been previously investigated
(Doran et al., 2002; Lancaster, 2002; Nylen et al., 2004; Šabacká et al., 2012). Measurements of flux and subse-
quent deposition of material vary based on location and collection height. Šabacká et al. (2012) recorded the
highest sediment fluxes in Taylor Valley at a collection height of 30 cm above the surface near the center of
the valley (289 g·m�2·year�1 in the Lake Hoare basin), while the lowest fluxes were measured in the upper
parts of the valley (8.5 g·m�2·year�1 in the Lake Bonney basin). Meanwhile, aeolian material collected
100 cm above the surface had the highest aeolian flux in the Lake Bonney basin and <1 g·m�2·year�1 in
the Lake Hoare basin (Lancaster, 2002). The material collected at 30 cm is predominately sand sized and is
likely dominated by saltation, which helps to account for these noted transport variations (Deuerling et al.,
2014; Gillies et al., 2013; Lancaster et al., 2010). Physical obstacles in the landscape of Taylor Valley, such as
the Nussbaum and Bonney Riegels (~700 and 200 m above sea level, respectively), likely impede aeolian
transport, which also affect fluxes (Fountain et al., 1999; Šabacká et al., 2012). The depositional rate of
0.66 g·m�1·year�1 (Lancaster, 2002) observed in Taylor Valley is an order of magnitude lower than those in
other arid regions, such as the Tibetan Plateau (Honda et al., 2004; Wei et al., 2017; Xu et al., 2012).
Therefore, although aeolian transport and deposition within the MDV are important processes for linking
landscape components, compared to other arid locations, there is less material to be suspended
and transported.

Previous geochemical analyses of aeolian material have used sediment trap collections at 30 cm above the
ground (Deuerling et al., 2014; Šabacká et al., 2012), or examined sediments deposited on glacial and ice-
covered lake surfaces (Deuerling et al., 2014; Lyons et al., 2003; Witherow et al., 2006). These studies con-
cluded that aeolian materials were derived from local sources and that transport is effective at connecting
landscape features within each lake basin but not between basins or valleys. In this paper, we analyze the
water-soluble component and high-resolution scanning electron microscopy (SEM) images of 53 aeolian
material samples collected from Miers, Taylor, Victoria, and Alatna Valleys (Figure 1) between 5 and 100 cm
above the surface. Through an understanding of how this material varies spatially and temporally, and
how the various landscape units interact with each other, potential impacts of aeolian transport on landscape
connectivity can be better understood.

2. Methods
2.1. Study Sites

The MDV have been investigated as a Long-Term Ecological Research site (MCM-LTER) since 1993. Over
this time, a number of locations within the Dry Valleys, especially Taylor Valley, have been the focus of
integrated ecological, climatological, hydrological, limnological, and biogeochemical research (Priscu,
1995). The MDV are largely ice-free due to the Transantarctic Mountains, which impede ice flow from
East Antarctica into McMurdo Sound. Lakes are generally isolated within closed basins, where major water
inputs are glacial melt and losses are evaporation and sublimation (Doran et al., 2002; McKnight et al.,
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1999). An exception is Lake Miers, the only large flow-through lake, as it drains into McMurdo Sound
through Miers Stream (Figure 1d).

Located in the southern Dry Valleys, Miers Valley trends northwest to southeast at approximately 50 m
above sea level. It extends from the Royal Society Range in the west to the coast of McMurdo Sound.
Taylor Valley is centrally located with respect to other valleys in this study (i.e., Alatna and Miers), and it
generally trends east to west. The elevations in Taylor Valley range from sea level near Explorer’s Cove
at the coast to over 300 m at Taylor Glacier. Similar to Miers Valley, Taylor Valley is directly abutted to
the ocean to the east. Victoria Valley is bounded to the south by the Olympus Range, to the west by
the inland ice sheet, and to the north by the Clare and St. John ranges and is separated from McMurdo
Sound by the Wilson Piedmont Glacier (Calkin, 1964). Victoria Valley consists of five main interlocking val-
leys totaling 90 km in length and generally trends northwest to southeast. It is a high-elevation valley, with
the lowest elevation at approximately 350 m. Alatna Valley is located in the northernmost part of the MDV
in the Convoy Range near Mackay Glacier. It is a northeast to southwest trending valley and has the high-
est elevation (>900 m) in this study.

The lower-elevation valleys (i.e., Miers and Taylor) have experienced dynamic change through the
Pleistocene into the Holocene. During glacial maxima, the eastern ends of the valleys were “blocked” by
the advance of the West Antarctic Ice Sheet, large lakes developed, and the glacial deposits were covered
by the deposition of lacustrine sediments (Denton et al., 1989; Doran et al., 1994; Hall et al., 2013; Obryk
et al., 2017). During interglacial periods, the East Antarctic Ice Sheet advanced seaward, while the alpine gla-
ciers similarly advanced into the valleys (Hall et al., 1993; Wilch et al., 1993). Through the Holocene, the lake
levels have fluctuated in size but have generally decreased (Hall et al., 2013; Lyons et al., 1998).

The geology of MDV is predominately composed of four main rock types. These include Cambrian/Pre-
Cambrian granites and metamorphic basement; Devonian-Triassic age Beacon Supergroup strata in the
Transantarctic Mountains, including a collection of sandstones, shales, conglomerates, and coal (Craddock,

Figure 1. Landsat image of the McMurdo Dry Valleys with the four valleys of interest highlighted: Alatna Valley in magenta,
Victoria Valley in green, Taylor Valley in blue, and Miers Valley in red. Specific sampling locations shown are in the four
valley inset images (a)–(d). Sample locations represent a vertical transect from Alatna to Miers Valley and a horizontal
transect through Taylor Valley from Explorer’s Cove to Taylor Glacier. McMurdo Station is identified as a star for reference.
Further information on each site is located in Table 1.
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1970; Kyle, 1990); Jurassic age Ferrar Dolerite of tholeiitic affinity (Bockheim & McLeod, 2007); and the
McMurdo Volcanic Group of Cenozoic age containing basalts and quartz-free basic to felsic volcanic rocks
(Kyle, 1990; Marchant & Denton, 1996). The valley floors consist of tills deposited by the movement of both
the East Antarctic Ice Sheet and West Antarctic Ice Sheet, as well as local alpine glaciers (Denton et al.,
1989; Hall et al., 2000). These deposits are heavily modified by aeolian, fluvial, and fluvioglacial and
limnological activity and therefore have higher amounts of sand compared to higher elevations (Prentice
et al., 1998). Due to the different influences of these various physical processes over time, the till and
lacustrine sediments that are now exposed vary within each valley in MDV and are potentially sources of
local “dust” (Bockheim & McLeod, 2007).

2.2. Sampling and Analysis

Big Spring Number Eight isokinetic wind samplers were deployed at seven collection sites throughout the
MDV. Big Spring Number Eight samplers passively collect 95% of airborne material that enters the collection
box opening, regardless of wind velocity or direction (Shao et al., 1993). Though the aeolian material collec-
tion trays were initially set to standardized heights above the surface (5, 10, 20, 50, and 100 cm), strong winds
generated variation in heights among the individual units. Therefore, relative elevation terms (bottom lower,
bottom middle, bottom upper, middle, and top) are used in this work rather than absolute heights.

Aeolian material from Alatna, Victoria, Taylor (Explorer’s Cove, F6, East Lake Bonney, and Taylor Glacier), and
Miers Valleys (Figure 1) was collected seasonally in 2013 and 2014 and year-round for 2015. Fifty-three sam-
ples were obtained, with 38 samples containing more than 5 g. Samples were collected twice: once in
November and again in January. November collections are termed “winter” (from 15 January to 31
October), while January collections are termed “summer” (from 1 November to 14 January). Sampler locations
and coordinates are detailed in Table 1 and Figure 1.
2.2.1. Water-Soluble “Leaches”
Acid was generally avoided due to potential contamination of the samples from the dissolution of strong
acids (i.e., HCl and HNO3). For the samples with greater than 5 g of mass, 0.5 g of sample was leached with
2.5 ml of 18 Ω deionized (DI) water chilled to 3 °C, consistent with soil leaches performed by MCM-LTER
researchers (e.g., Barrett et al., 2005; Nkem et al., 2006). Chilled DI water was used to represent surface water
temperatures in the MDV. Recent work has clearly demonstrated that this 1:5 mass to volume ratio may not
solubilize all the salts present in MDV soils (Toner et al., 2013). We strongly desired to produce data compar-
able to previous LTER soil measurements and hence used their soil:water ratio but modified the procedure by
including a second sequential leach similar to Toner et al. (2013). Throughout sample analysis, all tubes and
equipment were cleaned with several DI water rinses. Samples were agitated for 1 min by hand then set to
rest at 3 °C for 30 min. This was the first of two leaches. After 30 min, the water from the first leach was
extracted and filtered using a 0.45-μm Whatman® polypropylene syringe filter and stored in a clean
Falcon™ tube at 3 °C in preparation for chemical analysis. The first two to three drops of leachate were dis-
carded to minimize potential contamination from the filtration process. The second leach followed a similar
procedure, but the extraction lasted for 24 hr. These two time steps were chosen to ideally simulate short
pulses of water hydrating aeolian sediment in MDV to dissolve rapidly soluble solids (30 min) and long-term
wetting (24 hr). Samples with ~5 g of mass were leached using the entire mass of the sample. Process blanks
were produced by filtering chilled DI at ~3 °C water through a clean syringe and filter and were later analyzed
along with the sample leachates. Contamination from filtering was negligible, as the measured ion and

Table 1
Sample Site Coordinates, Distance From the Coast and Corresponding Locations on Figure 1

Location on map Collection site name Latitude Longitude Distance from coast (km) Elevation (m)

1 Alatna Valley 76.90008°S 161.11102°E 36 950
2 Victoria Valley 77.33092°S 161.60062°E 47 450
3 Explorer’s Cove A and B 77.58873°S 163.41752°E 3.5 24
4 F6 (Lake Fryxell) 77.6085°S 163.2487°E 8.5 19
5 East Lake Bonney 77.69263°S 162.56233°E 27 64
6 Taylor Glacier 77.74002°S 162.13135°E 38.5 334
7 Miers Valley 78.09805°S 163.79423°E 10.5 50
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nutrient concentrations were less than the concentrations found in the DI water (supporting information
Table S1).
2.2.2. Nutrient and Ion Analysis
The water collected from the sediment leaches was separated into two aliquots. The first aliquot was ana-
lyzed for soluble reactive phosphorous (PO4

3�) and nitrate plus nitrite (NO3
� + NO2

�) on a Skalar San++
Automated Wet Chemistry Analyzer with an SA 1050 Random Access Auto-sampler.

The second aliquot was used to quantify major cations (K+, Na+, Ca2+, and Mg2+) and anions (F�, Cl�, Br�, and
SO4

2�). Cations were analyzed using a Dionex DX-120 ion chromatograph with an AS40 automated sampler,
and anions were analyzed using a Dionex ICS-2100 ion chromatograph and an AS-DV automated sampler, as
originally described by Welch et al. (1996; 2010). Alkalinity (HCO3

�) was calculated through charge balance
difference, which is the best estimate for alkalinity using this method with an average standard error of
±14% from MDV stream water (Lyons et al., 2012). Precision and accuracy ranged from 0.13% to 21.0% and
0.18% to 18.7%, respectively (Table S1).
2.2.3. SEM
High-resolution electron microscopy images were obtained of the uppermost collection heights (“middle”
or “top”) from each location with an FEI Quanta 250 Field Emission Gun scanning electron microscope
(SEM) equipped with a Bruker X-Flash X-ray spectrometer and Bruker Quantax software to examine the
rounding and sorting of aeolian sediment grains, grain encrustations, and any biological material present,
and estimate particle size. Spot chemistry was performed using energy dispersive X-ray spectroscopy ana-
lysis with a working volume that spans 1–3 μm3 to identify specific elements and estimate minerology.
Elemental maps on grain surfaces were also generated to detail salt encrustations, such as NaCl
and CaSO4.
2.2.4. PCA
Principal component statistical analysis was performed using R statistical programming (R Core Team, 2013).
Principal component analysis (PCA) was conducted using correlation matrix standardized data. The levels of
variables representing nutrients were selected using their loading scores with cutoff ≥ 0.01.

3. Results
3.1. Water-Soluble Geochemistry

Ion concentrations from the two sequential aeolian material leaches were summed to represent the
total contributions of ions to the surface (Table 2). For anions, all sites were below the detection limit for
Br�, except for F6 (Lake Fryxell) and Explorer’s Cove. Cl� concentrations ranged between 0.161 and
19.1 μmol/g. Coastal samples contained the highest concentrations of Cl�, while more inland samples were
higher in SO4

2�. F6 was high in both anions. Cl� concentrations were greatest in the uppermost collection
height (top) for the inland, higher-elevation sites.

Cation concentrations did not vary as greatly as anion concentrations (Table 2). The lowest cation concentra-

tion was K+ in Alatna Valley at 0.047 μmol/g, and the highest was 23.6 μmol/g of Na+ at F6. Na+ is the domi-

nant cation for all sites, followed by Ca2+, then Mg2+ and K+. The down-valley locations of F6 and Explorer’s

Cove had the highest concentrations of Na+, while inland samples had relatively more Ca2+. The upper

collection height samples generally had higher concentrations of Na+ and Mg2+ than lower collection height

samples, but similar trends were not observed for K+ and Ca2+. The 2015 full-year samples at Explorer’s Cove,
which likely reflect a more summer influence due to strong coastal breezes, contained the highest concen-
trations of Na+, while winter samples from the inland locations were locally higher.

Nutrient concentrations varied greatly between samples, often greater than an order of magnitude (Table 2).
The highest NO3

� concentration was in the uppermost sample at Taylor Glacier (0.411 μmol/g), while the
lowest NO3

� concentration was in the lowest sample height at Explorer’s Cove (0.006 μmol/g). PO4
3� con-

centrations were at or below the detection limit for some inland and high-elevation locations
(<0.0001 μmol/g) but ranged as high as 0.0105 μmol/g at the coast. Winter and uppermost samples had
the highest concentrations of NO3

� for all sites, while middle- to low-level (“bottom middle” and “bottom
upper”) samples had the highest concentrations of PO4

3�.
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Table 2
Concentrations of Water-Soluble Major Ions and Nutrients in McMurdo Dry Valleys Aeolian Material, Determined by Ion Chromatography and Nutrient Analysis in
Micromoles per Gram From 1:5 Sediment to Water Leach

Site Height Year F� Cl� Br� SO4
2� Na+ K+ Mg2+ Ca2+ NO3

� PO4
3�

Alatna Bottom lower Winter 2013 0.043 0.310 — 1.03 2.35 0.047 0.380 0.642 0.258 0.0026
Alatna Bottom middle Winter 2013 0.043 0.424 — 0.395 1.37 0.106 0.203 0.338 0.276 0.0003
Alatna Middle Winter 2013 0.037 1.08 — 1.26 3.65 0.058 0.465 1.23 0.268 0.0004
East Lake Bonney Bottom lower Winter 2014 0.020 5.58 — 1.63 4.87 0.366 1.44 2.06 0.079 —
East Lake Bonney Bottom middle Winter 2014 0.015 3.84 — 1.09 3.55 0.283 1.05 1.52 0.061 —
East Lake Bonney Bottom upper Winter 2014 0.027 5.57 — 1.54 5.75 0.361 1.39 2.16 0.068 0.0012
East Lake Bonney Middle Winter 2014 0.025 4.41 — 1.28 4.71 0.321 1.28 1.88 0.066 0.0016
East Lake Bonney Top Winter 2014 0.023 3.07 — 0.570 3.49 0.248 0.838 1.27 0.043 0.0008
East Lake Bonney Bottom lower 2015 0.016 2.38 — 0.602 2.68 0.183 0.744 1.02 0.035 0.0025
East Lake Bonney Bottom middle 2015 0.019 2.45 — 0.512 2.88 0.205 0.819 1.10 0.036 0.0028
East Lake Bonney Bottom upper 2015 0.015 2.60 — 0.839 3.02 0.219 0.794 1.46 0.036 0.0027
East Lake Bonney Middle 2015 0.022 2.92 — 1.20 3.40 0.259 0.963 1.66 0.043 0.0027
East Lake Bonney Top 2015 0.023 2.29 0.003 1.09 3.20 0.248 0.962 1.72 0.030 0.0028
Explorer’s Cove B Middle Winter 2013 0.007 1.45 — 0.620 4.16 0.198 0.240 0.518 0.035 0.0017
Explorer’s Cove A Bottom lower 2015 0.026 6.75 0.010 0.563 10.9 0.368 0.454 0.492 0.023 0.0050
Explorer’s Cove A Bottom middle 2015 0.022 2.22 0.002 0.523 5.78 0.237 0.203 0.336 0.017 0.0069
Explorer’s Cove A Bottom upper 2015 0.037 5.53 0.005 0.560 10.3 0.343 0.298 0.422 0.031 0.0114
Explorer’s Cove A Middle 2015 0.034 2.73 0.001 0.471 6.98 0.257 0.161 0.362 0.027 0.0128
Explorer’s Cove A Top 2015 0.029 2.76 0.002 0.496 7.21 0.265 0.143 0.336 0.029 0.0147
Explorer’s Cove B Bottom lower Winter 2014 0.024 0.735 — 0.271 4.34 0.188 0.121 0.369 0.006 0.0123
Explorer’s Cove B Bottom middle Winter 2014 0.023 1.33 0.010 0.247 4.61 0.191 0.071 0.317 0.007 0.0150
Explorer’s Cove B Bottom upper Winter 2014 0.026 0.627 0.002 0.262 5.73 0.179 0.055 0.285 — —
Explorer’s Cove B Middle Winter 2014 0.028 6.82 0.007 0.563 11.9 0.355 0.227 0.520 0.028 0.0105
Explorer’s Cove B Top Winter 2014 0.026 8.18 0.009 0.659 12.9 0.379 0.445 0.689 0.035 0.0076
Explorer’s Cove B Bottom lower 2015 0.021 2.76 0.001 0.392 5.96 0.290 0.255 0.394 0.022 0.0063
Explorer’s Cove B Bottom middle 2015 0.033 10.8 — 0.638 15.5 0.505 0.686 0.575 0.049 0.0071
Explorer’s Cove B Bottom upper 2015 0.022 2.45 — 0.387 5.88 0.241 0.162 0.384 0.021 0.0078
Explorer’s Cove B Middle 2015 0.033 2.85 — 0.352 7.24 0.269 0.176 0.386 0.033 0.0127
Explorer’s Cove B Top 2015 0.039 3.30 — 0.360 8.18 0.289 0.196 0.376 0.037 0.0138
F6 (Lake Fryxell Bottom lower Summer 2013/2014 0.024 5.07 0.015 0.838 8.40 0.413 0.526 0.956 0.107 0.0032
F6 (Lake Fryxell) Bottom middle Summer 2013/2014 0.017 4.37 0.016 0.773 7.34 0.388 0.511 1.08 0.093 0.0025
F6 (Lake Fryxell) Bottom upper Summer 2013/2014 0.016 1.84 0.016 0.568 4.72 0.262 0.219 0.583 0.037 0.0037
F6 (Lake Fryxell) Middle Summer 2013/2014 0.017 6.36 0.035 0.634 7.53 0.403 0.750 0.923 0.078 0.0003
F6 (Lake Fryxell) Top Summer 2013/2014 0.039 18.9 0.052 1.87 17.2 1.02 2.79 2.64 0.241 0.0019
F6 (Lake Fryxell) Bottom upper Winter 2014 0.042 15.1 0.007 1.28 18.7 0.661 0.812 0.769 0.178 0.0068
F6 (Lake Fryxell) Middle Winter 2014 0.058 11.6 0.006 1.42 16.8 0.632 0.495 0.521 0.147 0.0112
F6 (Lake Fryxell) Top Winter 2014 0.050 19.1 0.017 1.09 23.6 0.870 0.882 0.655 0.184 0.0042
Miers Bottom lower Summer 2013/2014 0.010 0.647 — 0.317 1.87 0.184 0.111 0.659 0.030 —
Miers Bottom middle Summer 2013/2014 0.013 0.367 — 0.328 1.31 0.180 0.104 0.800 0.025 0.0006
Miers Bottom upper Summer 2013/2014 0.011 0.323 — 0.356 1.27 0.171 0.082 0.766 0.022 0.0009
Miers Middle Summer 2013/2014 0.013 0.318 — 0.278 1.17 0.165 0.073 0.752 0.016 0.0007
Miers Top Summer 2013/2014 0.010 0.300 — 0.261 1.04 0.154 0.059 0.687 0.015 0.0002
Miers Bottom upper Summer 2014/2015 0.007 0.380 — 0.302 1.19 0.108 0.088 0.766 0.029 0.0009
Miers Middle Summer 2014/2015 0.008 0.372 — 0.361 1.46 0.129 0.118 0.763 0.033 0.0003
Taylor Glacier Bottom lower Winter 2014 0.007 2.04 — 0.486 2.89 0.091 0.246 0.725 0.232 0.0002
Taylor Glacier Bottom middle Winter 2014 0.010 1.95 — 0.458 2.91 0.090 0.240 1.02 0.217 0.0003
Taylor Glacier Bottom upper Winter 2014 0.007 1.83 — 0.455 2.69 0.080 0.201 0.774 0.238 0.0023
Taylor Glacier Middle Winter 2014 0.018 3.91 — 1.05 4.47 0.138 0.471 1.80 0.411 0.0010
Victoria Bottom lower Winter 2013 0.013 0.924 — 0.842 2.57 0.104 0.269 1.45 0.282 0.0000
Victoria Bottom middle Winter 2013 0.016 1.60 — 0.852 3.17 0.152 0.420 1.41 0.340 0.0002
Victoria Bottom upper Winter 2013 0.005 0.161 — 0.301 0.951 0.063 0.072 0.605 0.041 0.0014
Victoria Middle Winter 2013 0.007 1.03 — 0.503 2.13 0.113 0.174 1.08 0.151 0.0010
Victoria Top Winter 2013 0.012 2.11 — 0.904 3.96 0.130 0.172 1.21 0.280 —

Note. Values are the sum of two sequential 30-min and 24-hr leaches. Dashes represent measurements below the detection limit.
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3.2. Grain Size, Composition, and Encrustations From Scanning Electron Microscopy

Energy dispersive X-ray spectroscopy was used to examine grain composition and encrustation chemistry.
Samples from Alatna and Victoria Valleys were composed of rock segments ranging from <250 to 750 μm
in size, which were fairly well sorted and angular. Many grains were encrusted with salts, predominately gyp-
sum (CaSO4�2H2O), mirabilite (Na2SO4·10H2O), and glauberite (Na2Ca(SO4)2; Figure 2a), and had Fe staining.
Particles composed of trace metals (Pb, Sn, Bi, and W) were observed as surface flecks, with concentrations
suggesting an anthropogenic source. On some grains, carbon-rich particles were observed (Figure 2b), which
could either be soot from fossil fuel combustion (Khan et al., 2016; Lyons et al., 2000), evidenced by the lack of
structure, or from algal mats (Moorhead et al., 1999)

Figure 3. Anion (a) and cation (b) variation diagrams with ions as a percent of the total major constituents. HCO3
� concen-

tration was determined by charge balance. The colors in the key correspond to valley colors in Figure 1 and are uniform for
all following figures.

Figure 2. Scanning electronmicroscope imaging detailing grain encrustations and chemistry using energy dispersive X-ray
spectroscopy. Red arrow and numbers indicate materials described in sections 3 and 4. 1 = gypsum (CaSO4�2H2O); 2 = a
carbon flake; 3 = volcanic glass; 4 = mirabilite (Na2SO4·10H2O); 5 = magnesium carbonate (MgCO3); 6 = halite (NaCl);
7 = glauberite (Na2Ca(SO4)2); 8 = calcium carbonate (CaCO3); 9 = halite (NaCl); 10 = frustule of the diatom Hantzschia
amphioxys. (a) Alanta Valley, (b) Victoria Valley, (c) Miers Valley, (d) East Lake Bonney, and (e, f) F6.
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Miers Valley had the highest occurrence of volcanic rock fragments, ash,
and glass compared to all other locations (Figure 2c). The grains were a
mixture of round and angular and ranged from 100 to 1,000 μm in size.
Overall, the mafic chemistry of mineral grains in Miers Valley suggest a
dolerite source.

The grains at East Lake Bonney and Taylor Glacier were better sorted and
ranged from 250 to 750 μm. The surfaces of the grains demonstrated
extensive alteration, where minerals such as feldspars were weathered to
needles. Other sediment grains had deep etch pits filled with salts, such
as halite (NaCl), mirabilite, glauberite, and gypsum at East Lake Bonney
and predominately gypsum at Taylor Glacier (Figure 2d).

The grains at Explorer’s Cove and F6 ranged from <100 to 1,000 μm and
were rounded and weathered. The grains themselves were predominately
encrusted with halite or gypsum (Figure 2e). Compared to the high-
elevation sites of Victoria and Alatna Valleys, Explorer’s Cove and F6 had
more volcanic materials, including volcanic ash, many of which had been
weathered on the outer edges. Within the small segments of weathered
minerals, microorganism remains were present, including frustules of dia-
toms, such as Hantzschia amphioxys at Explorer’s Cove (Figure 2f) and
Muelleria meridionalis at F6.

4. Discussion

Previous studies on aeolian dust transport in the MDV have shown that
wind is an important distributor of organic matter and nutrients and is a
modifier of biodiversity that contributes to aquatic ecosystem vitality
(Deuerling et al., 2014; Šabacká et al., 2012). Aeolian deposition of poten-
tially soluble nutrients associated with particulate matter may be impor-
tant in supporting biological communities along lake edges, where
deposition to the surface of lakes is believed to be a source of organic car-
bon to deeper waters (Adams et al., 1998; Fristen et al., 2000). MDV winds
can also add black carbon to the water column, which is resuspended from
the valley floor, andmay influence a shift toward an anthropogenic chemi-
cal signature of black carbon in lake surface waters (Khan et al., 2016). In
ice-covered environments, such as lake ice and glacier surfaces, portions
of the aeolian material can be solubilized, adding nutrients and other
solutes to the aquatic ecosystem (Bagshaw et al., 2007; Deuerling et al.,
2014; Lyons et al., 2003; Porazinska et al., 2004). Similarly, stream channels,
which are dry most of the year, collect aeolian material and release solutes
during summer melting (Barrett et al., 2007; Lyons et al., 1998).

4.1. Aeolian Composition—Water-Soluble Component

Deuerling et al. (2014) analyzed aeolian material from lake and glacier ice
(11 sites), elevated sediment traps at 30 cm (three sites), and aeolian landforms (four sites). They found the
highest concentrations of total dissolved solids in the aeolian material collected in sediment traps compared
to the ice surfaces. They interpreted this to mean that the aeolian trap material had not been in previous con-
tact with the hydrological system (i.e., liquid water), while the material from the ice surfaces had been in con-
tact with water and had lost some of its original soluble component. Their sediment trap water leaches were
enriched in Na+ plus K+, while aeolian material collected from landforms and ice had relatively higher Ca2+

and Mg2+ concentrations (Deuerling et al., 2014). The analysis of aeolian material presented here similarly
demonstrates high concentrations of water-leachable Na+ plus K+, suggesting that these cations are asso-
ciated with the most soluble salts and are the first to solubilize with wetting (Figure 3). During sequential
leach experiments, Toner et al. (2013) found that the majority of Na+ and K+ from Taylor Valley soils was solu-
bilized in the initial wetting, regardless of the water to solid ratio used to solubilize the salts, while Ca2+ and

Figure 4. Spatial distribution of alkaline earth enriched McMurdo Dry Valley
aeolian material (a). The black line represents the 1:2 carbonate dissolution
line. Na+ and Cl� distribution of McMurdo Dry Valley aeolianmaterial (b). The
black line represents the 1:1 halite dissolution line.
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Mg2+ increased with increasing water contact. These results suggest that
Ca2+ and Mg2+ are mostly associated with less soluble SO4

2� and CO3
2�

salts, likely in the form of mirabilite, glauberite, gypsum, calcium carbo-
nate, and magnesium carbonate as seen in SEM images (Figure 2). The
cation distribution of sediment on aeolian landforms from Deuerling
et al. (2014) was similar to their sediment trap material when compared
to the ice surface materials. Particles on ice surfaces have the most poten-
tial for contact with liquid water, while the low precipitation and high sub-
limation rates of fallen precipitation on landform surfaces probably result
in only minor wetting, which may explain why the landforms and
entrained material are relatively more enriched in Na+ and K+ compared
to ice surfaces.

4.2. Spatial Variability—Locational Clustering

Though Na+ plus K+ were the major soluble cation constituents for all sam-
ples (Figure 3), the soluble chemistry of the samples still varies with loca-
tion, specifically with distance from McMurdo Sound, and with elevation.
Further, inland and high-elevation sites were most similar to each other,
while low-elevation and coastal sites clustered in a ternary diagram
(Figure 3). The samples from Explorer’s Cove have the highest percentages
of Na+ plus K+ at nearly 100% of the total cations, while F6 is at about 80%,
East Lake Bonney at 60%, and Taylor Glacier at 70% (Figure 3). This

decreasing pattern generally follows a horizontal transect from the coast inland toward the Transantarctic
Mountains. Miers, Victoria, and Alatna Valley samples were similar in their cation distribution, with minor dif-
ferences in Ca2+ and Mg2+ contributions. (Figure 3).

When compared to winter samples, the summer and full-year samples in Taylor Valley were slightly more
enriched in Ca2+ (Table 2). This may suggest that there is seasonal variability in the source of aerosols and
the difference in geochemistry reflects changes from a predominately west to east wind direction. Fortner
et al. (2005) observed similar effects on the surface chemistry of Canada Glacier where western proglacial
streams had higher Ca2+:Cl� ratios than the eastern proglacial streams. There are not enough sampling loca-
tions (i.e., up- vs. down-valley) to conclude whether such trends also exist in the other valleys.

The distributions of anions varied much more greatly than the cations, particularly in Taylor Valley. The major
anions were Cl� and HCO3

� at all locations with SO4
2� having the lowest percentage. Even at the coastal site

of Explorer’s Cove, Cl� varied from between 10% to nearly 70% of the major anions (Figure 3), again suggest-
ing different origins. F6 had a similar range. The distant and higher-elevation sites had similar anion distribu-
tions between East Lake Bonney and Taylor Glacier, as well as between Miers, Victoria, and Alatna Valleys. In
these locations, HCO3

� is the major anion, likely associated with calcium carbonate, as this mineral is found in
all MDV soils (Foley et al., 2006; Toner et al., 2013). Deuerling et al. (2014) and Bisson et al. (2015) observed
similar variable distribution of major anions associated with aeolian material and soils in Taylor Valley.
They attributed the higher concentrations of SO4

2�, particularly in the Bonney Basin, to more abundant con-
centrations of gypsum there. Though there was gypsum observed in grain etch pits from SEM imaging
(Figure 2d), it was not the only salt present at East Lake Bonney, and the leachate from these samples sug-
gests that Cl� is the dominate anion, not SO4

2�. Bisson et al. (2015) also observed sodium bicarbonate in
Taylor Valley soils, which may contribute a minor amount of bicarbonate salts to these samples. In general,
these studies agreed with the earlier work on MDV soils by Keys and Williams (1981), who first described
the trends of soluble salts in Taylor Valley soils.

The wide range of anion contributions is likely due to several factors: (1) variations in wind direction and
hence material source throughout the year (Nylen et al., 2004), (2) differences in the chemistry of material
at different collection heights above the surface due to grain size and density or other transport-related dif-
ferences (Lancaster, 2002), and (3) the “dryness” of the local/regional provenance which is usually related to
the age of the surface (Lyons et al., 2016). At Explorer’s Cove in eastern Taylor Valley, samples have a greater
percentage of HCO3

� in the winter compared to the full-year samples. In western Taylor Valley, the seasonal

Figure 5. Major anions and cations associated with common salts on
McMurdo Dry Valley aeolian material. Black line represents a 1:1 dissolution
line.
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variability at East Lake Bonney was the opposite with winter samples hav-
ing less HCO3

� compared to full-year samples (Table 2). This is likely due to
stronger up-valley winds near Explorer’s Cove during summer months
(Nylen et al., 2004), which have a more marine aerosol chemical signature.

Topmost samples from the aeolian collector (~100 cm above the surface)
also tended to deviate from this more general anion clustering based on
location. Anion content for F6 top is approximately 90% Cl�, where all
other lower collection heights are less than 80%. Top samples from East
Lake Bonney and Victoria Valley are nearly identical in their anion distribu-
tions and have a similar percentage (~20%) of SO4

2� as Alatna Valley top
(Figure 3). Though the variations are not large, these differences are likely
indicative of different types, either size or source, of aeolian material being
transported in Taylor Valley that vary depending on height above the
ground. Lancaster (2002) found that the grain size of aeolian sediment
transported at 100 cm above the surface varied between 10% and 99%
sand, with the remainder mainly silt. Deuerling (2010) found that all aeo-
lian collections at 30 cm above the surface were dominated by sand-sized
or even larger particles, and some even had as high as 60% gravel by
weight. The difference in grain size with height above the ground surface
in these studies indicates different material at different heights and may
explain differences in soluble chemistry between top and bottom samples
in this study. Because it was not possible to perform sieve-based grain size
analysis of the samples due to a lack of sufficient mass and the potential
risk of contamination (though a general overview of particle size is dis-
cussed in section 3), it is unclear if the differences in chemistry are just
reflected in the sizes of the materials transported or are real differences
in sources.

While samples from the coastal and low-elevation sites of Explorer’s Cove
and F6 were more enriched in HCO3

�, the distant and higher-elevation
samples were more alkaline earth enriched (Figure 4). The higher concen-
trations of HCO3

� corroborate more carbonate source material. The Ca2+

and Mg2+ concentrations measured in the water leaches are likely due
to the dissolution of Mg- and Ca-bearing carbonate phases (Keys &
Williams, 1981), as also identified in SEM images (Figure 2). The landscape
surfaces at Explorer’s Cove and F6 are the youngest examined (Hall et al.,
2000), and the high HCO3

�may reflect more abundant carbonateminerals
there. Keys and Williams (1981) previously observed similar trends in
Taylor Valley soils, which they attributed to enhanced Mg-silicate weather-
ing with distance from the coast. However, this trend of high Mg concen-
trations inland was only observed in Taylor Valley (Table 2) and not for
Victoria and Alatna Valleys.

The strong association between Na+ and Cl� concentrations in F6 and Explorer’s Cove samples suggests that

these ions are from NaCl dissolution (Figures 2 and 4). The noncoastal sites have more Na+ and Ca2+ com-

pared to Cl� and HCO3
�, likely from sodium and calcium sulfate salts, such as gypsum, mirabilite, and glau-

berite (Figure 2; Bisson et al., 2015). Nearly all samples, regardless of location, have Na+ concentrations above

the NaCl dissolution line (Figure 4), suggesting a relative enrichment of Na+ relative to Cl�. This relationship
was also observed for aeolian samples collected at 30 cm above the surface by Deuerling et al. (2014).

Mirabilite is a ubiquitous salt phase within MDV soils (Bisson et al., 2015), so the additional Na+ is thought
to be in part from this source (Figure 2). Since F6 and Explorer’s Cove plot directly on the combined halite
and calcium carbonate dissolution line (Figure 5), it is possible that some of the Na+ is from the dissolution

of sodium bicarbonate (NaHCO3), which Toner et al. (2013) believes could form in Eastern Taylor Valley soils

(i.e., Fryxell and Hoare basins) due to the relatively higher soil moisture content. In these CaCO3-rich soils,

Figure 6. Molar concentrations of SO4
2� and NO3

� normalized to Cl� for all
valleys (a). Aeolian material from Taylor Valley is compared to published
average soil salt distributions in Taylor Valley (Toner et al., 2013), shown as
crossed boxes (b).
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sodium bicarbonate forms through the dissolution of halite and calcium carbonate and then the exchange of

these cations on mineral surfaces (Kelley, 1951). Once Na+ displaces Ca2+, this introduces Ca2+ into solution,

forming CaCl2-rich brines, which have been observed throughout the MDV (Dickson et al., 2013; Levy et al.,
2012; Lyons & Mayewski, 1993; Toner et al., 2013; Wilson, 1979).

4.3. Down-Valley Transport

The transport of material containing NaHCO3 is likely derived primarily from the Fryxell Basin (Toner et al.,
2013), perhaps suggesting down-valley material transport to the coastal site of Explorer’s Cove or production
of NaHCO3 in situ there. Ratios of leachable SO4

2� and NO3
� to Cl� also support this assertion, particularly

when compared to local surface soils analyzed by Toner et al. (2013; Figure 6). Coastal samples are likely a
mixture of strong down-valley wind signatures, which can overprint prominent local sources (Lancaster
et al., 2010; Nylen et al., 2004), and amarine signature that remains near the coast potentially due to transport
restriction from Coral Ridge, a saddle 78 m above sea level between F6 and Explorer’s Cove. The composition
of soils near the valley mouth is most similar to the full-year, middle-level collection height samples from
Explorer’s Cove, which supports the premise that locally derived resuspension of soil controls aeolian deposi-
tion there. Samples from the inland locations in Taylor Valley, particularly the winter, topmost collection
height samples, suggest a more down-valley transport trend, where the aeolian sediment collections do
not have the same soluble chemistry as nearby soils (Figure 6).

The highest-elevation sites (Alatna Valley, Victoria Valley, and Taylor Glacier) can be easily distinguished from
the lower-elevation locations in Taylor Valley and follow an almost linear increasing trend in both SO4

2� and
NO3

� from lowest to highest elevation (Figure 6). This is also similar to observations of water-soluble salts in
soils from throughout the Transantarctic Mountains, where the highest-elevation soils are enriched in NO3

�,
while coastal and low-elevation soils are enriched in Cl� (Bockheim & McLeod, 2007; Keys & Williams, 1981;
Lyons et al., 2016). Isotopic analysis suggests that NO3

� is deposited through both tropospheric and strato-
spheric sources, and these soluble nitrate salts accumulate on the surface because the high-elevation sites do
not experience any significant liquid water (Lyons et al., 2016).

A PCA was performed for the topmost and bottommost samples from all locations and for all analytes. The
locations clustered and separated based on the dominant ion chemistry, which varied based on height above
the surface (Figure 7). Coastal, low-elevation locations had similar cluster patterns, while inland, high-
elevation locations clustered separately. This may be due, in part, to similar glacial histories within the valleys
(e.g., Alatna and Victoria Valleys are both fairly hydrologically unaltered) but does not explain all observations

Figure 7. Principal component analysis loading plots for the top and bottom lower collection heights. Analytes are shown
as eigenvectors. Colored circles represent the distribution of the sample locations. The middle collection height is plotted
for Taylor Glacier and Alatna Valley for the top loading plot. Principal components 1 and 2 explain more than 50% of the
variation between sample groups and represent the X and Y axes.
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(e.g., the difference in nutrient limitations at East Lake Bonney and the
similarities between high-elevation sites in Taylor Valley and Alatna
and Victoria Valleys).

4.4. Nutrient Limitations

Interestingly, the Dry Valleys exhibit similar phosphorus and nitrogen
deficiencies related to landscape age as observed in the humid tro-
pics (Chadwick et al., 1999; Vitousek et al., 1997), that is, the “younger”
landscapes in Taylor Valley, such as the easternmost Ross Sea Drift
tills, are more N limited while the “older” landscapes, such as the wes-
ternmost Bonney Drift tills, are more P limited (Barrett et al., 2007). In
general, the water-soluble concentrations of nutrients (N and P) in the
lower-elevation aeolian material are at least 2 orders of magnitude
lower than soluble major ion concentrations. Thus, the input of aeo-
lian material with different water-soluble N:P ratios could have impor-
tant ramifications on the structure and function of both aquatic and
soil ecosystems (Barrett et al., 2007). Topmost samples from F6 and
Miers Valley were generally N enriched, while Explorer’s Cove top
samples were the most P enriched (Figure 8). This observation further
supports a down-valley transport pattern from Taylor Glacier toward
F6, as it reflects the observed differences in Bonney Basin versus
Fryxell Basin soils (Barrett et al., 2007). As previously discussed, any
wind-blown material close to the surface which is derived from the
relatively young, P-rich soils of Explorer’s Cove likely remains coastal
due to potential blockage of surface winds by Coral Ridge. This does
not mean that the inner valley floor does not experience the influence
from easterly winds, as it has been clearly documented that they do
(Doran et al., 2002), but it does strongly suggest that the easterlies
do not sufficiently entrain coastal soils and transport them inland.
Also, because of the limited fetch over land of the easterlies, the
source area for the entrainment of material is also limited. The bot-
tommost samples from F6 and Miers Valley, which have nutrient
ratios intermediate between the coastal and further inland sites, and
are near young soils with high P concentrations, are relatively more
P enriched than top and middle samples and thus are likely potential
inland P sources.

The aeolian material at East Lake Bonney was differentiated based on season by its N:P ratio (Figure 8), where
winter samples were above the Redfield stoichiometric ratio of N:P = 16:1 line, implying potential N enrich-
ment, while full-year samples were below the Redfield line, implying potential P enrichment for aquatic eco-
systems. This indicates that at certain times of high onshore winds, some finer-grained material from the P-
enriched soils in the Fryxell Basin is transported into the Bonney Basin or that there is another higher-
elevation source of P-enriched material being transported. Little information is available on P concentrations
in the higher-elevation Transantarctic Mountains soils, but what do exist would negate the latter idea.
Therefore, the source of these higher P:N ratio materials is an enigma at this time.

Though down-valley transported NO3
� could be important for young soil ecosystems, Deuerling et al. (2014)

reported aeolian fluxes of water-soluble nutrients from 30 cm above the surface at 6 times less than the flux
of nutrients to aquatic systems from MDV soils (Barrett et al., 2007). Water-soluble N and P data from this
study and sediment flux data from Lancaster (2002) and Šabacká et al. (2012) were used to estimate N and
P fluxes at 30 and 100 cm above the ground surface (Table 3). The 100-cm N fluxes were about 10 times lower
than values from Deuerling et al. (2014) at 30 cm, while P fluxes were similar. Overall, soluble N and P aeolian
fluxes are between 100 and 1,000 times lower than the fluxes of nutrients from soils to aquatic ecosystems, as
calculated by Barrett et al. (2007). Due to their lower concentrations compared to Taylor Valley soils, the input
of aeolian materials to streams and lake edges probably has little ecological consequence. However, as earlier

Figure 8. Molar ratios of NO3
� to PO4

3� of all McMurdo Dry Valley aeolian mate-
rial. Locations are ordered by distance from the coast (km) for Explorer’s Cove (EC),
F6 Miers (M), East Lake Bonney (ELB), Alatna Valley (A), Taylor Glacier (TG), and
Victoria Valley (V). The solid black line represents the Redfield ratio of 16:1 for N:P.
Values above the line indicate P limitations relative to N, while values below the
line indicate N limitations relative to P. Color gradients are used to represent col-
lection height variations (a) and season (b).

10.1029/2017JF004589Journal of Geophysical Research: Earth Surface

DIAZ ET AL. 3334



work on glacier and lake ice surfaces (Fountain et al., 2004; Priscu, 1995; Priscu et al., 1999), as well as
cryoconites (Bagshaw et al., 2007; Porazinska et al., 2004) have concluded, if aeolian material deposited
onto these surfaces later comes into contact with liquid water, this material has the potential to provide
important, new sources of N and P to cryoconite, stream, and lake ecosystems.

5. Conclusions

The geochemistry of soluble salts and nutrients in aeolian material from the MDV generally reflects the com-
plicated geologic and climate history of the Ross Sea region, as well as the surficial soil ages of the valleys
where some of the soluble fraction is derived. This material does vary spatially with respect to height above
the surface, distance from the ocean, and elevation but does not vary significantly seasonally. Lower collec-
tion height samples (~5–20 cm) demonstrate little intervalley connectivity, while the uppermost samples
(~100 cm) demonstrate some mixing, altering the chemical continuum.

Material in Taylor Valley is generally transported down valley from Taylor Glacier toward the coast. Though
there are summer up-valley winds, they mainly affect coastal areas and do not appear to transport enough
material up valley to significantly alter the composition of aeolian material at inland locations, except poten-
tially regarding nutrient transport. Nitrate rich material originating from the higher-elevation, inland locations
may help to support younger N-limited soils, while lower elevations in Taylor Valley could be source of phos-
phorus for older P-limited soils as far inland as East Lake Bonney during times of high particle transport. Salt
concentrations varied with collection height, where NO3

� and Cl� concentrations were the highest at the
uppermost collection height, even for the distant and high-elevation locations. This suggests that materials
at these heights are likely entrained longer than materials closer to the surface and hence have accumulated
marine aerosols and atmospherically derived nitrate on grain surfaces.
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