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Abstract 

 Chemical weathering of sediments derived from wet-based glaciation is 

typically correlated to water discharge rates, wherein glacially produced fines are 

susceptible to chemical alteration due to abraded mineral textures and high reactive 

surface area. Chemical weathering processes affecting sediments in cold-based glacial 

systems are less well constrained due to a presumed lack of sediment production via 

glacial grinding. This dissertation investigates chemical weathering trends within the 

fine-grained (<63 µm; silt and clay) fraction of sediments collected from meltwater 

streams emanating from cold-based glaciers in the McMurdo Dry Valleys (MDV; 

Wright and Taylor Valleys) by integrating grain size, BET surface area, and whole-rock 

geochemistry. In Wright Valley (Clark Glacier stream), the silt and clay (mud) fraction 

is typically coarser grained (higher silt content) and consists primarily of pyroxenes, 

quartz, and feldspars, with the percentages of pyroxenes and quartz systematically 

increasing downstream. The percentage of phyllosilicates is relatively low (4-18%) and 

decreases with downstream distance. In contrast, fine-grained Taylor Valley sediments 

(Delta Stream) exhibit lower percentages of both pyroxene and quartz and a higher 

percentage of phyllosilicates (30-43%), and concentrations of both primary minerals 

and phyllosilicates remain consistent in abundance down the stream transect. BET 

surface areas in Clark Glacier stream range from 2.0-29.0 m2/g and from 19.9-70.6 m2/g 

in Delta Stream. Standard chemical weathering indices, such as the Chemical Index of 

Alteration (CIA), indicate that chemical weathering is occurring within the silt and clay 

fractions of Antarctic stream sediments and is particularly pronounced in Delta Stream 

where surface area is > 40 m2/g. Utilization of MFW and A-CN-K plots, however, are 
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more effective in discerning the extent and nature of chemical weathering in these 

stream systems. At the highest measured surface areas in Delta Stream, loss of Ca and 

Na is evident in the fine-grained sediments, suggesting pitting and/or incongruent 

dissolution of pyroxenes and feldspars as well as development of amorphous mineral 

phases via the initiation of chemical weathering, resulting in higher measured BET 

surface areas. Clark Glacier stream sediments do not exhibit comparable leaching trends 

in the fine-grained sediment fraction, which may indicate that weathered material is 

accumulating on the glacier surface and has not yet been transported into the hyporheic 

zone and/or complete dissolution of fine-grained material is occurring in the transect. In 

both stream systems, the nature of the underlying drift, eolian dispersal patterns, and 

variable stream discharge rates play a critical role in the distribution of fine-grained, 

potentially weathered sediment in the MDV. Recognizing chemical weathering trends 

in polar stream sediments may provide a means to refine climatic inferences from 

proximal fluvial strata in glacial systems and further constrain the influence of chemical 

weathering on both modern and ancient global carbon cycles. 
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Chapter 1: Introduction 

Weathering in polar climates is considered to be dominated by physical 

processes (Hall et al., 2002; Huh, 2003; Sepala, 2004; Putkonen et al., 2014). Chemical 

weathering in cold regions has previously been assumed to be minimal due to limited 

availability of liquid water and low temperatures slowing reaction rates (Velbel, 1993; 

Lasaga et al., 1994; White and Blum, 1995; Anderson et al., 1997; Anderson, 2007; 

Hall et al., 2002; Goudie and Viles, 2012). However, in wet-based (temperate) glacial 

regimes, mechanical grinding of sediments by glacial erosion can produce large 

volumes of unsorted sediment including fresh rock flour with high surface area 

susceptible to significant chemical weathering due to formation of chemically reactive 

sites on mineral grains (Anbeek 1992; 1993; Anderson, 2005; 2007; Goudie and Viles, 

2012). In regions where cold-based glacial activity is prominent, such as in the 

McMurdo Dry Valleys (MDV) of Antarctica, only minor production of glacially 

derived fines is expected. Cold-based glaciers are defined as those frozen to the 

underlying rock substrate, suggesting minimal erosive impact on subjacent bedrock and 

sediment (Chinn 1994; Atkins et al., 2002; Atkins, 2014). This dissertation investigates 

the physical and chemical weathering characteristics of the mud (< 63 µm; silt and clay) 

fraction of sediments collected from the McMurdo Dry Valleys and compares observed 

trends to sediments collected from a temperate-arid climate (Blue Beaver Creek, 

Wichita Mountains, OK) and from various temperate glacial systems. This dissertation 

is divided into three chapters which constitute three stand-alone journal articles. 
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Chapter 2 

In Chapter 2, grain size and reactive surface area of sediments along granitoid-

sourced fluvial transects between a cold-arid, glacial (Wright Valley, Antarctica) and a 

warm semi-arid, non-glacial (Wichita Mountains, Oklahoma) environment is compared. 

Results indicate opposing trends downstream within the silt and clay (< 63 µm) 

fraction. In the polar glacial transect, the silt and clay fraction coarsens and exhibits a 

corresponding decrease in mineral surface area with fluvial transport. This is inferred to 

reflect rapid dissolution of fine-grained eolian material trapped on a glacier surface and 

released during summer melting. Fluvial sediments from the warm, non-glacial system 

exhibit the opposite trend, wherein a downstream decrease in grain size and increase in 

surface area suggest incongruent chemical weathering resulting in clay-sized secondary 

weathering phases. The observed trends highlight the important roles of reactive surface 

area and solute chemistry, which are closely linked to climate, in determining chemical 

weathering rates.  

                                                   Chapter 3 

In Chapter 3, BET surface area values of fine-grained (< 63 µm; silt and clay) 

sediment is measured and compared from the hyporheic zone of polar glacial streams in 

the McMurdo Dry Valleys, Antarctica (Wright and Taylor Valleys). BET surface area 

values exhibit a wide range (2.5-70.6 m2/g). Samples from one (Delta Stream, Taylor 

Valley) of the four sampled stream transects exhibit high values (up to 70.6 m2/g), 

which greatly exceed surface area values from three temperate proglacial streams (0.3-

12.1 m2/g).  Only Clark stream in Wright Valley exhibits a robust trend with distance, 

wherein surface area systematically decreases (and particle size increases) in the mud 
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fraction downstream, interpreted to reflect rapid dissolution processes in the weathering 

environment. The remaining transects exhibit a range in variability in surface area 

distributions along the length of the channel, likely related to variations in eolian input 

to exposed channel beds, adjacent snow drifts, and to glacier surfaces, where dust is 

trapped and subsequently liberated during summer melting. Additionally, variations in 

stream discharge rate, which mobilizes sediment in pulses and influences water:rock 

ratios, the origin and nature of the underlying drift material, and the contribution of 

organic acids may play significant roles in the production and mobilization of high 

surface area sediment. 

                                                     Chapter 4 

 In Chapter 4, chemical weathering trends are investigated within the fine-

grained (<63 µm; silt and clay) fraction of sediments collected from meltwater streams 

emanating from cold-based glaciers in the McMurdo Dry Valleys (MDV; Wright and 

Taylor Valleys) by integrating grain size, BET surface area, and whole-rock 

geochemistry. The weathering signals determined in this study among Wright and 

Taylor Valleys indicate that chemical weathering is occurring in the fine-grained 

fraction of stream sediments in the MDV, which is particularly evident via ternary 

analyses (A-CN-K and MFW plots) in comparison to commonly used weathering 

indices. In Clark Glacier stream, chemical weathering is minimally detected in fine-

grained (<63 µm) stream sediments despite high solute fluxes observed in the stream 

water, suggesting that relatively fresh, felsic-rich sediment is being concentrated into 

the proximal reaches of the stream transect via transport from surficial glacier melt 

and/or complete dissolution of any high surface area material or secondary phases is 
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occurring throughout the stream channel. In Delta Stream, the overall finer-grained 

nature of the analyzed sediments likely reflects in part initial sediment derivation from 

partially wet-based Ross Sea drift, combined with mixing of marine muds from this 

unit. The higher measured BET surface area (> 40 m2/g) for Delta Stream sediments 

may reflect accumulation of weathered material in the hyporheic zone due to low flow 

conditions, which preserved the fine-grained sediment in the channel and may have 

enhanced the degradation of not only primary minerals, but also phyllosilicate phases. 

In addition, the initial production of neoformed minerals is apparent based on 

observation of significant amorphous material present, which likely contributed to the 

high BET surface area measurements. 
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Chapter 2: Trends in grain size and BET surface area in cold-arid  

versus warm semi-arid fluvial systems 

 

Introduction 

Intensity of chemical weathering generally correlates with temperature and 

precipitation, such that warmer and wetter climates should exhibit higher weathering 

rates (White and Blum, 1995; Riebe et al., 2004; Van de Kamp, 2010). Sediment 

surface area is critical to determining mineral-water reaction rates and cation exchange 

capacities during natural weathering processes. However, sediment surface area is not 

commonly reported for natural systems and most weathering studies focus on trends in 

solutes rather than sediments (Anderson et al., 1997; Nezat et al., 2001; Maurice et al., 

2002; Lyons et al., 2003; Rawlins et al., 2010). Chemical fluxes from temperate glacial 

systems are larger than previously assumed owing to the production of freshly abraded, 

fine-grained mineral particles with high surface areas resulting from glacial grinding 

(Anderson et al., 1997; Anderson, 2005; Anderson, 2007). Additionally, significant 

chemical weathering has been established in polar glacial streams (Dry Valleys, 

Antarctica), where increases in multiple cations (specifically Ca, Na, K, and Mg) occur 

along the stream channel during the summer melt season as a result of hyporheic zone 

exchange with underlying unconsolidated sediments (Gooseff et al., 2011; Stumpf et al., 

2012). In contrast to temperate glacial systems, however, the role of surface area in 

cold-based, polar systems remains relatively unexplored and considered negligible due 

to a lack of physical grinding to create strained mineral textures and enhanced surface 

roughness (Anbeek, 1992; Hallet et al., 1996; Anderson, 1997; Anderson, 2007).  
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Fine-grained sediments have particularly high surface areas due to small particle 

sizes, which increase the proportion of mineral surfaces readily available for chemical 

weathering. High-surface-area sediments also enhance partitioning between the more 

labile mineral phases (ie, hornblende, anorthite, and K-feldspar) and more resistant 

phases (ie, quartz), even over relatively short exposure times to the weathering 

environment. The importance of surface area in chemical weathering and the link 

between surface area production and climate implies that the production and fate of 

fine-grained sediment may be diagnostic of climate. Here we quantify sediment size 

distributions and corresponding BET (Brunauer et al., 1938) surface area within the 

finest (<63 µm; silt and clay), and thus potentially most reactive, sediment fraction 

along proximal fluvial transects in cold-arid glacial and warm, semi-arid non-glacial 

systems of similar drainage basin size, relief, and bedrock lithology to explore possible 

climate-related controls on chemical weathering.  

Study Area and Geologic Setting 

Wright Valley, Antarctica 

The McMurdo Dry Valleys (MDV) of southern Victoria Land, Antarctica (Fig. 

1) comprise the largest ice-free region of the continent (4800 km2) (Wagner et al., 2006; 

Gooseff et al., 2011; Sabacka et al., 2012). The main valleys (Wright, Taylor, and 

Victoria) trend east to west and are bordered to the east by McMurdo Sound and to the 

west by the Transantarctic Mountains (Gooseff et al., 2011). The region is classified as 

a polar desert due to cold temperatures (-14.8 to -30 °C mean annual air temperature) 

and low precipitation (<100 mm per year), attributable to the rain shadow effect of the 

adjacent Transantarctic Mountains (Monaghan et al., 2005; Doran et al., 2008; Fountain 
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et al., 2010). Winds flow both easterly from the Ross Sea and westerly off the polar 

plateau through the valleys at an average speed of 4.1 m/s; additionally, katabatic winds 

from the Eastern Antarctic Ice Sheet (EAIS) can reach speeds of 40 m/s during the 

winter months, stimulating eolian flux and resulting in rapid warming of MDV 

temperatures (Clow et al., 1988; Doran et al., 2008; Gooseff et al., 2011).  

The hydrologic system of the MDVs consists of glaciers, lakes, ephemeral 

streams and adjacent hyporheic zones, permafrost, and atmospheric moisture (Gooseff 

et al., 2011; Levy et al., 2011). Valley glaciers are considered polar, as they are frozen 

to their rock substrate and maintain temperatures below freezing (Atkins and Dickinson, 

2007). Increased solar radiation, in conjunction with air temperature, wind, and 

snowfall patterns, cause melting of glacier surfaces and resultant ephemeral stream flow 

for approximately 8-12 weeks during the austral summer. Stream flow varies both daily 

and annually and provides the critical hydrologic link between valley glaciers and lakes. 

The inception of stream flow enables liquid water to exchange with underlying 

unconsolidated sediments of the valley floor and facilitates chemical weathering within 

the hyporheic zone of the stream channel (Lyons et al, 1997; Nezat et al., 2001; Maurice 

et al., 2002; Gooseff et al, 2011; Stumpf et al., 2012). In addition, melting permafrost, 

recognized as surficial water tracks, may contribute to flow of the temporally connected 

hydrologic system and enhance the transport of weathering-derived solutes to ice-

covered lakes (Levy et al., 2011). 

A proglacial stream (henceforth referred to as Clark Glacier stream) originates 

from surficial melting of Clark Glacier in Wright Valley and terminates at a confluence 

with the Onyx River, the longest stream in Antarctica (Fig. 1). The stream flows 
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intermittently during the brief austral summer over coarse-grained granite and quartz 

monzonite of the underlying Brownworth Pluton and drift sediments recording 

Pliocene-Quaternary cold-based glacial advances from the Ross Sea Embayment and 

the local Wilson Piedmont Glacier (Hall and Denton, 2005; Peterson and Marsh, 2008). 

Specifically, Clark Glacier stream flows over Brownworth, Trilogy, and Loke drifts, as 

defined by Hall and Denton (2005). The oldest, Trilogy drift, is of Early-Mid 

Quaternary age and comprises a sandy diamicton with clasts of Ferrar Dolerite, 

Olympus Granite gneiss, Vida Granite, and microgranite. Loke drift overlies Trilogy 

drift and is a sandy diamicton of mid-Quaternary age. Primary clast components consist 

of Ferrar Dolerite, Olympus Granite gneiss, and microdiorite. Brownworth drift overlies 

both units and is a sandy diamicton with clasts of Ferrar Dolerite, Olympus Granite 

gneiss, Vida Granite, and microgranite. All three drifts contain stained and ventifacted 

clasts. Relict deltas overlie Brownworth drift and occur adjacent to Clark Glacier stream 

(Hall and Denton, 2005).  

Eolian processes are critical within the polar desert of the MDVs to distribute 

fine-grained sediments, nutrients, and organic matter (Lancaster, 2002; Fortner et al., 

2011; Sabacka et al., 2012). Data from eolian traps within Wright Valley and 

neighboring Taylor Valley indicate significant fluxes of silt- and sand-sized particles 

(Lancaster, 2002; Deuerling, 2010). Analysis of eolian sediments from a sediment trap 

at Lake Brownworth (Fig. 1), located near the distal section of Clark Glacier stream, 

indicate a net deposition rate of 0.19 g m-2 yr-1 for the silt and clay fraction and 441.62 g 

m-2 yr-1 for the sand fraction (Lancaster, 2002). No analysis of sediment fluxes taken on 

or near the terminus of Clark Glacier is currently available in the literature. 
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Geochemical analysis of eolian sediments from multiple trap locations in neighboring 

Taylor Valley indicate a predominantly local source for the eolian material, with the 

established geochemical signature for both the silts and sands to be a mixture of major 

MDV rock types (McMurdo Volcanics basanites, Ferrar Dolerite, metasedimentary 

Basement Complex, and Beacon Sandstone). The primary difference is an enhanced 

mafic composition for the silt fraction and a more siliceous composition for the sand 

fraction (Deuerling, 2010). 

Wichita Mountains, Oklahoma 

The Wichita Mountains of southwestern Oklahoma represent Pennsylvanian 

uplifts composed of Cambrian to Proterozoic-aged igneous rock and are overlain by 

Permian-aged units of the Post Oak Conglomerate and Garber Sandstone near the study 

area (Fig. 1) (Gilbert, 1982; Mast et al., 1999; Stanley and Miller, 2005). Groundwater 

is primarily sourced from the Cambrian-Ordovician Arbuckle Group, comprising 

primarily carbonate strata, and sandstone of the Permian Rush Springs Formation 

(Havens, 1983). Groundwater flow through these units is influenced by the structural 

complexity of the region (Havens, 1983). Blue Beaver Creek, a major drainage near 

Fort Sill, Oklahoma, originates in the Cambrian intrusives of the Wichita Mountains 

and flows over bedrock of the Mount Scott Granite, and recent Quaternary alluvium, 

through the Wichita Mountains Wildlife Refuge (Stanley and Miller, 2005). Mean 

monthly discharge averages 1.1 m3/s during the month of May; however, gauging 

stations typically record no flow during the summer months (July-October; Mast et al., 

1999). 
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The region is classified as warm, semi-arid with a mean annual precipitation of 

770 mm/year and mean annual temperature of 16 °C (Mast et al., 1999). Average wind 

speeds are approximately 4.1 m/s (Mast et al., 1999). Thunderstorms and tornadic 

activity are also characteristic during late spring and early summer, which influence 

precipitation and wind patterns (Bluestein and Parks, 1983).  

Methods 

Sample Collection 

Sampling sites in both Antarctica and Oklahoma were selected based on 

similarities in drainage site characteristics, including underlying bedrock lithology, 

drainage basin size, and relief (Table 1). Sediment samples were collected at 400-500 m 

intervals along 2-6 km transects along Clark Glacier stream in Wright Valley, 

Antarctica and Blue Beaver Creek, Wichita Mountains, Oklahoma. Antarctic stream 

sediments were collected during the Austral summer (January, 2010), when glacial 

meltwater was flowing from Clark Glacier. Two tributaries of Blue Beaver Creek 

extending 2 km (Transect A) and 3.5 km (Transect B) and flowing over exposed 

basement rock were sampled for this study during early Spring (February, 2010; Figs. 1, 

2).   

Sediments were preferentially sampled in fine-grained (ie, channel slackwater) 

deposits adjacent to the section of each stream where water was flowing (Fig. 2b) 

Approximately 500-1000 g of surficial sediment was sampled with a trowel within the 

active portion of the depositional system. Each sample was taken approximately 400-

500 m apart. Sampling locations, elevation, and time were recorded with a GPS unit. 

Water temperature and pH of the stream site were also measured with a Hanna hand-
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held pH meter. The Antarctic sediments were frozen upon return from the field at Crary 

Lab in McMurdo Station, Antarctica and were kept frozen upon transport to laboratory 

facilities at the University of Oklahoma. Sediment fractions from both Antarctica and 

Oklahoma were kept in frozen storage to prevent chemical reactions from occurring 

following sample collection. 

                                            Analytical Methods 

Sediment samples were thawed until moist, split to obtain a representative 300-

500 g subset and wet sieved to separate the gravel, sand, and silt and clay (<63 µm) 

fractions. The silt and clay fraction was treated with buffered acetic acid for 24 hours to 

remove carbonate coatings and with 30% hydrogen peroxide for 30 minutes to remove 

organic material. The silt and clay samples were subsequently freeze dried for both BET 

and laser particle-size (LPSA) analyses. Approximately 1 g of sample was placed in a 

vial of distilled water, treated with 2-3 drops of sodium hexametaphosphate to reduce 

flocculation, and sonicated for 5 minutes prior to LPSA analysis. LPSA analysis was 

conducted in distilled water with a Beckman Coulter Laser Particle Size Analyzer to 

obtain size distributions of the silt and clay fraction.  

Nitrogen adsorption BET (Brunauer et al., 1938) was conducted with a 

Beckman Coulter SA3100 analyzer on 0.2-0.7 grams of the remaining silt and clay 

sample. Nitrogen adsorption BET is an extension of the original Langmuir kinetic 

theory for monolayer nitrogen adsorption where the external surface area is measured 

by multilayer adsorption of N2 gas onto a mineral surface, following initial outgassing 

to remove water or other contaminants. Some limitations of BET theory include 

assumptions of energetically homogenous adsorption sites and potential lateral 
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adsorbate interactions. In addition, the use of nitrogen as an adsorbate may complicate 

surface area measurements of expandable clays, such as montmorillonite, since nitrogen 

adsorbate layers do not penetrate the interlayer sites of the mineral (Lowell and Shields, 

1991; Sparks, 2003). The reader is directed to Lowell and Shields (1991) for a more 

thorough discussion of BET theory and analysis. For this study, samples were outgassed 

for 12 hours prior to running analyses at a maximum temperature of 50°C to limit 

possible phase changes.  

Bulk quantitative x-ray diffraction analyses (XRD) were conducted on the sand 

(2 mm-63 µm) and silt and clay (<63 µm) fractions utilizing a Rigaku Ultima IV. 

Oriented clay mounts were prepared on glass slides for clay identification of the <2 µm 

fraction and run on a Siemens D-500, utilizing a fixed-slit assembly, Bragg-Brentano 

geometry, and graphite monochromator. The maximum voltage and current were set at 

40kV and 30 mA, respectively. Resulting XRD patterns were interpreted using JADE 

software.  

                                          Statistical Analyses 

 One-way analysis of variance (ANOVA) tests were performed on the BET 

surface area and volume percentage of clay data for each stream transect utilizing 

SAS® Enterprise Guide 4.3 to determine if mean values were statistically different 

among sample site locations.  

Results 

Grain Size 

In Clark Stream (Antarctica), sediment proportions range between 0-7% gravel, 

85-98% sand, and 0.01-2.4% silt and clay (Fig. 3). The percentage of silt and clay (<63 
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µm) exhibits an overall decrease from the base of the glacier to the stream terminus 

(~5.5 km downstream), whereas the sand and gravel fractions vary minimally with 

downstream distance. Particle-size histograms of the silt and clay fraction indicate a 

systematic coarsening of this fraction down transect (Fig. 4); i.e., the percentage of silt-

sized material progressively increases relative to clay-sized material, and composes the 

majority (64-92 volume %) of the silt and clay distribution (Fig. 5). Variations within 

the sand-fraction size distributions also indicate a downstream increase in the medium 

and coarse-sized particle ranges. 

In Blue Beaver Creek (Oklahoma), sediment proportions range between 34-60% 

gravel, 38-65% sand, and 1.2-2.7% silt and clay in Transect A and 8-66% gravel, 30-

90% sand, and 1.4-12.6% silt and clay in Transect B (Fig. 3). Although the relative 

proportions of sand and gravel in each transect vary, the silt and clay fractions decrease 

downstream in both transects. Additionally, in contrast to the Antarctic stream, LPSA 

analysis shows that the particle-size within the silt and clay fraction systematically 

decreases along both Blue Beaver Creek transects and the range of particle size 

diameters increases downstream (Fig. 4). With downstream distance, the percentage of 

clay-sized material increases relative to silt-sized material and comprises up to 37% of 

the silt and clay fraction in both transects (Fig. 5).  One-way ANOVA analysis and the 

Tukey (HSD) test at the α=0.05 level of the volume percentage of clay in the silt and 

clay fraction reveals a statistically significant difference in clay content between Clark 

Glacier Stream and Blue Beaver Creek Transect B (p-value=0.0055), where no apparent 

difference in clay content occurs in the two sampled transects of Blue Beaver Creek (p-

value=0.1275) (Fig. 6). 
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BET Surface Area 

Nitrogen adsorption BET analysis yielded surface areas ranging between 2.4-

29.0 m2/g for the silt and clay fraction of Clark Glacier stream sediments, which 

decrease systematically with downstream distance (Fig. 7). The first sample point (BET 

value = 15.0) was collected in a tributary to the main stream channel and may not be 

representative of the overall decreasing trend (Fig. 2a). In contrast, BET analysis of 

Blue Beaver Creek stream sediment shows an overall increase in surface area with 

distance downstream, with values ranging from 5.7-13.3 m2/g in Transect A and 7.1-

16.1 m2/g in Transect B, which corresponds to the observed grain-size patterns for the 

silt and clay fraction.  Levene’s test for homogeneity of variance (α=0.05) of the mean 

BET values for each stream transect indicates there is no significant difference in the 

mean surface area between sampling sites (p-value=0.1084) (Table 2; Fig. 8).  

XRD Analyses 

Bulk quantitative XRD analyses of the sand and bulk mud (silt and clay) 

fractions of both the temperate and polar systems indicate heterogeneous mixtures of 

quartz, feldspar, pyroxenes, and amphiboles, with varying amounts of biotite, chlorite 

and common clay phases. In Blue Beaver Creek, OK, the mud fraction is dominated by 

quartz, potassium feldspar (k-feldspar), plagioclase, amphibole, and pyroxene, with 

ferrihydrite, kaolinite, and chlorite present.  Samples averaged 60% primary minerals 

and 35% clay minerals. No distinct compositional changes within the mud fraction 

occur with downstream distance. Oriented clay mounts of four samples distributed 

across both Blue Beaver transects (A and B) indicate the presence of illite, smectite 
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(possibly with interlayered chlorite), and kaolinite.  No differences in clay mineralogy 

were evident with downstream distance. 

In Clark Glacier stream, the mud fraction consists of a similar mineralogy, with 

relative proportions of primary constituents occurring as pyroxene > k-feldspar > 

plagioclase > quartz > chlorite > amphibole > biotite.  Primary minerals comprise >90% 

of the sample, although amorphous weathering products may be present.  No distinct 

compositional changes occur within the mud fraction with downstream distance. 

Oriented clay mounts of four samples along Clark Glacier stream indicate the presence 

of chlorite, illite, smectite, and likely kaolinite, with no observable changes in clay 

types along transect. These results are consistent with XRD analyses conducted on drift 

samples from Green and Huey Creeks in nearby Taylor Valley by Gooseff et al. (2002). 

Although the composition, age, and origin of the drift material in Taylor Valley is 

distinct from that underlying Clark Glacier stream in Wright Valley, clay analyses of 

the <2 µm fraction indicate the presence of muscovite, illite, and smectite, with lesser 

amounts of biotite, chlorite, and disordered kaolinite. Amorphous weathering products 

constitute 40-65% of this size fraction (Gooseff et al., 2002). 

Discussion 

These results document opposing coarsening and fining trends within the silt 

and clay fraction between streams in a cold-arid (polar) glacial environment and a 

warm, semi-arid environment (Mast et al., 1999; Nylen et al., 2004). Both systems 

contain low silt and clay fractions overall (<5%; excepting 12.6% in one sample from 

Blue Beaver Creek Transect B) with varying amounts of sand and gravel. In the warm-

arid system, the overall trend toward finer particle sizes with transport distance within 
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the silt and clay fraction is interpreted to reflect the precipitation of secondary 

weathering phases downstream. This interpretation is supported by the observed 

downstream increase in volume percent of clay-sized particles, as weathering in 

temperate and hot-humid systems leads to liberation of abundant soluble ions and 

resultant formation of chemical weathering products (White and Blum, 1995; Anderson, 

1997; Nezat et al., 2001; Riebe et al., 2004; West et al., 2004; Van de Kamp, 2010). 

Blue Beaver Creek pH measurements of water at each sediment sampling location range 

between 7.38-7.78, indicating neutral to slightly basic conditions conducive to clay 

mineral formation (Fig. 9; Opfergelt et al., 2013). The observed clays in Blue Beaver 

Creek consist of illite, smectite, and kaolinite, which are being formed in the weathering 

environment and concentrated with downstream distance. Eolian additions to the stream 

system cannot explain the observed pattern, as fine-grained material would be 

distributed across the entire drainage throughout the year in this climate system. 

In contrast, the downstream loss of clay-sized material within the silt and clay 

fraction of the cold-arid system is interpreted to reflect dissolution of the finest (clay) 

fraction downstream owing to low solute concentrations in the glacial melt water and 

consequent minimal generation of clay-sized secondary weathering products (Holdren 

and Berner, 1979; Anderson, 2007). pH measurements on Clark Stream water samples 

decrease down transect and range between 7.68-9.0. These values are more alkaline 

than those observed in either Blue Beaver Creek transect and are consistent with 

observed higher pH values in temperate glacial river waters (versus non-glacial, direct 

runoff rivers) in Iceland where limited secondary mineral formation occurs (Fig. 9; 

Opfergelt et al., 2013). XRD analyses indicate chlorite, illite, smectite, and kaolinite 
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compose the clay fraction, which likely does not survive extended transport or is not 

being formed at comparative rates downstream. The origin of the silt and clay fraction 

in the proximal part of the stream could potentially reflect 1) eolian additions to the 

stream channel through the winter months when flowing water is absent, 2) 

contributions from the underlying drift material, or 3) release of eolian sediment trapped 

on the surface of Clark Glacier.  

The data do not support the first two options. Eolian additions through the 

winter months would likely be distributed across the entire stream system, analogous to 

eolian additions in the Wichita (warm semi-arid) system, and would thus fail to produce 

the observed pattern. Significant contribution of fines from the underlying drift material 

is also unlikely, as any fine-grained material initially present would have been rapidly 

flushed from the surface, since the stream does not substantially downcut Brownworth 

Drift to continually expose fresh sediment (Hall and Denton, 2005).  

Accordingly, owing to the spatial pattern wherein the greatest concentration of 

fines occurs proximally, we favor the third option, i.e., the fine fraction represents 

locally derived eolian material captured by the glacier throughout much of the year, and 

subsequently concentrated and released in summer runoff emanating from the glacier 

surface. Such seasonal release of fine-grained sediment during glacial melting has 

significant effects on supraglacial and proglacial stream chemistry (Lyons et al., 2003; 

Fortner et al., 2011; Stumpf et al. 2012).  The finest (clay-sized) fraction undergoes 

rapid chemical weathering as it is transported downstream owing to its large surface 

area, despite the low temperatures. Whereas silt and clay (i.e., material <50 µm) eolian 

fluxes are relatively low in Wright Valley (0.19 gm m-2 yr-1 recorded at Lake 



20 

Brownworth; elevation of 279 m), studies in neighboring Taylor Valley suggest eolian 

dust fluxes vary within the MDV, ranging between 0.28 gm m-2 yr-1 on Howard Glacier 

to 0.89 gm m-2 yr-1 at Lake Fryxell (Lancaster, 2002). No published reports are 

available for eolian dust trapped on Clark Glacier; however, field observations, in 

addition to analysis of sediment obtained from a melted ice core retrieved from the 

central portion of Clark Glacier (provided by K. Kruetz, University of Maine) indicates 

this sediment consists of fine sand- to silt- and clay-sized particles (fine sand, 58.8%; 

very fine sand, 31.7%, silt and clay, 9.5%). Eolian sediment trap data indicates that 

coarser particles are preferentially transported within 20 cm of the ground surface, 

whereas finer (silt and clay-sized) particles are more prevalent at higher altitudes. 

Accordingly, eolian dust that becomes trapped atop glacier surfaces tends to be 

relatively fine grained (and with correspondingly high surface areas), whereas minimal 

eolian dust is trapped within the drift sediments at ground level (Lancaster, 2002; 

Sabacka et al., 2012).  

BET surface area measurements provide quantitative constraints on the mineral 

surface area available for chemical reactions (Anbeek, 1992; Gooseff et al., 2002; 

Maurice et al., 2002; White and Brantley, 2003; Anderson, 2005). Although geometric 

equations can be used to estimate the amount of surface area present (ie, area= 4πr2, 

assuming spherical grains), the natural occurrence of etch pits and steps created from 

physical (i.e., glacial grinding) and chemical processes increases mineral surface 

roughness not inherently predicted (Anderson, 2005); therefore, we utilized nitrogen 

adsorption BET to obtain a closer approximation of actual reactive surface area for each 

stream transect (Anbeek, 1992; Rawlins, 2010).  Clark Stream and Blue Beaver Creek 
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yield statistically comparable ranges in BET surface areas of the silt and clay fraction 

and are consistent with the demonstrated relationship that finer grain sizes correspond to 

higher surface areas (White and Blum, 1995). However, the trends in each system are 

antithetic to one another and indicate that even streams derived from polar-based 

glaciers contain abundant material characterized by a high surface area, particularly in 

the proximal reaches of the stream transect. Although effective production of strained 

mineral textures produced by glacial grinding is not likely in polar glacial systems, 

strong and variable wind patterns within the MDV are effective at transporting local 

drift sediments and causing significant abrasion of surrounding rock, as evidenced by 

abundant polished rock surfaces (ie, ventifacts; Campbell and Claridge, 1987; 

Deuerling, 2010).  

Gooseff et al. (2002) conducted nitrogen adsorption BET on the <1 mm sized 

(coarse sand and finer) material of sediments collected from Huey Creek (Taylor 

Valley), which dominates the sediment fraction in this system. Measured BET surface 

area was extrapolated to the bulk sediment sample and produced a value of 1.23 m2/g. 

Computation of the corresponding geometric surface area based on spherical particles 

yielded a value of 0.00379 m2/g for the same bulk sample. Extrapolation of our 

measured BET surface area for the <63µm fraction to the bulk sediment samples 

collected within Blue Beaver Creek, OK yield the following ranges: 0.09-0.56 m2/g for 

Blue Beaver Creek Transect A and 0.23-0.90 m2/g for Blue Beaver Creek Transect B. 

For Clark Glacier stream, BET analysis of 5 sand fractions (very coarse, coarse, 

medium, fine, and very fine) combined with the BET measurement of the silt and clay 

fraction of a proximal sample (CG-2) and a distal sample (CG-8) along transect yielded 
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bulk surface area values of 2.51 m2/g and 0.57 m2/g, respectively. Anderson (2005) 

concluded that the total surface area resulting from consideration of coarser grain sizes 

is insignificant relative to the contribution from the finest-grained material when 

considering the total surface area available in chemical weathering studies of a 

temperate glacial basin; however, Anderson (2005) reported no measurements of 

sediment surface areas for temperate glacial systems. Our results suggest that 

quantification of the finest fraction is critical to assessing weathering potential in polar 

glacial systems, and highlights the importance of assessing the fine fraction of stream 

sediments.  

Conclusions 

Our results indicate that fluvial transects in cold-arid glacial and warm, semi-

arid non-glacial systems exhibit distinct but opposite systematic variations in fine-

grained particle-size distributions and BET surface area. Within the silt and clay 

fraction, cold-based glacial systems show a general increase in grain size along transect 

and a corresponding decrease in BET surface area.  Although glacial grinding to 

produce abundant surface area is well known for temperate glacial systems, our data 

reveal remarkably high surface area available for and conducive to chemical weathering 

in proglacial stream sediments of polar systems. We hypothesize that this material 

reflects eolian dust trapped on the (higher-elevation) glacier surfaces in this polar desert 

environment, and thus effectively concentrated and seasonally released upon initiation 

of the summer melt season. The high surface area then promotes rapid dissolution in the 

proglacial stream, under low-temperature and neutral to basic pH conditions.  In 

contrast, the warm, semi-arid fluvial system exhibits a downstream fining in the silt and 
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clay fraction reflecting precipitation of secondary weathering products evinced by 

increasing clay content in the silt and clay fraction. We hypothesize that the production 

of secondary phases here reflects the higher temperatures and more neutral pH 

conditions. 

Our BET data for these systems quantify values for fine-grained sediment 

surface area that have not been widely reported for natural systems. These data 

highlight the important role of surface area of the fine-grained fraction on chemical 

weathering. In addition, these data indicate that grain size and BET surface area trends 

within the fine fraction of fluvial sediments may be diagnostic indicators of climate, 

thus providing the potential to develop such metrics as a means to refine climatic 

interpretations from proximal fluvial sediments in the sedimentary record. Analysis of 

similarly sourced systems in other end-member climate systems (i.e., hot-arid and 

temperate glacial) will expand and refine our understanding of the relationships among 

sediment surface area, weathering, and climate. 
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Table 2.1: Sample site characteristics for Wright Valley, Antarctica and the Wichita 

Mountains, Oklahoma. 
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Location Depo-

System 

Region MAT 

°C 

MAP 

(mm/y) 

Relief 

(m) 

Drainage 

Area 

(km2) 

Mean 

annual 

wind 

speed 

(m/s) 

Clark 

Stream 

(Antarctica) 

Glacial, 

fluvial 

Cold, 

arid 

-18 100 465 40 3.1 

 

Blue 

Beaver 

Creek 

(Oklahoma) 

 

Non-

glacial, 

fluvial 

 

Semi-

arid 

 

16 

 

770 

 

360 

 

42 

 

4.1 
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Table 2.2: Statistical data for nitrogen adsorption BET analyses. The r2 value for Clark 

Glacier Stream reflects removal of the first data point (distance = 0 km) due to its 

position outside of the main stream channel. 
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  N Mean Median St Dev St Error 

Mean 

Max Min r2 

 

CLARK 10 12.4986 10.369 8.2736 2.6163 29.025 2.481 0.83 

BBC A 5 9.182 9.408 2.9565 1.3222 13.36 5.703 0.17 

BBC B 8 12.74925 12.5885 3.7757 1.3349 17.4 7.121 0.55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 

 

 

 

 

 

 

 

Figure 2.1: Sample site locations. (A) Location of Clark Stream sediment samples, 

Wright Valley, Antarctica. Hatched pattern represents exposed bedrock; white space 

represents drift sediments. Sample CG-11 was excluded from LPSA and BET analyses 

due to insufficient silt and clay content. Modified from Hall and Denton (2005). (B) 

Location of Blue Beaver Creek sediment samples. Transect A comprises samples BBC-

1 through BBC-5; Transect B comprises samples BBC-6 through BBC-13. Blue Beaver 

Creek flows over Mt. Scott Granite (indicated in parentheses). 
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Figure 2.2: Images of sample site characteristics. (A) Terminus of Clark Glacier, Wright 

Valley, Antarctica. Sample CG-1 was collected within a tributary channel of the glacial 

meltwater stream. Note dust accumulations on the surface of Clark Glacier. (B) Image 

of sample site from Clark Glacier stream transect. (C) Blue Beaver Creek flowing over 

exposed bedrock. Photo taken near sample BBC-12. 
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Figure 2.3: Particle size distributions. (A) Distribution of the % gravel along transect. 

(B) Distribution of the % sand along transect. (C) Distribution of the % silt and clay 

along transect. 
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Figure 2.4: Laser particle size (LPSA) histograms. Particle sizes are in µm. (A) Only 3 

samples from Blue Beaver Creek Transect A are shown. (B) Only 3 samples from Blue 

Beaver Creek Transect B are shown. 
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Figure 2.5: Volume percentage of clay and silt along transect. 
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Figure 2.6: Boxplot of volume percentage of clay content. 
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Figure 2.7: Nitrogen adsorption BET data along transect. Values are reported in m2/g. 
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Figure 2.8: Boxplot of nitrogen adsorption BET values. Values are reported in m2/g. 
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Figure 2.9: Stream water pH measurements along transect.  
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Chapter 3: BET surface area distributions in polar stream sediments: 

Implications for silicate weathering in a cold-arid environment 

 

Introduction 

 

 Quantifying specific surface area of sediments is essential in determining 

potential mineral dissolution and/or precipitation rates and, ultimately, silicate 

weathering fluxes in various geomorphic and climatic regimes (Gautier et al., 2001; 

Anderson, 2007).  However, limited data on the distribution of mineral surface areas in 

natural stream sediments, especially in cold-humid or cold-arid glacial climates, is 

provided in the literature (Welch and Ullman, 1992; Brantley and Mellott, 2000; 

Gooseff et al., 2002; Anderson, 2005; Rawlins et al., 2010; Marra et al., 2014). The 

production of fresh mineral surfaces via physical weathering processes can greatly 

enhance silicate dissolution rates by increasing the availability of surfaces subject to 

ligand and ion interactions, which ultimately influences the drawdown of atmospheric 

carbon dioxide and biogeochemical cycles (Anderson et al., 1997; Anderson, 2007). 

Surface area is especially high in fine-grained sediments and is influenced by the 

concentration of specific mineral phases, such as Fe and Mn oxides, and clay minerals. 

Such phases may be rich in trace elements due to adsorption and higher concentrations 

of accessory minerals (Horowitz and Elrick, 1987; Rawlins et al., 2010).   

 Temperate (cold-humid) glacial systems are effective in producing high 

sediment yields by grinding and abrasion during ice advance and retreat (Hallet et al., 

1996; Anderson et al., 1997; Owen, 2003; Anderson, 2007). The abrasive action of 

glacial movement primes sediment for chemical weathering because of the production 

of fine-grained material with large reactive surface area, which facilitates etch-pit 
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development on grains and increases surface roughness during weathering processes 

(Anbeek, 1992; Anbeek, 1993; Anderson, 2005; Anderson, 2007). In contrast, cold-

based (polar) glaciers, including Antarctic alpine glaciers in the McMurdo Dry Valleys, 

remain at temperatures below the melting point throughout their mass and are thus 

frozen to the underlying rock substrate (Chinn, 1994; Atkins, 2014).  Such glacial 

systems are typically considered ineffective at basal erosion and sediment production, 

although some active basal sliding has been documented (Chinn, 1994; Hodson and 

Ferguson, 1999; Cuffey et al., 2000; Waller, 2001; Atkins et al., 2002; Atkins and 

Dickinson, 2007; Atkins, 2014). Thus, based on this potential difference in basal 

grinding, polar glaciers are expected to have little influence on the production of fresh, 

fine-grained material available for silicate weathering. However, solute chemistry 

trends of meltwater streams emanating from Antarctic alpine glaciers reveal significant 

chemical weathering in polar climates, suggesting reactive, high-surface area sediments 

are present to produce high weathering fluxes (Anderson et al., 1997; Nezat et al., 2001; 

Gooseff et al., 2002; Maurice et al., 2002; Lyons et al., 2003; McKnight et al., 2007; 

Stumpf et al., 2012; Fortner et al., 2013, Deuerling et al., 2014). 

 In order to evaluate the controls on the origin and distribution of potentially 

reactive sediment in polar glacial systems, we present quantitative data on surface area 

in fine-grained (< 62.5 µm; silt and clay) fractions collected from glacial stream 

transects utilizing the Brunauer, Emmett, Teller (BET) method (Brunauer et al., 1938). 

We also present provisional comparative data from temperate proglacial systems. As 

weathering is an archive of climate change, establishing quantitative constraints on the 

amount of material available for chemical weathering provides insight into the nature of 
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weathering processes in glacial and non-glacial environments and their influence on the 

global carbon cycle. 

Study Area 

 The McMurdo Dry Valleys (MDV) of Antarctica constitute a polar desert 

situated between the Transantarctic Mountains to the west and McMurdo Sound to the 

east (Fountain et. al, 1999). Mean annual temperatures range from -14.8 ºC to -30.0 ºC 

and mean annual precipitation is typically below 10 mm/yr (Doran et al., 2008). The 

high-elevation ranges of the Transantarctic Mountains inhibit air flow and moisture 

from the East Antarctic Ice Sheet into the valleys and ablation typically exceeds 

precipitation during the winter and summer months (Bromley, 1985; Fountain et al., 

1999; Doran et al., 2008). Wind speeds average around 4.1 m/s, with maximum wind 

speeds, typically the result of foehn events, in excess of 40 m/s (Doran et al., 2008; 

Steinhoff et al., 2014).  

 The main east-west trending valleys (Wright, Taylor, and Victoria) are not 

covered at present by Antarctica’s primary ice sheets; instead, polar alpine valley 

glaciers extend from surrounding ranges into ice-free valleys that contain exposed 

crystalline basement rock and assorted, coarse- to medium-grained unconsolidated drift 

sediments. These exposed drifts record previous glacial advances of large ice sheets into 

the valleys, including expansion from East Antarctic Ice Sheet outlet glaciers such as 

Taylor Glacier in Taylor Valley, and the Ross Sea ice expansion from the east (Hall and 

Denton, 2005).  As precipitation is limited, the main hydrologic components consist of 

ephemeral streams originating from valley glacier and snowpack melt during the austral 

summer. These streams flow at highly variable seasonal and annual rates for 
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approximately 4-12 weeks into perennially ice-covered lakes or other stream systems 

(Conovitz et al., 1998; McKnight et al., 2007). In addition, snow melt and seasonally 

active layer thaw creates an interconnected system of water tracks at shallow depths 

beneath the soil surface, which enhances solute contributions to reactivated stream 

channels (Conovitz et al., 1998; Fountain et al., 1999; McKnight et al., 2007; Levy et 

al., 2011). Stream recharge is primarily via surficial glacial and limited shallow 

subsurface melt as connected groundwater systems do not exist due to the presence of 

continuous permafrost underlying valley drift (Runkel et al., 1998; Nezat et al., 2001; 

Gooseff et al., 2013). The magnitude of glacier melting is strongly controlled by the 

elevation of glacier ice, the incident solar radiation based on the Sun’s position, as well 

as heightened temperature gradients related to strong summer down-valley winds 

(Doran et al., 2008; Steinhoff et al., 2014). Variable wind patterns occur throughout the 

year and serve to entrain and redistribute sediment and organic particulate matter 

throughout the valleys, some of which becomes trapped upon glacier surfaces, liberated 

during summer melting, and subsequently reincorporated into meltwater channels 

(Sabacka et al., 2012; Fortner et al., 2013; Marra et al., 2014).  The MDV are essentially 

devoid of higher-order vegetation, although solute fluxes and nutrient exchanges within 

the hyporheic zone of meltwater streams support algae and moss growth, which is 

particularly abundant in Taylor Valley streams (Alger et al., 1997; Fountain et al., 1999; 

Nezat et al., 2001; McKnight et al., 2007).  

 This study specifically focuses on ephemeral Antarctic stream transects 

originating from Clark and Denton Glaciers in Wright Valley and Goldman and Howard 

Glaciers in Taylor Valley, which minimally incise valley drift (Fig. 1). Quaternary drift 
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sediments in Wright Valley are underlain by the Brownworth (coarse-grained granite 

and quartz monzonite) and Denton (foliated granodiorite) plutons, as well as biotite 

orthogneiss, and reflect cold-based glacial advance and retreat from the Wilson 

Piedmont Glacier and Ross Sea Embayment (Hall and Denton, 2005). In Taylor Valley, 

the basement rock primarily consists of biotite orthogneiss overlain by undifferentiated 

and Ross Sea drift deposits. Ross Sea drift is the product of grounded Ross Sea ice 

expansion during the Last Glacial Maximum, which was partially wet-based in nature 

(Hall et al., 2001; Fig. 1). 

Methods 

 Sediment samples were collected in January 2010 from the surface within near-

channel slackwater deposits at 400-500 m intervals along meltwater stream transects in 

Wright and Taylor Valleys. The streams all drain alpine glaciers (Clark Glacier and 

Denton Glacier in Wright Valley and Goldman Glacier and Howard Glacier in Taylor 

Valley). In addition, various drift sediments (9) were collected near the sampled channel 

transects outside the main hyporheic zone and analyzed in conjunction with archive 

drift samples (collected by B.Hall during previous field excursions) from both Wright 

and Taylor Valleys. The selected samples were chosen to represent each type of drift 

deposit through which the sampled stream flows or adjacent drifts for comparison 

(Fig.1). Sediment samples were also collected from Delta Stream during the January 

2013 melt season to supplement original data (Fig. 1). Only Clark Glacier stream and 

Delta Stream (sourced from Howard Glacier) contained flowing water within their 

channels during sampling. Four samples collected in proximal fluvial slackwater 

deposits of three temperate (wet-based) alpine glaciers (Franz Josef Glacier, New 
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Zealand; Athabasca Glacier, Canada; Damma Glacier, Switzerland [2 samples]) were 

also analyzed for comparison. 

 All sediment samples were split to obtain a representative 300-500 g sample 

subset and sieved for the gravel, sand, and mud (<62.5 μm) fractions. The mud fraction 

was chemically processed with buffered acetic acid for 24 hours to remove carbonate 

coatings. Following rinsing with distilled water, samples were treated with 30% 

hydrogen peroxide for 30 minutes on a hot plate (set to ~50 °C) to remove organics. 

The treated mud fractions were then freeze-dried prior to grain size and surface area 

analyses. Silt and clay grain-size distributions were obtained with a Beckman Coulter 

Laser Particle Size Analyzer (LPSA) in distilled water, following initial treatment with 

sodium hexametaphosphate to inhibit particle flocculation. In addition to the mud 

fraction, 20 sand fractions from four samples (split as very coarse, coarse, medium, fine, 

and very fine fractions) were also processed with acetic acid and hydrogen peroxide in 

an identical manner for BET surface analysis only. 

 Sediment surface areas of the sand and mud fractions were obtained via the 

nitrogen adsorption BET method utilizing either a Beckman Coulter SA3100 or a 

Quantachrome NOVA 2000e gas sorption analyzer. BET theory calculates external 

surface area (expressed as m2/g) based on multilayer adsorption of N2 gas onto mineral 

surfaces and provides an enhanced measure of natural particle surface area in contrast to 

geometric equations based on measured grain diameter and modeled shape and 

roughness. Inaccuracies in the latter (geometric estimate) stem from the presence of 

etch-pits and surface roughness produced during weathering processes that may not be 

accurately accounted for (Brunauer et al., 1938; Anbeek, 1993; Brantley and Mellott, 
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2000; Anderson, 2005).  All samples were outgassed for 6-12 hours and heated to a 

maximum temperature of 50 °C to remove surface moisture. Select samples were run 

multiple times on the gas sorption analyzer to gauge instrument precision (Appendix 

A). 

Results 

 BET surface area measurements for the four stream transects analyzed in Wright 

and Taylor Valley, Antarctica are plotted in Fig. 2 and listed in Table 1. The highest 

overall surface area occurs in Taylor Valley, with values ranging from 20.3 to 70.6 m2/g 

in Delta Stream (Howard Glacier) during the 2010 sampling season and ranging from 

11.1 to 40.9 m2/g in the Goldman Glacier stream channel. The range of surface area 

values (13.6 to 30.5 m2/g) decreased during the 2013 partial re-sampling of Delta 

Stream. Two drift samples in Taylor Valley (one near Delta Stream and one near the 

Goldman Glacier transect) range in value from 22.1 to 29.3 m2/g (Table 2).  In Wright 

Valley, Clark Glacier stream exhibits values ranging from 2.5 to 29.0 m2/g, and Denton 

Glacier stream channel contains values ranging between 6.3 to 18.9 m2/g. Seven 

samples from various Wright Valley drift deposits underlying the Clark and Denton 

stream channels (collected beyond the channel hyporheic zones) exhibit a wide range in 

values, from 9.7 to 23.8 m2/g. Without exception, BET values from drift samples are 

less than the maximum values obtained from stream channel sediments, and no spatial 

trend occurs in relation to distance from the channel transect (Fig. 1; Table 2). In 

contrast, four samples from various temperate glaciers have much lower BET surface 

areas, ranging from 0.3 to 0.6 m2/g at Franz Josef (New Zealand) and Damma 

(Switzerland) glaciers, respectively, to 12.1 m2/g at the Athabasca Glacier (western 
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Canada; Table 2). Antarctic BET values exceed by nearly 6-200 times those 

measurements from temperate glacier samples (Fig. 2). 

 The general distributions of BET surface area along proximal-to-distal transects 

exhibit erratic patterns in the Taylor Valley stream channels. Regression analysis 

indicates low r2 values (0.03-0.05) and therefore, no apparent trend with distance. Clark 

Glacier stream in Wright Valley exhibits the most robust trend in surface area, wherein 

surface area decreases systematically with distance from the glacier terminus. 

Removing the first sample point from Clark Glacier stream analysis, which was taken at 

the base of Clark Glacier and outside the main flowing channel, increases the r2 value to 

0.8 (Fig.1; Table 1). Samples from Denton Glacier (Wright Valley) transect also 

exhibits a general decrease in surface area along transect, although the nature of the 

pattern is slightly erratic, producing an r2 = 0.2. A one-way analysis of variance test 

(ANOVA) indicates there is a statistically significant difference in the BET values 

obtained in Wright Valley versus Taylor Valley (i.e., p = <0.001 when comparing the 

samples collected in 2010 from Clark and Delta streams; α=0.05). However, there is no 

statistically significant difference in BET values obtained from the 2010 samples when 

comparing transects within the same valley or comparing drift sediments to channel 

sediments within the same valley. The distribution in values among sample transects are 

shown in the boxplot in Fig. 3. 

 The BET values reported herein were all conducted on the mud fraction (<62.5 

µm) to facilitate comparison among sample sites. However, the mud fraction commonly 

composes a small fraction of the entire sample (as little as 0.05%). Therefore, two 

composite proximal and distal samples were analyzed from both Clark Glacier stream 
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and Delta Stream for BET distributions among 5 sand fractions (very coarse, coarse, 

medium, fine, and very fine) in addition to the mud (silt and clay) fraction (Fig. 4). 

Gravel content was negligible in the selected samples (<0.5%) and therefore not 

included. Average BET values normalized to size-fraction percentages for the 

composite collected sediment sample ranged from 0.57 to 3.22 m2/g. These values are 

similar to the 1.23 m2/g bulk sediment value (using a < 3.2 cm cutoff) calculated by 

Gooseff et al. (2002) for a sample collected near Huey Creek in Taylor Valley. 

However, the largest surface area contribution for these samples (67-81% of the total 

BET surface area) is attributed to the silt and clay fraction. Therefore, variations in 

surface area of the mud-sized fractions are expected to have a significant impact on the 

total surface area available for weathering in the field. The temperate glacier samples 

utilized for this study were all fine-grained and lacked appropriate sand-sized material 

to conduct a similar comparison.  

  MDV soils contain significant salts and carbonates (Claridge and Campbell, 

1977; Keys and Williams, 1981; Campbell and Claridge, 1987; Doran et al., 1994; 

Bockheim, 2002; Witherow et al., 2006), which may influence the available surface 

area of silicate minerals in the field. Our sample processing methodology included 

acetic acid and hydrogen peroxide treatments to remove any surficial carbonate 

coatings, salts, and/or organics that may be present to directly assess silicate weathering 

processes in polar climates. In order to evaluate the impact of sample processing on 

collected drift material, we conducted BET surface area measurements on unprocessed 

sand and silt and clay material (4 fine-grained sand, 4 very fine-grained sand, and 2 silt 

and clay samples) from the proximal and distal samples analyzed from Clark Glacier 
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and Delta streams (Appendix B). Measurements on the sand fractions were slightly 

variable, with a difference in measurement value ranging from 0.6 to 1.7 m2/g for the 

very fine sand fraction and 0.1 to 0.6 m2/g for the fine-sand fraction. The difference in 

BET surface area obtained for replicate sand analyses (Appendix A) ranged from 0.2-

2.4 m2/g, indicating the difference in measurements obtained for the processed and 

unprocessed sand fractions are within instrument measurement variability and not 

wholly attributed to the impact of surficial grain coatings. In comparison, replicate 

measurements on the unprocessed silt and clay fraction resulted in surface areas that 

were slightly less than the treated sample for Clark Stream (10-CG-2) and 

approximately one-half the surface area of the treated Delta Stream sample (10-HOW-

4) (Appendix B). This suggests that carbonates may be cementing some fine-grained 

material, leading to lower available surface area. Stumpf et al. (2012) demonstrated that 

carbonates are readily dissolving in the streams (particularly in Delta Stream), thus 

releasing this higher surface area material to the weathering environment. The Delta 

Stream sample is near Lake Fryxell, where previous lake fluctuations may have 

contributed to a higher amount of carbonate in the drift at this location. Therefore, in 

order to make comparisons across sites and climates, this study aims to compare the 

available silicate surface area, thus requiring carbonate and organic removal protocols 

for all sediment samples. 

Discussion 

 BET surface area distributions of the fine-grained (silt and clay) fraction in 

Antarctic stream and drift sediments are variable in magnitude, range to remarkably 

high values, and in Taylor Valley exhibit erratic patterns with stream transport distance 
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that indicate complex spatial variability within this cold-arid climate regime. Although 

minimal basal erosion and grinding has been documented in Antarctic alpine glaciers, 

the polar nature of the alpine glaciers in the MDV implies that fresh, fine-grained 

sediment is not common and readily available (Atkins and Dickinson, 2007; Anderson, 

2007).  Therefore, the fine fraction observed in Wright and Taylor Valleys likely 

originates from different sources and processes, including: 1) eolian sediment derived 

from surrounding drift, which becomes trapped on the surface of the valley glaciers and 

then released during summer melting, eolian accumulations in the stream channel, 

and/or eolian accumulations in adjacent snow drifts (Lancaster, 2002; Lyons et al., 

2003; Fortner et al., 2011; Sabacka et al., 2012; Fortner et al., 2013; Deuerling et al., 

2014), 2) high variability in stream discharge rates, which influences hyporheic zone 

weathering rates and remobilization of channel sediments (McKnight et al., 2007), and 

3) fine sediments sourced from underlying drift deposits that were deposited by partially 

wet-based glaciers (Hall et al., 2000, 2005). These contributions are discussed below. 

Dry Valley Drift 

 The underlying drift material contributes fine sediments to the stream channel 

and is the primary source of entrained and redistributed eolian dust in the MDV 

(Deuerling, 2010; Deuerling et al., 2014). In Wright Valley, Clark Glacier stream flows 

over Brownworth drift (underlain by Trilogy and Loke drifts) which contain 

approximately 2% mud, whereas the Denton Glacier transect flows primarily over 

undifferentiated colluvium and Trilogy drift, containing up to 5% mud. In contrast, 

Delta Stream in Taylor Valley flows over Ross Sea drift which has up to a 25% mud 

fraction, as determined by wet sieving. The low mud contents in Wright Valley likely 
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result from drift deposition by cold-based ice advance, as evidenced by a relative lack 

of silt, rare striated clasts, and no wet-based landforms (Hall et al., 2005). In contrast, 

the higher mud content in Taylor Valley drifts may reflect the advance of partially wet-

based ice from the Ross Sea which contained glacially ground material from East 

Antarctic tributaries and was subsequently deposited into Taylor Valley (Hall et. al, 

2000; Hall and Denton, 2005). Derivation from wet-based ice would produce glacially 

ground fines with high surface area (Anderson, 2005).  

 In addition, physical weathering processes occurring under conditions of the 

MDV landscape, including frost shattering, wind abrasion, chipping of desert varnish, 

and weathering of proximal sandstones, likely produce fine-grained sediment (Gibson et 

al., 1983; Campbell and Claridge, 1987; Matsuoka, 1998). Development of large 

polygons (patterned ground) within valley drift due to thermal contraction sorts 

sediment within polygons and polygon troughs. This process may preferentially 

accumulate eolian material which is subsequently incorporated into stream flow (Pewe, 

1959; Berg and Black, 1966; Sletten et al., 2003; Levy et al., 2008; Schiller et al., 

2014). The small percentage of fine sediments underlying the courses of the stream 

channels, however, would be quickly washed downstream during initial melting events. 

Sediment may be added to the stream system due to channel erosion during high-flow 

events, or the development of thermokarst features (Healy, 1975; Gooseff et al., 2013; 

Levy et al., 2014); however, we observed minimal downcutting within our sampled 

stream transects (due to sampling during low-flow years), suggesting little exposure of 

fresh drift material. Also, no sampled transects traverse multiple distinct drift deposits 

(e.g., Clark Glacier stream crosses Brownworth drift and Delta Stream crosses Ross Sea 



63 

drift), indicating that BET variations within each stream transect is unlikely solely 

related to variations in the underlying drift. This indicates that additional sources of fine 

material are necessary to explain the distribution of fine-grained, high surface-area 

sediments within the stream channels. 

Eolian Processes 

 Wind patterns vary between valleys due to geomorphic constraints and 

circulation patterns from the polar plateau and adjacent Ross Sea, which ultimately 

influence sediment fluxes (Fountain et al., 1999; Doran et al., 2008). Foehn winds 

dominate during the winter months, reaching speeds in excess of 37 m/s and are 

countered by easterly coastal breezes from the Ross Sea during the summer months, 

which bring additional moisture and aerosols into the region (Doran et al., 2002; Bertler 

et al., 2004; Witherow et al., 2006; Deuerling et al., 2014; Steinhoff et al., 2014). 

Glaciers in the MDV contain large concentrations of particulate (dust and organic) 

matter, with the highest concentrations occurring at lowest elevations (Lyons et al., 

2003). Studies of eolian sediments in the MDV indicate that dust, defined as silt and 

smaller (< 62.5 µm) sediment particles (Lancaster, 2002; Duerling, 2010), is sourced 

from locally exposed bedrock and glacial drifts and soils (Mayewski et al., 1995; 

Fountain et al., 1999; Lancaster, 2002; Lyons et al., 2003; Fortner et al., 2011). 

Distribution of this particulate matter is highly contingent upon valley wind patterns and 

stream discharge rates (Nylen et al., 2004; Doran et al., 2008; Fortner et al., 2013).  

 According to Lancaster (2002), net deposition of dust in a sediment trap at Lake 

Brownworth (Wright Valley) was <0.1% of the total sediment flux, whereas net 

deposition for sample stations at Lake Fryxell and Howard Glacier (Taylor Valley) were 
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89.5 and 59.6% dust respectively, indicating higher dust fluxes within Taylor Valley 

potentially attributable to the more fine-grained nature of the drift sediment. Fortner et 

al. (2013) noted that Andersen Creek, on the western side of Canada Glacier in Taylor 

Valley, received higher eolian contributions than eastern-flowing Canada Stream, 

indicating high eolian-flux variability into stream channels within limited spatial 

constraints, even when meltwater is sourced from the same glacier. In addition, snow 

patches derived from strong down-valley winds blowing snow off the polar plateau into 

the valleys may become concentrated in the topographic depressions created by the 

stream channel and serve as an additional source of trapped eolian material (Gooseff et 

al., 2003). This suggests that spatial variation in the deposition of eolian material is 

critical to influencing the concentration of fine-grained material in glacial-derived 

stream channels, whether flowing or not, and in the weathering environment of the 

hyporheic zone.  

Stream Discharge and Hyporheic Zone Processes 

 Meltwater production is ultimately influenced by temperature and solar radiation 

variations on glacier surfaces during the austral summer (Nylen et al., 2004; Doran et 

al., 2008; Fortner et al., 2013; Hoffman et al., 2014). Discharge rates vary annually, as 

well as daily, during the melt season, which controls the amount of flow and the 

movement of solutes and particulates downstream (Conovitz et. al, 1998; Fountain et 

al., 1999; Lyons et al., 2003; McKnight et al., 2007). However, in terms of our sampled 

transects, stream flow gauge data are currently continuously available only for Delta 

Stream (Clark Glacier stream has flow records for 1982-1985 only; www.mcmlter.org). 

Sampling of Delta Stream during the 2009-2010 melt season occurred during relatively 
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low-flow conditions, when average seasonal discharge rates were 3.7 liters/second 

(l/sec) (1.6 l/sec on January 18, 2010, Delta Stream sample day). By contrast, average 

discharge was 70.0 l/sec for the previous (2008-2009) melt season and 51.4 l/sec for the 

following year (2010-2011; McKnight, 2014).  Flow was also low during the 2013 re-

sampling of Delta Stream, with an average seasonal discharge rate of 6.51 l/sec 

(McKnight, 2014). Clark Glacier stream exhibited variable flow during 2010 sampling, 

whereas no flow was observed in either stream channel emanating from Goldman or 

Denton Glaciers and no published source indicates meltwater has recently existed in 

these channels.  

 We attribute the variable patterns in BET surface area distributions for the 

Taylor Valley streams to fluctuating quantities of dust being entrained on valley glaciers 

and subsequently released during summer melting, in conjunction with variable eolian 

dispersal into stream channels, particularly during the winter months when winds are 

highest and flow is absent (Fountain et al., 1999; Steinhoff et al., 2014). Surficial 

glacier melt and incipient flow during the melt season then concentrates fine sediments 

into the stream channel, where episodic movement and deposition of fine material then 

commences based on variations in flow. Melting of channel-adjacent snowbanks may 

also introduce fines into the channel system in a spatially episodic manner. This is 

analogous to observations made by McKnight et al. (2007), where variable increases in 

solute concentrations within the hyporheic (weathering) zone of Taylor Valley channels 

are most pronounced in the initial time period following channel reactivation, due to 

rapid dissolution of accumulated weathering products. This process is also similar to the 

fluvial transport of arsenic observed by Kim et al. (2012) in semi-arid climates, where 
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events of strong and episodic precipitation serve to preferentially mobilize fine-grained 

sediments (enriched in arsenic) downstream in discrete pulses of ephemeral fluvial 

systems. In Antarctica, the entrainment of fine-grained eolian material ultimately 

reflects an annual “resetting” of the stream system, wherein particulates are 

reintroduced to glacier surfaces and exposed channel beds during windy winter months 

and concentrated along the channel length according to variations in stream flow during 

the brief melt season.  

 This episodic movement of solutes and particulates is highlighted by surface 

area differences between channel sediments and nearby drift material. For example, a 

drift sample taken adjacent to a Delta Stream sample (collected in 2010) had a surface 

area of 22.1 m2/g, which is less than half of the measured surface area of a sample 

collected within the channel (51.0 m2/ g). If eolian contributions across the landscape 

predominate, then we would assume similar values for samples so close in proximity. In 

addition, two samples (T10-GOLD-4 and T10-GOLD-5) were taken equidistant from 

Goldman Glacier, but within two different relict channels. Sample T10-GOLD-4 had a 

surface area of 38.3 m2/g, whereas T10-GOLD-5 had a surface area of 15.0 m2/g, 

indicating differing flow conditions to concentrate fine sediments within each tributary. 

It is important to reiterate the ephemeral nature of these stream systems, as no water 

flow was observed in Goldman channel segments during our sampling season, 

suggesting stream flow and associated processes vary on seasonal and decadal (or 

longer) time scales.  

 Samples from the Clark Glacier stream transect exhibit an overall coarsening 

pattern downstream within the fine fraction. As BET surface area is inversely related to 
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grain size, surface area values systematically decrease downstream, suggesting 

dissolution of the fine fraction within the weathering environment. Samples from 

Denton Glacier transect also exhibit a general decrease in surface area downstream with 

an erratic overprint, likely attributable to a lower availability of fine-grained material in 

Wright Valley. The fine-grained material that becomes trapped on Denton and Clark 

Glacier surfaces serve as point sources for eolian material, which becomes episodically 

released to the channel during glacier melt. However, due to the lack of observable 

recent flow in the channel emanating from Denton Glacier, it is suggested that this 

material has been episodically concentrated and transported down the channel system, 

without substantial fine-grained eolian input to the exposed channel during the winter 

months. As both Clark Glacier stream and Delta Stream were flowing during sampling 

and typically contain annual flow, we would expect Delta Stream samples to exhibit a 

similar coarsening pattern downstream. The erratic distribution of silt and clay in Delta 

Stream likely reflects differing eolian contributions to glacier surfaces, and ultimately to 

the stream channel, in addition to pulses in stream flow.  

 The differences in magnitude between surface area distributions of these two 

transects may be a function of overall clay (< 3.9 µm size fraction) content within the 

mud fraction, where Clark Glacier stream mud samples have <20% clay and Delta 

Stream mud samples have 28-50% clay content (Fig. 5). However, clay content is 

similar among samples collected in 2010 and 2013 in Delta Stream, although surface-

area magnitude is generally lower for all 2013 samples. This likely relates to the initial 

high-discharge rates noted at the beginning of the 2012-2013 melt season, resulting in 

rapid flushing (and/or dissolution) of the finest material within the hyporheic zone (Fig. 
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6; Maurice et al., 2002; McKnight et al., 2007; McKnight, 2014). As both Denton and 

Goldman Glacier stream transects were dry when sampled, their non-uniform 

distributions likely reflect variable movement of silt and clay during earlier flow events 

and/or random eolian particulate distributions. 

Organic Acids 

 An additional consideration to the distribution of fine sediments, and ultimately 

surface area production, would be the role of organic acids in the weathering 

environment. Organic ligands are capable of chelating and mobilizing heavy metals 

which can attach to mineral surfaces and facilitate the dissolution or precipitation of 

inorganic minerals (Bennett, 1991). Batch reactor dissolution experiments indicate that 

the interaction of organic ligands with silicate surfaces may enhance the dissolution of 

quartz by increasing its solubility at near-neutral pH and low temperatures (Bennett, 

1991).  Gooseff et al. (2002) suggested that dissolved organic concentrations that may 

be capable of influencing weathering rates are low in Dry Valley streams. However, 

McKnight et al. (2007) indicated cyanobacterial mats in Taylor Valley streams have 

high rates of productivity and nitrogen fixation, even after extensive durations of no 

flow activity, where rapid growth may be influenced by heightened solute 

concentrations. Rapid nutrient uptake by algal mats has been further demonstrated to 

influence stream chemistry (McKnight et al., 2004; McKnight et al., 2007). We 

observed significant algal mat growth in Delta Stream, which was not apparent in the 

other sampling transects, suggesting a possible biologic influence on silicate weathering 

in this stream system, resulting in high-magnitude values obtained for the fine-grained 
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sediment. However, we did not quantify organic matter concentrations during our 

sampling scheme and cannot establish a direct correlation based on our current dataset. 

Comparison to Temperate Proglacial and Non-glacial Streams 

 To date, published BET analyses of fine-grained streambed sediment are limited 

to temperate climates, where surface area values do not exceed some of the higher-

magnitude values documented in this study. For instance, Wang et al. (1997) analyzed 

the fine (<62.5 µm), surficial sediment from 11 major rivers in China and obtained 

surface area measurements ranging between 6.9 to 16.0 m2/g utilizing the N2 BET 

method. Rawlins et al. (2010) analyzed fine-sediment (<150 µm) BET surface areas for 

multiple streambed sediments across central England and obtained values ranging from 

5.98 to 46.04 m2/g. Surface area values in these systems are considered to reflect 

variations in grain size as well as the concentration of particular geochemical phases 

(Horowitz and Elrick, 1987). While the surface area data reported in these other studies 

can provide a quantitative comparison of sediment surface areas, they do not provide 

the spatial context to evaluate downstream patterns in sediment surface areas in 

temperate streams.  

 Recently, Marra et al. (2014) analyzed two stream transects of Blue Beaver 

Creek (Wichita Mountains, Oklahoma) which yielded BET surface area values ranging 

from 5.7 to 16.6 m2/g for the fine-grained (< 62.5µm) size sediment fraction (Table 1). 

Values from both transects exhibit an increase in surface area down transect, attributed 

to a downstream decrease in grain size related to precipitation of secondary weathering 

phases (i.e., clays). These data exhibit a direct opposite trend to the surface area (and 

grain size) pattern noted in Clark Glacier stream.  
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 Glaciers in wet-based (temperate) systems are capable of producing large 

volumes of fine-grained sediment with high and reactive mineral surface area values 

due to glacier grinding and erosion, leading to subsequently higher chemical denudation 

rates (Anderson, 2005). In contrast, the nature of polar glaciers should inhibit 

significant erosion of underlying rock, suggesting sediment surface areas in polar 

regimes should be lower than those observed in temperate systems. However, of the 

three temperate sediment samples analyzed in this study, only one (Athabasca Glacier, 

Canada) exhibited a surface area value (12.2 m2/g) in the range of values obtained from 

multiple transects emanating from alpine glaciers in Antarctica, suggesting surface area 

is actually as high or higher in polar glacial systems. Samples from Franz Josef Glacier 

(New Zealand) and Damma Glacier (Switzerland) were anomalously low (0.3 and 0.6 

m2/g, respectively). All samples were subject to the same treatment methods, suggesting 

additional processes are occurring in the weathering environment to produce different 

values. However, these data are based only on single samples from each temperate 

system.  A more comprehensive collection strategy with a sampling protocol analogous 

to the Antarctic dataset is needed to more fully evaluate this surprising result.  

Application to Weathering Rate Calculations 

 As sediment surface areas exert an important control on silicate weathering 

fluxes, we applied the surface area values obtained in this study to the constant 

weathering rate contribution (CRC) model of Gooseff et al. (2002) for sediment within 

the hyporheic zones of Clark Glacier stream and the Onyx River in Wright Valley and 

for Delta Stream (Howard Glacier) in Taylor Valley. The table presented herein (Table 

3) is a recalculation of weathering rates for Si and K presented in Stumpf et al. (2012), 
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with a minor correction for the application of the minimum and maximum cross 

sectional areas of the hyporheic zone within the CRC equation. All other variables (i.e., 

cross sectional area, flow rates, solid density, and porosity) were retained for direct 

comparison. The BET surface areas utilized herein represent a weighted average of all 

size fractions within the channel sediment, and are not solely based on the silt and clay 

(mud) portion.  

 As noted in Stumpf et al. (2012), the net rate of solutes from weathering 

reactions in the hyporheic zone is faster in Wright Valley (Clark and Onyx) where 

surface area is lower as compared to Taylor Valley (Delta Stream). This was attributed 

to a combination of the higher concentration of solutes measured in Clark Glacier 

stream, and the relative magnitude of surface area, resulting in a higher apparent rates 

when normalized to the surface area. The revised CRC values presented here decreased 

by a factor of 15.4 for Clark Glacier stream and decreased by a factor of 8.9 for the 

Onyx River due to an increase in the value used for the measured BET surface area. The 

net rate of solute release increased by a factor of 1.3 for Delta Stream due to a slight 

decrease in the measured BET surface area, demonstrating that measured BET surface 

areas are required to determine field weathering rates. 

Conclusions 

 BET surface area values from fine-grained fractions in MDV streams indicate 

that weathering in Antarctic stream transects is strongly influenced by the annual 

addition of locally derived fine material due to eolian trapping on glacier surfaces, 

which is then liberated and effectively concentrated into the proglacial stream during 

the summer months. In addition, variable eolian dispersal to exposed stream channels 
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and adjacent snowbanks may influence the concentration of this fine-grained material 

along the length of the channel. These processes control the distribution of reactive 

material in contact with liquid water during the brief austral summer (Lyons et al., 

2003).   

 Nitrogen adsorption BET surface areas measured on fine-grained proglacial 

stream sediments in the MDV are high relative to both proglacial stream sediment from 

temperate glaciers and assorted temperate river sediments, with values ranging between 

2.5 to 70.6 m2/g. The origin of the fine (< 62.5 µm) fraction, which contributes the 

greatest magnitude of overall sediment surface area, likely contains contributions of 

locally sourced drift and soil material. Drift deposits within neighboring Wright and 

Taylor Valleys record differing formation and deposition processes by cold-based ice 

and partially wet-based ice, respectively, which may explain the differences in both the 

origin and quantities of fine sediments, and ultimately variations in surface area values, 

apparent in each system. Analysis of surface area distributions in proximal-distal 

transects indicates high variability among stream channels in Wright and Taylor 

Valleys, with the highest surface areas prominent in Taylor Valley transects. This likely 

reflects differing wind patterns and melting rates among valleys, which affect the 

amount and rate of episodic movement of particulates and solutes downstream. Biologic 

processes may also play a role in facilitating dissolution of material in the hyporheic 

zone.  

 This study represents the first attempt to systematically quantify sediment 

surface area in differing glacial systems, which highlights the variability within an 

alpine polar environment and begins to address differences between cold-based and 
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wet-based glacial regimes. The high- magnitude values obtained in the polar system 

appear surprising for non-eroding glaciers, but may reflect inheritance from partially 

wet-based ice deposition. As sediment surface area is a key parameter in determining 

chemical weathering fluxes, and ultimately biogeochemical carbon cycling, additional 

characterization of sediment surface area variations in polar versus temperate glacier 

systems is warranted to further expand understanding of the impact of glacial versus 

non-glacial environments on the global carbon cycle.  
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Table 3.1: Sample site and sample characteristics for transects in Wright and Taylor 

Valleys, Antarctica and Wichita Mountains, OK.  
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Table 3.2: BET values for temperate glacier samples (Franz Josef, Athabasca Trail, and 

Damma Glaciers) and assorted drift deposits in Wright and Taylor Valleys, Antarctica.  
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Table 3.3: Weathering rates as determined by the constant rate contribution (CRC) 

model described in Gooseff et al. (2002).  
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Figure 3.1: (a) Sample locations in Wright Valley, Antarctica for Clark and Denton 

Glaciers. BET surface area values are depicted in the bar graph in relation to distance 

along transect (km) from the glacier terminus (i.e., the first sample point corresponds to 

0.0 km). (b) Sample locations in Taylor Valley, Antarctica for Goldman and Howard 

Glaciers. BET surface area values are depicted in the bar graph in relation to distance 

along transect (km) from the glacier terminus. For Howard Glacier (Delta Stream), 

samples collected in 2010 are depicted by white bars and samples collected in 2013 are 

depicted by gray bars.  
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Figure 3.2: (a) Surface area (m2/g) distributions for stream transects emanating from 

Clark Glacier and Denton Glacier in Wright Valley. Temperate glacier samples and 

Wright Valley drift samples are plotted for comparison. (b) Surface area (m2/g) 

distributions for Delta Stream (emanating from Howard Glacier) and a stream transect 

emanating from Goldman Glacier in Taylor Valley. Temperate glacier samples and 

Taylor Valley drift samples are plotted for comparison. 
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Figure 3.3: Boxplot of BET surface area values (m2/g) for the Antarctic stream 

transects. How 2010 and How 2013 refer to samples collected in Delta Stream 

(emanating from Howard Glacier) during the 2009-2010 and 2012-2013 field seasons, 

respectively.  
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Figure 3.4: BET surface area distributions for 6 size fractions (very coarse, coarse, 

medium, fine, very fine, and mud) from 2 composite samples in Clark Glacier stream 

(CG-2 and CG-8) and 2 composite samples in Delta Stream (HOW-11 and HOW-3). 

Samples CG-2 and HOW-11 represent proximal sediments, whereas CG-8 and HOW-3 

represent distal channel sediments. 
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Figure 3.5: Variations in the volume percentage of clay content (out of the mud 

fraction) along sample transects as obtained by laser particle size analysis. 
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Figure 3.6: Discharge in liters per second (l/sec) for the 2009-2010 and 2012-2013 melt 

seasons based on equivalent dates. Sampling for the 2009-2010 season was on January 

18, 2010, and sampling for the 2012-2013 season was on January 20, 2013. Initial 

higher flow is noted for the 2012-2013 melt season, although flow was not recorded 

until late December. Data was obtained from the McMurdo Dry Valleys Long Term 

Ecological Research project (McKnight, 2014).  
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Chapter 4: Physical and Chemical Weathering in Fine-Grained 

Stream Sediments of the McMurdo Dry Valleys, Antarctica 

Introduction 

Weathering in polar climates is considered to be dominated by physical processes, 

including rock fragmentation due to thermal processes, and wind abrasion that produces 

ventifacts (Hall et al., 2002; Huh, 2003; Sepala, 2004; Putkonen et al., 2014). Chemical 

weathering in cold regions has previously been assumed to be minimal due to limited 

availability of liquid water and low temperatures slowing reaction rates (Velbel, 1993; 

Lasaga et al., 1994; White and Blum, 1995; Anderson et al., 1997; Anderson, 2007; 

Hall et al., 2002; Goudie and Viles, 2012). However, in wet-based glacial regimes, 

mechanical grinding of sediments by glacial erosion can produce large volumes of 

unsorted sediment including fresh rock flour with high surface area susceptible to 

significant chemical weathering due to formation of chemically reactive sites on 

mineral grains (Anbeek 1992; 1993; Anderson, 2005; 2007; Goudie and Viles, 2012). 

For instance, high fluxes of Ca2+ and K+ prevalent in temperate proglacial waters may 

reflect ready dissolution of soluble carbonate phases, as well as significant cation 

leaching from biotite attributable to abraded mineral textures (Anderson et al., 1997). 

However, the effects of chemical weathering in cold-based glacial regimes, defined as 

glaciers frozen to the underlying rock substrate which suggests minimal erosive impact 

on subjacent bedrock and sediment, remain less well constrained. 

 Chemical erosion rates in glacial systems are typically correlated with water 

discharge rates (Anderson et al., 1997; Nezat et al., 2001). However, a recent long-term 
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meltwater chemistry study within the temperate proglacial system of Austre 

Broggerbreen (Norway; Nowak and Hodson, 2014) revealed enhanced silicate mineral 

weathering owing to exposure of fine-grained, chemically reactive sediments during 

glacial retreat associated with a transition from wet-based to cold-based conditions. 

These results suggest that exposed mineral surface area may be even more important 

than water flux in controlling ion yields in wet-based glacial systems. In regions where 

cold-based glacial activity prevails, such as in the McMurdo Dry Valleys (MDV) of 

Antarctica, only minor production of glacially derived fines is expected, although some 

active basal sliding may occur, resulting in geomorphic features such as boulder-top 

abrasion, grooves, and thin drift deposits (Chinn 1994; Cuffey et al., 2000; Atkins et al., 

2002; Atkins, 2014). Recent work (Marra et al., 2014, 2015) has highlighted the 

presence of variable and high-magnitude surface area within fine-grained (<63 µm) 

sediment analyzed from stream transects emanating from cold-based glaciers in the 

McMurdo Dry Valleys. This potentially chemically reactive, high surface-area, fine-

grained material is likely distributed via eolian and/or fluvial dispersal of valley drift 

sediments (Witherow et al., 2006; Sabacka et al., 2012; Fortner et al., 2013). Variable 

wind regimes within the hyper-arid climate circulate fine-grained material from the 

valley drifts onto glacier surfaces and into exposed stream channel beds, where it 

subsequently becomes concentrated into meltwater runoff during the limited Austral 

summer, and transported downstream within the weathering environment of the 

hyporheic zone. In addition, fine-grained material may also be added to the hyporheic 

zone from eolian deposition within channel snow drifts, as well as from the underlying 

drift material. Thus, incorporation of fine-grained sediment into the active stream 
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channel may facilitate dissolution and ultimately influence the composition and 

concentration of meltwater stream solutes (Stumpf et al., 2012; Sabacka et al., 2012; 

Fortner et al., 2013; Deuerling et al., 2014). 

 Previous work on the magnitude and nature of chemical weathering in Antarctic 

streams has focused on assessing variations in solute concentrations within stream 

waters sourced from cold-based glaciers and their transport into ice-covered lakes 

(Green et al., 1988; Lyons et al., 1998; Nezat et al., 2001; Gooseff et al., 2002; Lyons et 

al., 2002; Lyons et al., 2003; Gooseff et al., 2004; Green et al., 2005; Fortner et al., 

2005; Welch et al., 2010; Stumpf et al., 2012; Fortner et al., 2013). These solutes are 

attributed to dissolution of salts and carbonates and weathering of silicate minerals 

within channel and soil sediments (Lyons et al., 1998; Gooseff et al., 2002; Stumpf et 

al., 2012). Based on observed solute trends, chemical weathering in MDV streams can 

occur at rates per unit area equivalent to wet-based glacial systems, despite prevailing 

low temperatures, seasonally restricted moisture availability, and minimal organic 

content (Nezat et al., 2001; Lyons et al., 2002; Gooseff et al., 2002; Welch et al., 2010; 

Stumpf et al., 2012). However, few studies directly assess the impact of silicate 

weathering on sediments within the hyporheic zone and/or identify potential weathering 

products (i.e., clays; Lyons et al., 1998; Gooseff et al., 2002; Maurice et al., 2002).  In 

addition, most Antarctic solute weathering studies are focused in Taylor Valley, 

particularly within the Fryxell Basin drainage area, despite geographic variations in the 

composition and origin of valley glacial drift sediments, the presence and distribution of 

biota, and the nature of eolian dispersal patterns throughout the MDV (Figure 1; Table 

1). Here, we present geochemical data on fine-grained (<63 µm) hyporheic zone 



103 

sediments from stream channels in both Wright and Taylor Valleys to investigate the 

characteristics and potential variability of chemical weathering in ephemeral proglacial 

streams within a cold-based glacial environment. 

Background 

Geologic Setting 

 The McMurdo Dry Valleys are a series of east-west trending, nearly ice-free 

valleys situated between the Transantarctic Mountains and the Ross Sea of Antarctica. 

These valleys were subject to wet-based glaciation during the Oligocene, followed by 

development of cold-based glaciation during the Miocene (~13.6 Ma). The MDV have 

maintained cold, hyper-arid conditions since this time (Marchant et al., 1993; Denton 

and Sugden, 2005; Sugden et al., 2005; Bockheim, 2013). The valleys currently contain 

numerous cold-based alpine glaciers, which extend variable distances from valley walls, 

and terminate on bedrock or extensive glacial drift deposits (Atkins, 2014). These drift 

deposits record multiple episodes of glacial ice advance and retreat from the adjacent 

Ross Sea and East Antarctic ice sheet (Hall and Denton, 2005).  

 This study focuses specifically on sample sites in eastern Wright (Clark Glacier 

stream) and Taylor (Delta Stream and Goldman Glacier channel) Valleys, which are 

characterized by multiple distinct drift deposits reflecting differing glacial histories 

(Figure 2). Wright Valley is underlain by the Brownworth (granite and quartz 

monzonite) and Denton (foliated granodiorite) plutons near the eastern end of the valley 

and adjacent to Wright Lower Glacier. Drift types in this region date to at least the 

Miocene and were largely emplaced prior to the Last Glacial Maximum (LGM). These 
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drift deposits are generally composed of a coarse-grained, heterogeneous mix of 

igneous and metamorphic rock types and were sourced from multiple cold-based glacial 

ice advances and retreats from the adjacent Wilson Piedmont Glacier and Ross Sea 

Embayment (Hall and Denton, 2005). The stream emanating from Clark Glacier 

(henceforth referred to as Clark Glacier stream) in Wright Valley crosses Brownworth 

drift, which is underlain by Trilogy drift near the glacier terminus and Loke drift near 

Lake Brownworth (Figure 2). Brownworth drift is dominated by sand-size material and 

consists of two facies: 1) coarse sand diamicton, and 2) horizontally stratified sandy 

glaciolacustrine facies. The drift exhibits limited soil development and consists of a 

variety of basement clast types, including Ferrar Dolerite, Olympus granite gneiss, Vida 

granite, and microdiorite (Hall and Denton, 2005).   

 Eastern Taylor Valley is primarily underlain by biotite orthogneiss and filled by 

undifferentiated and Ross Sea drift sediments. The stream emanating from Howard 

Glacier (formally named Delta Stream) crosses Ross Sea drift exclusively, which was 

emplaced during the LGM and reflects deposition by partially wet-based ice that 

encroached from the Ross Sea (Hall et al., 2000). Ross Sea drift consists of five distinct 

facies (till, waterlain diamicton, glaciolacustrine silt, stratified sand, and stratified silt-

sand-gravel), is notably finer grained compared to Wright Valley drift deposits, and, in 

addition to granite and metamorphic basement clasts, has a distinct lithology of kenyte, 

basalt, sandstone, and dolerite erratics from sources beyond eastern Taylor Valley (Hall 

et al., 2000). The Goldman Glacier stream channel flows over undifferentiated pre-

Bonney drift, which has not been extensively discussed in the literature (Hall et al., 

2000). 
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 The MDV region is classified as a hyper-arid, polar desert where mean annual 

temperatures range between -14.8 °C and -30.0 °C, and precipitation, typically in the 

form of snowfall, is <10 cm/yr (Clow et al., 1998; Fountain et al., 1999; Doran et al., 

2002; Doran et al., 2008).  The hydrologic elements of the MDV consist of glaciers, 

ephemeral streams, lakes, and shallow groundwater. Continuous permafrost occurs at 

shallow depths throughout the MDV, spatially restricting subsurface flow (Gooseff et 

al., 2011). Active hydrodynamics are limited to the austral summer (approximately 6-12 

weeks), when solar insolation warms the surfaces of valley glaciers and generates 

meltwater runoff, which flows off the glaciers and across valley drift to closed-basin 

lakes. Streamflow rates exhibit diel variation, and can fluctuate 5-10 fold within a single 

summer day (McKnight et al., 1999; Gooseff et al., 2011; McKnight, 2014). Meltwater 

exchange with drift sediments primarily occurs within the hyporheic zone of reactivated 

stream channels, defined as the saturated area underlying and adjacent to the streambed 

where water can flow before encountering true permafrost (McKnight et al., 1999; 

Gooseff et al., 2002; Gooseff et al., 2013). The active layer of seasonally thawed 

permafrost typically extends to <1 m in depth, with increasing thaw occurring under 

regions of flowing water owing to thermal transport (Campbell and Claridge, 2006; 

Conovitz et al., 2006; Cozzetto et al., 2006; Gooseff et al., 2013). Additional shallow 

groundwater features include melt from localized snow patches, water tracks, and 

margins of streams and lakes, which, in conjunction with the hyporheic zone, mobilize 

solutes and provide suitable conditions for biotic growth and biogeochemical cycling 

(Barrett et al., 2009; Levy et al., 2011; Gooseff et al., 2013; Langford et al., 2014; 

Mikucki et al., 2015). Biotas in the MDV are generally restricted to cyanobacteria, 
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algae, and mosses. Perennial algae typically grow within streams as mats that can 

endure long periods of desiccation and are common within Taylor Valley streams 

(McKnight et al., 1999; McKnight et al., 2007).  

 Eolian processes in the MDV are critical to distributing nutrients, organic 

matter, and sediments onto glacier surfaces and into the hyporheic zones of the 

ephemeral stream channels, where these particulates may become entrained in 

meltwater runoff and into stream flow (Fortner et al., 2011; Sabacka et al., 2012; 

Deuerling et al., 2014). Winds blow up-valley from McMurdo Sound during the 

summer months, whereas strong down-valley winds sourced from the polar plateau 

prevail during the winter and can reach speeds up to 40 m/s (Doran et al., 2008). 

Summer foehn wind events can also result in adiabatic warming of the MDV region, 

leading to heightened temperatures and increased meltwater generation (Steinhoff et al., 

2014). Wind-blown aerosols are typically either marine or locally sourced terrestrial 

material, and particulate concentrations are commonly higher on the western sides of 

glaciers due to the prevailing wind direction (Lyons et al., 2003; Bertler et al., 2004; 

Ayling and McGowan, 2006; Witherow et al., 2006; Williamson et al., 2007; Sabacka et 

al., 2012; Fortner et al., 2013; Deuerling et al., 2014).  

Weathering Studies in the McMurdo Dry Valleys 

 Early studies on soils in the MDV by Kelly and Zumberge (1961) suggested that 

chemical weathering processes were not actively occurring in the Antarctic 

environment. However, subsequent work confirmed the presence of authigenic clay 

minerals within soils, in addition to evidence for ion migration, and abundant 

development of oxidation rims on exposed surfaces (Ugolini and Anderson, 1973; 
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Gibson et al., 1983). Clay minerals make up a small fraction of the soils and primarily 

consist of smectites, illites, and vermiculites (Campbell and Claridge, 1982; Lyons et 

al., 1998). Soil development on Ross Sea and Brownworth drift sediments is classified 

within the subgroups of Typic Anhyorthels and Typic Haploturbels, reflecting 

sublimation of ice and accumulation of salts (Bockheim, 2013). Within Taylor Valley, 

soluble salt accumulations derived from marine aerosol deposition and chemical 

weathering are highest within western (inland) soils due to minimal leaching and a 

longer period of soil development. In contrast, eastern valley soils are closer to coastal 

moisture sources and influenced by paleolake development. Here, higher soil moisture 

content results in higher rates of calcite dissolution and cation exchange reactions, 

subsequently leading to extensive leaching and lower salt content within younger soils 

(Bockheim et al., 2008; Toner et al., 2013).   

 Beyond soils, weathering studies in the MDV have been highly focused on 

stream solute trends, where heightened ion concentrations suggest that salt and 

carbonate dissolution, as well as silicate hydrolysis, are occurring within the hyporheic 

zone despite low temperatures (Lyons et al., 1998; Nezat et al., 2001; Huh, 2003; 

Stumpf et al., 2012). Previous work has been primarily concentrated in Taylor Valley 

accompanying the establishment of the McMurdo Dry Valleys Long Term Ecological 

Research Project (Fountain et al., 1999). Figure 1 and Table 1 highlight studies that 

focus primarily on stream solute variations attributed to weathering reactions within the 

seasonally active hyporheic zone of meltwater channels. Only a single study by Maurice 

et al. (2002) focused exclusively on characterizing observable short-term silicate 

mineral weathering as opposed to monitoring stream solute trends. In their study, fresh 
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mica chips buried in the hyporheic zone of Green Creek (Taylor Valley) developed 

significant etch pits and biofilms over the course of a single melt season (~6 weeks) as a 

result of chemical weathering and microbial processes (Maurice et al., 2012).  

 Weathering reactions in Antarctic streams are facilitated by the rapid interaction 

of dilute water with unconsolidated and porous sediment within the hyporheic zone, 

resulting in dissolution and abundant transport of solutes into the stream system 

(Gooseff et al., 2002). The primary trends include downstream increases in H4SiO4, 

Mg2+, Ca2+, Na+, K+, HCO3
-, and Cl-, although cation exchange and adsorption reactions 

can modulate ion fluxes, leading to variability within and among stream systems (Nezat 

et al., 2001; Gooseff et al., 2002; Gooseff et al., 2004; Green et al., 2005; Stumpf et al., 

2012).  In general, the nature of the underlying drift, the incorporation of eolian dust 

into glacial meltwater, and the addition of marine aerosols control the ion 

concentrations of observed solute fluxes into valley lakes (Green et al., 1988; Nezat et 

al., 2001; Gooseff et al., 2002; Maurice et al., 2002; Lyons et al., 2003; Stumpf et al., 

2012). Eolian deposition onto glacier surfaces also creates highly variable surficial 

glacier geochemistry, where dissolution on the glacier surfaces and in cryoconites can 

strongly influence initial meltwater chemistry (Bagshaw et al., 2007; Welch et al., 

2010). Stumpf et al. (2012) focused on contrasting solute trends between adjacent 

valleys, where differing concentrations of  Na, Ca, and Fe between two meltwater 

streams (Clark Glacier stream and Delta Stream) suggest contributions related to 

differing drift origins and compositions, variations in eolian input, and rates of biologic 

activity.  
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 Chemical denudation rates are also highly dependent on discharge rates, 

particularly where stream gradients are low (Nezat et al., 2001). Solute concentrations 

are typically highest at the onset of seasonal flow, where accumulated material and 

weathering products are rapidly flushed from the hyporheic zone (Lyons et al., 1998; 

Green et al., 2005; McKnight et al., 2007). Recent investigations of water-track 

development have highlighted the potential for additional significant solute transport 

into valley lakes. Water tracks are defined as linear regions (~1-3 m in width and up to 

hundreds of m in length) of high soil moisture, derived from melting of snow patches or 

ground ice, in which water and solutes flow downslope within the seasonally active 

permafrost layer. Although discharge within water tracks may be two orders of 

magnitude less than within glacial meltwater streams, solute concentrations may be 

more than 100 times greater and enriched in Ca2+, Mg2+, and Cl- (Levy et al., 2011; 

Levy et al., 2012; Gooseff et al., 2014; Langford et al., 2014).  

Methods 

 Sediment samples (~500-1,000g/site) were collected from surficial deposits 

within Clark Glacier stream (originating from Clark Glacier in Wright Valley and 

terminating at the Onyx River) and Delta Stream (originating from Howard Glacier, 

Taylor Valley and terminating into Lake Fryxell) during the 2009-2010 austral summer 

field season (Figure 2). Both stream channels contained actively flowing water, and 

stream sediments were sampled at 400-500 m intervals within areas of active deposition 

(i.e., marginal bars) and flow of the stream channel. The water temperature and pH at 

each sample site were recorded with a Hanna handheld pH meter. Sample collection 

occurred during a comparatively low-flow year, where seasonal average discharge for 
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Delta Stream was 3.7 l/sec (1.6 l/sec on the day of sampling; McKnight, 2014). The 

average seasonal discharge for the previous (2008-2009) and subsequent (2010-2011) 

austral summers was 70.01 l/sec and 51.4 l/sec, respectively. No stream gauge data are 

available for Clark Glacier stream during our sampling season or recent years. 

However, flow within Clark Glacier stream was greater than in Delta Stream during 

sampling (1/9/2010 and 1/18/2010, respectively). Two representative drift samples were 

collected near (within 2-210 m) each main flowing stream transect, and sediment 

samples were also collected from a dry stream channel emanating from Goldman 

Glacier in Taylor Valley. Additional sediment samples along Delta Stream were 

collected during the 2012-2013 field season (average seasonal discharge of 6.5 l/s; 

McKnight, 2014) for temporal comparison. All sediments were kept frozen following 

field collection until they were processed for grain size, surface area, and geochemical 

analyses in laboratories at the University of Oklahoma.  

 Samples were processed as outlined in Marra et al. (2014, 2015). Briefly, 

sediments were wet sieved to split the gravel, sand, and mud (silt and clay; <63 µm) 

fractions. As finer-grained material generally has higher sediment surface area, and is 

thus considered to be more chemically reactive by mass or volume, our analyses focus 

primarily on the silt and clay fraction (<63 µm grain size, referred to subsequently as 

mud). The mud fraction was treated for 24 hours with buffered acetic acid to remove 

carbonate, and with hydrogen peroxide (30% grade for 30 minutes) to remove organic 

material. The mud samples were freeze-dried and analyzed for grain size to determine 

the relative percentages of silt and clay with a Beckman Coulter Laser Particle Size 
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Analyzer (LPSA), and N2 adsorption BET surface area (Brunauer et al., 1938) with a 

Beckman Coulter SA3100 analyzer (Marra et al., 2014, 2015).  

 A subset of the mud fraction was analyzed for whole-rock geochemistry 

utilizing lithium borate fusion and ICP-AES, as well as ICP-MS to obtain rare-earth 

element (REE) geochemistry by a commercial laboratory (ALS Chemex). Whole-rock 

geochemical data were reported as weight percent oxides, whereas rare-earth element 

concentrations were reported as ppm. All values of CaO were corrected to account for 

Ca bound in apatite via the equation (Girty et al., 2013):  

CaO* = CaO-(3.33*P2O5) 

 Bulk quantitative x-ray diffraction (XRD) analyses of the processed muds were 

run on a Rigaku Ultima IV at the University of Oklahoma. Oriented clay mounts of the 

<2 µm clay fraction were analyzed with a Siemens D-500 (fixed-slit assembly and 

Bragg-Brentano geometry) at the USGS in Denver, CO. XRD patterns were interpreted 

with JADE and ClaySim software packages. 

Results and Discussion 

 Whole-rock geochemical data for Antarctic drift and channel sediments 

analyzed in this study appear in Table 2. Carbonates and salts are pervasive in MDV 

soils, related to the development of paleolakes and common pedogenic processes (Keys 

and Williams, 1981; Bockheim, 2013; Toner et al., 2013). In addition, the deposition of 

marine-sourced aerosol salts into the MDV region from the Ross Sea commonly occurs 

during varying wind regimes in the summer months (Bertler et al., 2004; Witherow et 

al., 2006; Williamson et al. 2007; Sabacka et al., 2012; Fortner et al., 2013). Our sample 
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processing protocol, however, included wet sieving and an acetic acid treatment to 

remove any surficial salts and carbonate coatings. In addition, treatment with hydrogen 

peroxide ensured removal of organic matter. Therefore, the geochemical trends 

observed in the sediments analyzed for this study should reflect only the aluminosilicate 

mineralogy. A corresponding study by Stumpf et al. (2012) addressed stream solute 

trends within the sampled transects discussed here, and results from that study are 

summarized in section 4.4. However, the solute trends reflect the original mineralogy 

present in the surrounding drift sediments, and therefore measured solute concentrations 

include contributions from dissolution of carbonates and salts which have been removed 

from the sediments via wet sieving and acetic acid treatment prior to geochemical 

analysis. 

Clark Glacier Stream Sediments (Wright Valley) 

 In Clark Glacier stream, the overall elemental abundances in the mud fraction 

are: Si > Al > Fe > Ca ≥ Mg > Na > K (Table 2). Bulk quantitative XRD analyses 

indicate that the mud fraction is composed dominantly of primary minerals (i.e., quartz, 

feldspars, and pyroxenes), where the percentages of quartz and pyroxenes both 

systematically increase downstream and the percentage of feldspars decreases (Figure 

3). Among the feldspars, plagioclase > alkali feldspar, although the range of feldspar 

phases present was difficult to distinguish with the XRD data. The percentage of 

phyllosilicates (4-18%), consisting primarily of biotite and chlorite, with minor illite, 

kaolinite, and smectite, in the mud fraction correspondingly decreases downstream 

along the transect (Figure 3). Accordingly, concentrations of Ca, Mg, and Fe (likely 

associated with the high pyroxene content) increase downstream, whereas Na, K, and 
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Al associated with feldspar and phyllosilicate phases (i.e., biotite and chlorite) decrease 

downstream (Figure 4).  

 Grain size trends within the mud (silt and clay) fraction show that silt is the 

dominant size fraction (63-91%), which increases in abundance down the Clark Glacier 

stream transect (Figure 5). BET surface area may serve as a general proxy for grain 

size, wherein smaller particles typically have larger specific surface areas. However, 

BET surface area of sediments is also strongly influenced by particle surface roughness. 

In addition, the chemistry of sediments may also correlate with the specific surface area 

(Horowitz and Elrick, 1987; Rawlins et al., 2010).  BET surface areas for the mud 

fraction within Clark Glacier stream range from 2.0-29.0 m2/g and systematically 

decrease along the stream transect in accordance with the increase in grain-size within 

the mud fraction (Appendix A; Marra et al., 2015). Whole-rock geochemistry trends 

relative to BET surface area are shown in Figure 6. In general, Si, Al, Na, and K tend to 

increase with increasing surface area whereas Mg, Ca, and Fe tend to decrease with 

increasing surface area within the Clark Glacier stream mud. This is consistent with the 

observed increase in concentrations of Mg, Ca, and Fe (associated with pyroxene) down 

the stream transect, suggesting that mafic phases, in addition to chemically resistant 

minerals such as quartz (Figure 3), are becoming increasingly concentrated in the silt-

size fraction, which has an overall lower BET surface area.  Increasing Al, Na, and K 

concentrations (associated with feldspars and phyllosilicates) with increasing BET 

surface area are consistent with the downstream decrease in the percentage of 

phyllosilicates and feldspars (and a subsequent increase in silt content). Therefore, the 

proximal muds contain more clay-sized grains with higher BET surface area, as well as 



114 

higher percentages of phyllosilicates and feldspars leading to Al, Na, and K enrichment, 

whereas distal muds contain more silt-sized grains with lower BET surface area, and 

appear to contain more pyroxene and quartz, leading to increasing Ca, Mg, and Fe 

concentrations in the muds moving downstream.  

 Clark Glacier stream traverses a single drift type (Brownworth Drift; Figure 2), 

which is underlain by two distinct drift deposits (Loke and Trilogy Drifts) along the 

course of the stream channel. However, we observed minimal flow and no downcutting 

in the stream channel during sampling, which implies that substantial contributions 

from underlying drift deposits are unlikely within the active hyporheic zone of Clark 

stream and therefore differences in drift lithologies are not a major factor controlling the 

pronounced downstream increase in pyroxenes and quartz and decrease in 

phyllosilicates and feldspars. This implies that feldspars and the finest-grained phases 

(i.e., phyllosilicates) are being introduced via eolian deposition onto the Clark Glacier 

surface, entrained within the surficial glacier meltwater, and subsequently concentrated 

within the proximal reaches of the stream transect during incipient flow (Marra et al., 

2015).  

Delta Stream and Goldman Glacier Channel Sediments (Taylor Valley) 

 In Taylor Valley (Delta Stream and Goldman channel transect), the relative 

elemental abundances in the mud fraction are: Si > Al > Fe > Mg > Ca ≥ Na ≥ K 

(Table 2). XRD analyses of the mud fraction of Delta Stream sediments collected in 

2010 show feldspars > phyllosilicates > pyroxene > quartz, with phyllosilicates 

comprising 30-43% of the mud fraction (Figure 3). Quartz remains relatively consistent 

in abundance downstream, whereas the percentage of feldspars increases and the 
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percentage of pyroxenes decreases slightly along transect. Among the feldspars, 

potassium feldspars > plagioclase feldspars, although individual feldspar phases were 

also difficult to distinguish with the XRD data in this stream system. Phyllosilicate 

phases primarily consist of biotite, chlorite, and illite, with minor kaolinite, smectite, 

and vermiculite. In addition, amorphous phases that could not be resolved by XRD 

analysis were also present. This is consistent with XRD analyses conducted by Gooseff 

et al. (2002) on the fine fraction of sediments from nearby Huey and Green Creeks, 

where abundant amorphous weathering products were recognized within the <2 µm 

fraction.  

 Elemental abundances for Si, Al, Fe, Mg, and K remain relatively consistent 

within the mud fraction down the stream transect in accordance with the consistent 

downstream abundance of both primary and phyllosilicate minerals (Figure 4). Only Ca 

and Na exhibit a slight decrease in abundance downstream, although this is not a robust 

trend and both elements exhibit a fairly erratic pattern along the stream transect (Figure 

4). Whole-rock geochemistry for additional Delta Stream samples collected in 2013 

correlate well with the elemental abundances obtained for 2010 samples (Figure 4). 

Mud within a drift sample (Ross Sea drift) collected adjacent to Delta Stream also 

exhibits a similar geochemical signature to mud collected within Delta Stream.  

 Grain size data for Delta Stream shows that the clay-size fraction within the total 

mud fraction ranges from 14-50% (Figure 5). BET surface areas for the mud fraction 

range from 19.9-70.6 m2/g, with no observable downstream pattern (Appendix A; Marra 

et al., 2015). Whole-rock geochemistry as compared to BET surface area indicate that 

the elemental concentrations of Si and Mg remain relatively consistent whereas Fe and 
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K increase slightly and Al, Na, and Ca decrease with surface area over the range of BET 

surface areas (and subsequently range of grain sizes within the mud fraction) observed. 

These patterns are relatively consistent with the observed minerals within the mud 

fraction, where the percentages of primary and phyllosilicate minerals remain relatively 

uniform with downstream distance (Figure 6). The lowest concentrations of Ca and Na 

generally occur where BET surface area is > 40 m2/g, suggesting loss of these elements 

may be associated with weathering of plagioclase feldspars and mafic phases such as 

pyroxene. The slight increases in K and Fe with increasing BET surface area (and 

decreasing grain-size) are likely associated with an increase in phyllosilicate phases in 

the finest grain-size fraction. 

 Delta Stream sediments collected in 2013 have elemental concentrations similar 

to those collected in 2010 (Figure 4). A drift sample (Ross Sea drift) collected adjacent 

to sample How-8 also exhibits elemental abundances comparable to those in Delta 

Stream sediments, with Mg and Ca exhibiting slightly elevated concentrations relative 

to the stream sediment (Figure 4). In addition, sediment samples collected from the non-

flowing channel emanating from Goldman Glacier in Taylor Valley also have generally 

similar elemental abundances to Delta Stream sediments, but also exhibit slightly higher 

concentrations of Mg and Ca compared to sediments collected within Delta Stream 

(Figure 4). Delta Stream only flows over the Ross Sea drift whereas the Goldman 

Glacier transect traverses undifferentiated local drift and pre-LGM Ross Sea drift, 

suggesting that differences in elemental concentrations could be influenced by drift 

compositions (Figure 2). However, the relatively consistent elemental signatures that 

occur within our Taylor Valley sample sites indicate that eolian contributions 
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predominate in redistributing locally sourced fine-grained material, which concurs with 

geochemical analyses of eolian material collected within elevated sediment traps 

throughout Taylor Valley by Deuerling et al. (2014). The slightly elevated 

concentrations of Mg and Ca within samples collected outside the Delta Stream channel 

suggests that elemental loss from weathering or sorting of Mg and Ca-bearing minerals, 

such as pyroxene, is not proceeding to a similar extent outside of the active hyporheic 

zone, likely due to reduced contact with moisture. In addition, eolian contributions 

introduced into the stream channel from the glacier surface may have low 

concentrations of such mafic minerals. 

Weathering Indices 

 Intensity of chemical weathering is commonly assessed via the application of 

weathering indices which evaluate the mobility of major elements (see Price and 

Velbel, 2003, for a review of these various indices). We utilized four common indices 

to determine if chemical weathering is occurring within and beyond the hyporheic zone 

of the studied Antarctic stream sediments: Chemical Index of Alteration (CIA) (Nesbitt 

and Young, 1982), Chemical Index of Weathering (CIW) (Harnois, 1988), Plagioclase 

Index of Alteration (PIA) (Fedo et al., 1995), and Weathering Index of Parker (WIP) 

(Parker, 1970) (Figure 7). Optimum weathered values for the CIA, CIW, and PIA are 

typically over 50, with values increasing with increasing degree of weathering. The 

WIP differs from the other indices presented here by incorporating aluminum mobility 

(Parker, 1970; Price and Velbel, 2003) and producing values that decrease as 

weathering increases, with weathered values falling below 100.  
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 As higher surface area typically correlates to a higher density of reactive sites on 

mineral grains for chemical weathering to occur and/or abundance of fine-grained 

weathering products such as clay minerals, we also compared weathering index with 

BET surface area (Figure 8). All weathering indices exhibit a predictable positive 

correlation with BET surface area, wherein increasingly weathered values are associated 

with increased surface area for both Wright and Taylor Valley samples. The most 

pronounced evidence of chemical weathering preserved within the mud fraction occurs 

in Delta Stream sediments collected in 2010, where high surface area values 

(approximately >40 m2/g) correlate with weathering indices beyond the optimum fresh 

values (Price and Velbel, 2003). The WIP indicates some degree of weathering for all 

analyzed sediments, although Delta Stream samples also exhibit the strongest degree of 

weathering based on WIP calculations. However, the sediment samples should be 

compared to representative “unweathered” parent rock to fully ascertain the extent of 

weathering. The MDV consist of a range of basement rock types; however, the source 

of the fine-grained material analyzed in this study is from the mixed lithology glacial 

drift deposits which cover crystalline basement rock.  Therefore, we compared the 

stream mud samples to representative drift samples collected beyond the extent of the 

hyporheic zone (Figure 2). Drift samples from both Wright (Brownworth drift) and 

Taylor (Ross Sea drift) Valleys plot within the suggested “fresh” sample range for the 

CIA, CIW, PIA, and WIP (Figure 7). 

 Whereas CIA, CIW, PIA, and WIP weathering indices were originally designed 

for application to felsic-intermediate lithologic types and derivative shales, Ohta and 

Arai (2007) devised a statistical empirical index of chemical weathering that is 
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independent of the composition of the fresh parent rock and thus applicable to felsic, 

intermediate, and mafic igneous rock types.  As the stream sediments collected consist 

of a range of mixed lithology drift material, we utilized Ohta and Arai’s (2007) method 

to assess differences in weathering within the mud fraction among channel sediments 

and representative drift samples.  In addition, we plotted four samples collected from a 

modern stream (Blue Beaver Creek) in the Wichita Mountains of Oklahoma to compare 

weathering in a temperate-arid climate to our Antarctic dataset. All Wichita samples 

represent the same size sediment fraction (<63 µm) and were subjected to identical 

collection and processing methods as utilized in this study (Keiser, 2013; Marra et al., 

2014). The range in mafic to felsic compositions plot along the mafic (M) to felsic (F) 

poles, and increasingly weathered samples extend toward the weathered (W) pole. 

Antarctic channel sediments plot closer to the mafic range and are similar in 

composition to their associated drift samples (Figure 9). The channel sediments 

collected from Delta Stream exhibit the highest degree of weathering and a slight 

divergence from the Ross Sea drift sample. The Clark stream channel sediments exhibit 

a lesser degree of weathering, but are typically more weathered than the associated 

Brownworth drift sample. By comparison, sediments from the Wichita Mountains show 

a higher degree of weathering and the strongest divergence from their associated 

bedrock sample (Mt Scott Granite). All sediment, drift, and basement rock samples are 

also plotted on an A-CN-K diagram (Nesbitt and Young, 1984) in Figure 10 for 

comparison with other studies of chemical weathering in sediments. 

 Based on these commonly utilized weathering indices, chemical weathering is 

occurring in all three streams to variable extents but may be minimally detectable in 
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sediments of Antarctic streams and in associated drift samples, suggesting mechanical 

erosion may have produced a significant portion of the fine particles observed, while 

secondary mineral precipitation plays a lesser role. In particular, only chemical 

weathering indices calculated from Delta Stream sediments collected in 2010 show 

pronounced chemical weathering signatures, where the highest weathering index values 

correlate to the highest measured BET surface areas. Only chemical weathering indices 

from the highest surface area sample (CG-2) from Clark Stream suggest a small degree 

of weathering when applying these indices. In addition, the first two samples from the 

Goldman Glacier channel transect (which contained no flowing water) show a small 

degree of weathering, suggesting fine-grained, potentially weathered material has 

accumulated near the base of the glacier due to lack of flow and/or that enough moisture 

has been present previously in the proximal portion of the channel to induce chemical 

alteration. Associated drift samples from both valleys (Brownworth drift in Wright 

Valley and Ross Sea drift in Taylor Valley) exhibit relatively “fresh” weathering index 

values, suggesting that sufficient moisture is not present outside the stream hyporheic 

zone to promote chemical weathering near the surface at these locations and/or that 

chemical alteration of fine-grained sediment may be occurring within supraglacial 

meltwater or cryoconite holes on the glacier surface prior to transfer into the stream 

channel via meltwater flow.  

 By comparison, a recent study by Bishop et al. (2014) indicated that surficial 

sediments collected in and around Lake Brownworth (Wright Valley) and Lake Fryxell 

(Taylor Valley) exhibit low CIA values for the <125 µm fraction and plot within the 

range of relatively “fresh” source rock material. In addition, soil sediment samples 
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collected from the glacial outwash plain of a wet-based glacier (Damma Glacier, 

Switzerland) also exhibit a limited degree of weathering (CIA= 55-65), which is within 

the range of our high surface area Delta Stream samples (Bernasconi et al., 2011). 

Surprisingly, CIA values for the <63 µm fraction of sediments collected from Blue 

Beaver Creek (Wichita Mountains, OK) range between 59.5-63.9, which is also within 

the range of our highest surface area samples for Delta Stream where CIA = 49.4-60.2. 

However, examining the geochemical data in ternary space (Figures 9 and 10) reveals 

clear differences in the extent and nature of chemical weathering in each stream system, 

wherein all analyzed samples suggest some degree of chemical alteration. In particular, 

the mud fraction from Delta Stream sediments exhibits the strongest degree of 

weathering. Therefore, when examining fluvial sediments, ternary weathering diagrams 

may be more effective in discerning the degree of chemical weathering rather than 

using standard weathering index calculations, as even fine-grained sediments contain a 

mixture of both primary and weathered phases. In addition, plotting in ternary space 

also enables visualization of the effect of differences in starting compositions. 

 The predictable positive correlation between BET surface area and weathering 

index for all analyzed stream mud samples indicates that either the finer-grained 

material is experiencing higher and/or faster rates of weathering attributable to higher 

reactive surface area, and/or that increasingly weathered sediments have higher surface 

area due to pitting, alteration of grains, and/or production of clay minerals and 

amorphous weathering products. Gooseff et al. (2002) suggested that amphiboles and 

plagioclase in the fine fraction of Green Creek (Taylor Valley) stream sediments have a 

tendency to form etch pits, leading to subsequent disaggregation of particles and 



122 

resulting in higher surface area. Only the high surface area sediments in Delta Stream 

exhibit discernible weathering via chemical weathering indices, which occur when 

surface area exceeds values of approximately 40-50 m2/g, suggesting a critical surface 

area threshold.  

Comparison of Wright and Taylor Valley Streams 

 In general, the relative abundance of major elements for the mud fraction (<63 

µm) of sediments is similar for both Wright and Taylor Valleys, despite the varied 

nature of the underlying drift and bedrock for the study sites. Between the Clark Glacier 

and Delta stream sample sites, statistically significant differences occur only for 

elemental concentrations of Ca, Mg, and K (p<0.05), which may be attributed to 

differences in the percentages of pyroxenes and phyllosilicates within each stream 

(Figure 3). Overall, sediments collected within Clark Glacier stream contain more 

pyroxene and a lower percentage of phyllosilicates, whereas Delta Stream sediments 

contain significantly fewer mafics and a high percentage of phyllosilicates that varies 

little in abundance along the length of the stream channel.  

 Within the mud (<63 µm) fraction of the analyzed sediments, relative 

concentrations of silt and clay-sized material vary considerably between the streams in 

Wright and Taylor Valleys, and fluctuate along sampled transects (Figure 5). Wright 

Valley sediments are generally coarser, with silt composing 63-91% of the total mud 

fraction. Silt increases (and clay correspondingly decreases) down the Clark Glacier 

stream transect, with a higher percentage of clay-sized material (~33%) noted in the 

Brownworth drift sample compared to the stream sediments (Marra et al., 2014, 2015). 

In Taylor Valley, the overall percentages of clay-sized sediment in the mud fraction are 
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higher than in Wright Valley (Figure 5b). Sediments from Delta Stream have the 

highest percentage of clay-sized material in the mud fraction (14-50%), whereas clay-

sized percentages in the Goldman Glacier dry channel transect are slightly lower (14-

29%; Figure 5b).The differences in clay and silt content may be attributable to differing 

origins of the underlying valley drift sediments (Hall and Denton, 2005; Marra et al., 

2015). Brownworth drift (Wright Valley) was deposited via cold-based glaciation, 

which suggests that derivation of glacially ground fines would be minimal in this 

system and could explain the overall relative paucity of fine-grained material in this 

valley (Hall and Denton, 2005). In contrast, Ross Sea Drift (Taylor Valley) was 

deposited by partially wet-based ice advancing from the Ross Sea, which likely 

contained significant fine-grained, glacially ground sediment (rock flour) derived from 

East Antarctic tributaries (Hall et al., 2000). In addition, fine-grained marine sediments 

from the Ross Sea would have also been incorporated into deposits during wet-based 

ice incursion into Taylor Valley. Partial wet-based glacial conditions beneath the Ross 

Sea Ice sheet may have led to finer grain sizes and potentially higher surface areas 

observed in the Ross Sea drift compared with Wright Valley drift deposits which were 

formed from cold-based ice advance (Hall et al., 2000; Hall and Denton, 2005). Overall, 

Delta Stream sediments collected in 2010 had the highest measured BET surface areas. 

Clark Glacier stream and the Goldman Glacier dry channel samples had similar ranges 

in BET surface area, but both were lower than those observed in Delta Stream in 

sediments collected in  2010 and 2013 (Figure 6; Appendix C; Marra et al., 2015). Delta 

Stream samples collected in 2013 had generally lower measured surface areas than the 

2010 samples and are more similar to values observed in the Goldman Glacier transect. 
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Previous analysis of the BET surface area values reported here (Marra et al., 2015) 

indicate that differences in surface area distributions within and among the analyzed 

stream transects relate to varying eolian contributions from locally sourced, fine-grained 

material, which accumulates on glacier surfaces and is subsequently transported by 

seasonal surficial melting into the active hyporheic zone of the stream channel. 

Weathering reactions can proceed within the supraglacial meltwater (i.e., cryoconite 

holes) and/or within the hyporheic zone during the Austral summer (Gooseff et al., 

2002; Fortner et al., 2005; McKnight et al., 2007; Bagshaw et al., 2007; Welch et al., 

2010). In addition, eolian material is deposited along the length of the stream channels 

and may become additionally entrained in the streamflow depending on discharge 

conditions (Marra et al., 2015).Therefore, eolian processes play a critical role in the 

distribution of fine-grained sediment into the active reaches of the hyporheic zone 

throughout the MDV (Fortner et al., 2013; Deuerling et al., 2014; Marra et al., 2015).  

 In addition to sediment grinding via wet-based glacial advance, freeze-thaw 

cycles may also contribute to increased mineral surface area on annual time scales 

(Gooseff et al., 2002). Experimental freeze-thaw leaching experiments by Deuerling et 

al. (2014) show an increase in H4SiO4 related to silicate mineral weathering during 

subsequent extractions of MDV eolian material, suggesting particle fracturing by 

freeze-thaw processes may be critical to enhancing water contact with unaltered mineral 

surfaces. However, total dissolved solute concentrations from these leachates only 

represent <1% of the mineral mass, indicating elemental loss may not be discernible in 

sediments over the course of a single melt season (Deuerling et al., 2014). The high 

range in surface area values obtained for the mud fraction collected in 2010 in Delta 
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Stream may reflect the accumulation of fine-grained sediment that had experienced 

prolonged grain breakdown prior to our initial Delta Stream sampling. As that season 

was generally colder, with lower overall streamflow conditions (McKnight et al., 2014; 

Marra et al., 2015), finer particles with high surface area could have collected within the 

stream hyporheic zone due to a lack of flushing from high discharge, and thus 

experienced longer-term in situ weathering. In contrast, Delta Stream sediment samples 

collected in 2013 exhibit BET surface areas within the lowest range of the 2010 

samples, likely related to high discharge rates in Delta Stream early in the melt season, 

which would have flushed high surface area (and potentially weathered) material from 

the system earlier in the flow period (Marra et al., 2015).  

 Analysis of weathering indices for the mud fraction indicates that chemical 

weathering is the most prominent in Delta Stream sediments, particularly where 

sediment surface area is high. Solute trends analyzed from both Clark and Delta streams 

during our 2010 sampling indicate that chemical weathering is proceeding in both 

streams based on observed overall downstream increases in Na, Ca, Mg, K, Fe, and Si 

(Stumpf et al., 2012). In Clark Glacier stream, water solute trends exhibit increasingly 

heightened concentrations of Na and Ca cations downstream attributed to dissolution of 

soluble salts and carbonates in the hyporheic zone, which should not be reflected in the 

sediments analyzed here based on the sediment processing protocol utilized to remove 

surficial salts and carbonates in this study. The relative concentrations of Si, Mg, Fe, 

and K are lower than Na and Ca but also increase downstream, suggesting additional 

ion contributions from dissolution of silicate minerals (Stumpf et al., 2012).  
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 The high pyroxene content of Clark Glacier stream sediments would be 

expected to dominate chemical weathering signals in this stream due to the higher 

weathering potential of mafic minerals compared to more felsic phases (Goldich, 1938). 

To examine the projected rates of mineral dissolution, we compared experimental 

dissolution rates for albite, anorthite, potassium feldspar, diopside, and biotite from the 

literature (Knauss et al., 1993; Brantley and Chen, 1995; Palandri and Kharaka, 2004; 

Gudbrandsson et al., 2014) and computed the mineral dissolution (in terms of mol/m2/s) 

expected at observed pH conditions in the analyzed stream transects. The pH values 

measured for Clark stream during sampling range from 7.8-8.3 and decrease distally 

(Figure 11). Dissolution rates for the measured pH are approximately equivalent to 

dissolution rates for neutral pH conditions, where anorthite and diopside are expected to 

dissolve faster than K-feldspar, albite, and biotite (Figure 12). However, elemental 

concentrations of Ca and Mg increase within the fine-grained sediment fraction with 

downstream distance (in accordance with the increase in silt-sized material and 

pyroxene content) in Clark Glacier stream, indicating dissolution of pyroxene is not 

dominant within the fine-grained sediment fraction in this system. 

 Na decreases in the fine-grained sediment with downstream distance, suggesting 

loss of Na-rich feldspar phases, although experimental rates predict slower dissolution 

rates for albite. However, the highest surface areas for the fine-grained fraction in Clark 

Glacier stream occur within the proximal reaches of the stream transect, suggesting Na 

(as well as Ca, Mg, and K) loss should be most pronounced in the higher surface area 

fraction. Based on the lack of pronounced weathering observed in the fine-grained 

fraction in Clark Glacier stream, we suggest that as surficial glacier melt commences, 
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significant volumes of more felsic-rich sediment are being funneled off the glacier 

surface and concentrated into the proximal reaches of the stream transect. Lower 

density felsic minerals, such as feldspars and quartz, are more likely to be entrained 

within the varying wind regimes of the MDV and transported onto glacier surfaces, 

whereas higher density grains, such as pyroxenes, would remain within the drift 

sediments and create a residuum of mafic minerals (Speirs et al., 2008). This is similar 

to processes occur in neighboring Victoria Valley, where preferential entrainment of 

quartz and feldspars was documented from eolian dune sands, producing a visible lag of 

mafic minerals (Speirs et al., 2008). Therefore, the pronounced increase in the 

percentage of feldspars in proximal reaches of Clark Glacier stream may reflect 

introduction of feldspar-rich fine-grained sediment during incipient meltwater flow, 

whereas the increase in pyroxene content down the stream transect may reflect 

concentration of mafic-rich material which has remained within the drift due to its 

higher density leading to minimal transport (Figure 3). 

 However, sediment on the glacier surface would likely be subject to aqueous 

alteration as insolation melting occurs before stream flow initiates (Bagshaw et al., 

2007; Fountain et al., 2008). Therefore, the apparent lack of weathering observed in the 

fine-grained fraction may also suggest that complete dissolution of very fine-grained, 

potentially weathered material may be occurring in the dilute meltwaters and therefore 

leached primary minerals and/or secondary weathering products are not observed within 

the fine-grained proximal muds. In addition, it is possible that potentially weathered 

material had not yet been transported from the glacier surface and into the active 

hyporheic zone due to timing of sampling. However, we did not have a representative 
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sample of surficial sediment from near the terminus of the glacier surface to test this 

hypothesis. Alternatively, if any secondary minerals are forming in the system, they 

could be transported as colloidal material out of Clark Glacier stream and into the Onyx 

River due to rapid water exchange within the coarse-grained sediments of the hyporheic 

zone in this transect.  

 Water solute trends for Delta Stream also exhibit high concentrations of Ca and 

Na, similar to Clark Glacier stream, where Ca>Na due to dissolution of abundant salts 

and carbonate phases in Ross Sea drift. In addition, Si, Mg, and K concentrations in the 

meltwater systematically increase downstream, suggesting chemical weathering and 

dissolution of silicate minerals such as phyllosilicates, feldspars, and pyroxenes (Stumpf 

et al., 2012). The pH measurements for Delta Stream remain fairly consistent along the 

length of the stream (8.1-8.4; Figure 11), indicating buffering of the stream waters by 

carbonate dissolution and similar projected dissolution rates for primary minerals 

(Figure 12). However, overall ion concentrations of Mg, K, and Si in water samples 

from Delta Stream are lower than those in Clark Glacier stream, suggesting silicate 

mineral weathering is occurring at a lower rate in Delta Stream and/or that secondary 

precipitation of minerals is occurring to consume these ions. Increasing ion 

concentrations in the solute load suggest secondary mineral phases should be 

concentrated downstream but the percentage of phyllosilicate phases remains relatively 

consistent along the transect; therefore, variable stream discharge rates are likely critical 

to transport and concentrate phyllosilicate phases along the length of the stream 

channel. Alternatively, the higher solute concentrations measured in Clark Glacier 

stream may also be due to timing of water collection, as Clark Glacier stream water 
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samples were collected on one of the first days of consistent stream flow, when 

concentrated solutes may have been flushed from the hyporheic zone (Stumpf et al., 

2012). Fe concentrations are also notably low in Delta Stream in comparison to Clark 

stream water samples, attributable to differences in biologic activity, where Fe is readily 

consumed in Delta Stream due to the abundance of algal mats present (Stumpf et al., 

2012). 

 In Delta Stream sediments, a pronounced deficit of Na and Ca, attributed to 

elemental loss from feldspars and pyroxenes, occurs wherever surface area is high (>40-

50 m2/g; Figure 6). This corresponds to the predicted dissolution rates (Figure 12), 

where elemental loss of Ca and Mg would be expected from pyroxene and Ca-rich 

feldspars. The significant occurrence of amorphous clay mineral phases in Delta Stream 

mud samples likely signals the onset of chemical alteration (i.e., incongruent dissolution 

of primary minerals) of stream sediment. Incipient production of poorly crystalline (or 

“neoformed”) clays and other amorphous weathering products, which can be common 

in glacial regimes (Tranter, 2006), likely contributed to the high BET surface areas 

measured in this system. In addition, the higher surface area of 2010 Delta Stream 

sediments may also reflect accumulation of degraded biotite, chlorite, and illite, similar 

to conditions observed by short-term analysis of weathering of muscovite in the 

hyporheic zone of Green Creek (Maurice et al., 2002). For example, Macht et al. (2011) 

reported BET surface area values of approximately 41 m2/g for illite, suggesting 

progressive weathering (resulting in etch pitting) could enhance the measured surface 

area of phyllosilicate minerals observed in Delta Stream, in addition to the formation of 

poorly crystalline clays. 
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  Na exhibits an opposite trend for BET surface area versus elemental 

concentrations between Clark and Delta stream systems, wherein Na increases with 

increasing surface area in Clark Stream and decreases with increasing surface area in 

Delta Stream (Figure 6). However, the elemental abundance for each element is 

approximately equivalent in concentration for a given surface area, where the upper 

limit of BET surface area values for Clark stream (20-30 m2/g) overlaps with the lower 

limit of surface area values for Delta Stream (Figure 6). Therefore, the overall trend is a 

decrease in Na at high surface areas, where a slower dissolution rate for Na-rich 

plagioclase as compared to Ca-rich plagioclase may eventually result in pitting of Na-

rich feldspar grains and thus increased surface area. As sediments analyzed from Clark 

Glacier stream did not exhibit a comparable loss in Na and Ca at high surface area 

despite having a similar abundance of feldspars and a higher mafic content, the 

differences in elemental abundances between Clark Glacier stream and Delta Stream 

could be interpreted as reflecting differing weathering processes, where complete 

dissolution of fine-grained material is occurring in Clark Glacier stream but chemical 

alteration of the fine-grained fraction is preserved in Delta Stream, where pitting of 

feldspar and pyroxene grains enhance BET surface area. However, the lack of 

significant accumulation of weathered material in the Clark Glacier stream channel may 

also reflect the relatively coarser-grained nature of the system or a lack of input of 

weathered material from the glacier surface due to timing of sampling. Therefore, in 

both stream systems, the nature of the origin of the drift material (wet versus cold-

based), mineral content, eolian dispersal patterns, and stream discharge rates are 
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variable but important factors controlling the distribution of fine-grained, potentially 

chemically reactive material into the weathering environment of the hyporheic zone.  

Conclusions 

 Recent weathering studies in polar climates suggest that chemical denudation is 

controlled primarily by interactions in the hyporheic zone based on exposure of fresh 

surfaces to the weathering environment (Huh et al., 2003; Deuerling et al., 2014; 

Nowak and Hodson, 2014), rather than low temperatures and precipitation. In Antarctic 

polar streams, chemical weathering proceeds during the brief Austral summer, when 

liquid water interacts with fine-grained, potentially chemically reactive material on the 

surface of glaciers and within the active reaches of the hyporheic zone. The origin of 

this fine-grained material is attributed to eolian dispersal of surrounding drift sediments 

onto glacier surfaces and into the channel system, which may be sourced from cold 

and/or wet-based glaciation associated with the complex and variable glacial history 

within the MDV region.  

 Contrasting the nature of weathering between Wright (Clark Glacier stream) and 

Taylor (Delta Stream and Goldman Glacier channel transect) Valley streams indicates 

that significant differences occur within and among valleys. In Clark Glacier stream, 

chemical weathering is minimally detected in fine-grained (<63 µm) stream sediments 

despite high solute fluxes observed in the stream water, suggesting that relatively fresh, 

felsic-rich sediment is being concentrated into the proximal reaches of the stream 

transect via transport from surficial glacier melt and/or complete dissolution of any high 

surface area material or secondary phases is occurring throughout the stream channel 

and is not being preserved in the fine-grained fraction.  
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 In Delta Stream, the overall finer-grained nature of the analyzed sediments 

likely reflects in part initial sediment derivation from partially wet-based Ross Sea drift, 

combined with mixing of marine muds from this unit. Pronounced chemical weathering 

in the stream sediments was observed during our 2010 sampling season, where 

elemental loss of Na and Ca is attributed to weathering of feldspars and pyroxenes. The 

higher measured BET surface area (>40 m2/g) for Delta Stream sediments collected in 

2010 may reflect accumulation of weathered material in the hyporheic zone due to low 

flow conditions, which preserved the fine-grained sediment in the channel and may 

have enhanced the degradation of not only primary minerals, but also phyllosilicate 

phases (i.e., biotite, chlorite, and illite). In addition, the initial production of neoformed 

minerals is apparent based on observation of significant amorphous material present, 

which likely contributed to the high BET surface area measurements. The lower surface 

area values obtained for a subsequent sampling year (2013) indicate that eolian 

dispersal patterns, which vary seasonally within and among valleys, and water 

discharge rates are also critical factors promoting distribution of potentially chemically 

reactive sediment into the weathering environment of the hyporheic zone, where high 

discharge rates may flush fine-grained, high surface area material from the stream and 

promote variable solute loads.  

 Therefore, significant differences in the weathering signals determined in this 

study among Wright and Taylor Valleys confirm the occurrence of chemical weathering 

in the fine-grained fraction of stream sediments in the MDV, which is particularly 

evident via ternary analyses (A-CN-K and MFW plots) rather than commonly used 

weathering indices. Due to the observed differences in  preserved weathering signatures 
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between Wright and Taylor Valleys, longer-term analysis of chemical weathering in 

stream sediments of polar climates is warranted, particularly to evaluate the links 

among variable stream discharge, sediment composition, sediment grain sizes, and 

sediment surface areas in cold-based glacial systems to compare to weathering 

processes in wet-based glacial systems and to evaluate the potential influence on the 

global carbon cycle. In addition, the unique nature of Ross Sea drift deposition in 

Taylor Valley (i.e., wet and cold-based deposition with marine input) suggests that 

weathering studies conducted on streams crossing this drift, which have been 

historically concentrated in the Fryxell Basin drainage area, may not be representative 

of chemical weathering processes occurring in other valleys. 
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Table 4.1: Compilation of meltwater stream weathering studies in the McMurdo Dry 

Valleys (1984-2013). 
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Table 4.2: Whole-rock geochemistry for sample sites in Wright and Taylor Valleys, 

Antarctica. Four samples collected within Blue Beaver Creek (RBB) in the Wichita 

Mountains, Oklahoma are included for comparison. CaO* refers to calcium corrected 

measurements based on the formula CaO* = CaO – (3.33*P2O5) to account for calcium 

bound in apatite (Girty et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 



138 

    Whole rock geochemistry (wt %) 

Sample ID Distance (km) SiO2 Al2O3 Fe2O3 MgO CaO CaO* Na2O K2O TiO2 P2O5 

Wright Valley                       

CG-1 0 54.0 15.4 7.8 4.4 6.6 5.5 2.8 2.1 1.3 0.3 

CG-2 0.4 55.2 16.2 8.4 3.9 5.4 4.3 2.9 2.6 1.4 0.3 

CG-3 0.8 52.8 14.9 8.5 4.4 5.9 4.8 2.6 2.2 1.5 0.3 

CG-4 1.4 51.9 12.5 11.6 6.4 7.8 6.2 2.2 1.5 2.8 0.5 

CG-5 1.8 54.1 14.8 8.8 5.1 7.1 5.8 2.6 2.0 1.6 0.4 

CG-6 2.3 53.1 14.4 8.8 5.0 7.0 5.7 2.6 1.9 1.7 0.4 

CG-7 3.3 51.8 12.9 9.7 5.7 7.5 6.0 2.3 1.6 1.9 0.5 

CG-8 3.7 53.7 13.7 8.8 5.5 7.5 6.3 2.4 1.7 1.5 0.4 

CG-9 4.2 53.7 13.6 10.0 5.7 7.5 6.2 2.4 1.7 2.0 0.4 

CG-10 4.7 53.5 13.0 10.1 6.4 8.4 6.8 2.3 1.5 1.9 0.5 

CG Average 

 

53.4 14.1 9.2 5.3 7.1 5.8 2.5 1.9 1.8 0.4 

            
Brownworth drift 0.2 58.0 15.4 7.0 4.1 6.8 6.1 2.7 2.3 0.9 0.2 

            
Taylor Valley                       

How-13 0.0 51.9 14.5 9.3 4.6 5.5 4.4 2.6 2.4 1.6 0.3 

How-12 0.1 51.7 14.0 9.9 4.0 3.7 2.9 2.0 2.7 1.7 0.3 

How-11 0.6 52.2 14.5 9.4 4.5 5.4 4.3 2.8 2.3 1.6 0.3 

How-10 1.0 49.2 14.7 11.4 4.4 2.9 2.0 1.7 3.0 1.8 0.3 

How-9 1.5 51.9 14.7 8.5 4.0 4.5 3.4 2.9 2.5 1.3 0.3 

How-8 1.9 47.9 13.8 10.1 4.0 3.2 2.1 1.8 2.7 1.6 0.4 

How-7 2.4 51.9 15.0 9.4 4.2 4.3 3.3 2.7 2.6 1.5 0.3 

How-6 2.9 52.2 14.0 9.8 4.2 3.8 2.8 1.9 2.6 1.6 0.3 

How-5 3.4 51.1 15.0 9.7 4.5 4.5 3.5 2.8 2.3 1.5 0.3 

How-4 3.9 53.9 12.8 8.9 4.2 4.2 3.4 1.9 2.2 1.5 0.2 

How-3 4.3 47.6 14.5 11.4 4.8 3.2 2.3 2.7 2.3 1.8 0.3 

How-2 4.8 53.3 14.1 9.8 4.0 3.7 2.7 1.8 2.5 1.8 0.3 

How Average 

 

51.2 14.3 9.8 4.3 4.1 3.1 2.3 2.5 1.6 0.3 

            
DS-7 1.9 51.0 14.6 10.3 4.6 4.0 2.9 2.3 2.6 1.6 0.3 

DS-4 3.1 43.5 12.1 8.8 4.3 5.8 4.3 1.8 2.3 1.4 0.5 

DS-2 3.9 47.7 12.9 9.9 4.9 5.8 4.3 2.3 2.2 1.5 0.4 

DS Average 

 

47.4 13.2 9.6 4.6 5.2 3.9 2.1 2.4 1.5 0.4 

            
Ross Sea drift 0.002 55.8 13.5 8.8 5.5 6.4 5.2 2.3 2.1 1.4 0.4 

            
Gold-1 0.0 47.7 15.4 11.4 5.3 4.8 3.6 2.2 2.5 1.8 0.4 

Gold-5 0.5 50.2 14.3 10.0 5.1 5.6 4.2 2.2 2.3 1.6 0.4 

Gold-8 1.3 54.1 13.7 9.1 5.7 7.0 5.6 2.3 1.9 1.5 0.4 

Gold Average 
 

50.7 14.5 10.2 5.4 5.8 4.5 2.3 2.2 1.7 0.4 
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Wichita Mountains                     

RBB 6 0 70.4 10.1 2.81 0.48 0.35 0.12 1.52 2.77 0.98 0.07 

RBB 9 1.5 68.3 9.89 3.29 0.39 0.32 0.05 1.73 3.04 0.93 0.08 

RBB 12 3 68.3 9.7 3.5 0.4 0.5 0.25 1.8 2.9 1.0 0.1 

RBB 13 3.5 65.1 10.6 5.68 0.51 0.46 0.06 1.85 3.01 1.31 0.12 

Wichita Avg 

 

68.0 10.1 3.8 0.4 0.4 0.1 1.7 2.9 1.1 0.1 
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Figure 4.1a and 4.1b: Location  map of meltwater stream weathering studies in the 

McMurdo Dry Valleys (MDV). Numbered circles represent weathering studies (listed 

by corresponding number in Table 1), almost exclusively in the form of analyzed stream 

solute trends, that have been conducted within the stream transect. The positions of the 

numbered circles do not reflect actual sampling points but refer generally to the 

analyzed stream of interest. Additional studies involving the geochemical evolution of 

MDV lakes are not included. In Wright Valley, previous weathering studies are 

restricted to the Onyx River and the stream emanating from Clark Glacier. In Taylor 

Valley, previous weathering studies are concentrated within the Fryxell Basin drainage 

area, although multiple studies have been conducted throughout the valley, particularly 

in stream channels where flow is consistent during the Austral summer. 
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Figure 4.2: (a) Location map of sampling sites for this study in Wright Valley. “CG” 

refers to samples collected from the meltwater stream emanating from Clark Glacier. 

“Brown drift” refers to the representative sample collected from Brownworth drift. The 

underlying bedrock for the Clark Glacier stream is the Brownworth Pluton. Shaded 

polygons represent the mapped drift deposits (Hall and Denton, 2005) in the vicinity of 

Clark Glacier stream, which is directly underlain by Brownworth drift. (b) Location 

map of sampling sites for this study in Taylor Valley. “How” refers to samples collected 

from the meltwater stream emanating from Howard Glacier (formally named Delta 

Stream) during the 2009-2010 field season. “DS” refers to samples collected from Delta 

Stream during the 2012-2013 field season. These samples are underlain by bedrock 

composed of biotite orthogneiss and directly by Ross Sea drift (Hall et al., 2000). 

“Gold” refers to samples collected from the channel transect emanating from Goldman 

Glacier, which are underlain by undifferentiated pre-Bonney drift (Hall et al., 2000). No 

stream flow was observed in the Goldman Glacier stream transect. 
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Figure 4.3: (a) Percentage of primary minerals versus phyllosilicates for Clark Glacier 

stream (diamonds) and Howard Glacier (Delta Stream, shown as squares) samples 

collected in 2010 as obtained via bulk quantitative XRD analysis. The percentages of 

primary minerals increase downstream in Clark stream and are greater in abundance 

compared to Delta Stream. Conversely, the percentage of phyllosilicates decreases in 

Clark stream with downstream distance and are lower in abundance than the 

phyllosilicates in Delta Stream.  (b) Percentage of quartz in Clark Glacier and Delta 

stream samples along transect. The percentage of quartz increases downstream Clark 

but remains uniform in abundance in Delta Stream. (c) Percentage of feldspars 

(plagioclase and K-feldspar) in Clark Glacier and Delta stream samples along transect. 

The total percentage of feldspars decreases slightly downstream in Clark stream and 

increases slightly in Delta Stream with downstream distance. The relative percentage of 

feldspars in both stream transects is approximately equal. (d) Percentage of pyroxenes 

in Clark Glacier and Delta Stream samples along transect. The percentage of pyroxenes 

notably increases in Clark Glacier stream transect with downstream distance and is 

greater in abundance compared to Delta Stream. The percentage of pyroxenes slightly 

decreases in Delta Stream downstream.  
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Figure 4.4a-g: Whole-rock geochemistry (in weight percent) of mud samples along 

transect. Drift samples are plotted to the right in each graph for comparison. In Clark 

stream, concentrations of Al, Na, and K decrease whereas Mg and Ca increase with 

downstream distance. In Delta Stream, Ca,Na, and K show a slight decrease in 

abundance downstream, although both Ca and Na exhibit a fairly erratic pattern along 

the stream transect. 
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Figure 4.5: (a) The total percentage of the mud fraction (< 63µm) for each channel and 

drift sample as obtained by wet-sieving. Taylor Valley samples are generally finer-

grained overall with a higher percentage of mud as compared to Wright Valley samples. 

(b) The percentage of silt and clay-sized material within the mud fraction as obtained by 

laser particle size analysis. Taylor Valley samples have a higher percentage of clay-size 

material within the mud fraction as compared to Wright Valley samples. 
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Figure 4.6a-g: Whole-rock geochemistry (in weight percent) versus BET surface area 

for each sample. R2 values are shown for Clark Glacier and Delta stream samples 

collected in 2010. Concentrations of Mg and Ca decrease with increasing BET surface 

area in both Clark and Delta streams (d,e). Concentrations of Ca and Na exhibit the 

most pronounced loss with increasing BET surface area, particularly within Delta 

Stream where BET surface area is > 40 m2/g (e, f).  
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Figure 4.7: Weathering indices along transect. Drift samples are plotted to the right in 

each graph for comparison. Samples exhibiting some degree of weathering typically 

plot above a value of 50 (indicated by the dashed line) for the CIA, CIW, and PIA, 

whereas “weathered” samples plot below 100 for the WIP. (a) Chemical Index of 

Alteration (CIA = 100[Al2O3/(Al2O3 + CaO + Na2O + K2O)]). (b) Chemical Index of 

Weathering (CIW = 100[Al2O3/Al2O3 + CaO + Na2O]). (c) Plagioclase Index of 

Alteration (PIA = 100[(Al2O3-K2O)/(Al2O3 + CaO + Na2O – K2O)]). (d) Weathering 

Index of Parker (WIP = 100[(2Na2O/0.35) + (MgO/0.9) + (2K2O/0.25) + (CaO/0.7)]). 
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Figure 4.8: Weathering indices versus BET surface area for each sample. (a) Chemical 

Index of Alteration. (b) Chemical Index of Weathering. (c) Plagioclase Index of 

Alteration. (d) Weathering Index of Parker. All plots indicate that samples with higher 

BET surface area exhibit higher degrees of chemical weathering. 
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Figure 4.9: (a) MFW ternary plot of sediment, drift, and basement rock samples from 

Antarctica and the Wichita Mountains (Blue Beaver Creek) based on the method of 

Ohta and Arai (2007). Increasingly weathered samples plot toward the “W” apex. 

Samples from Delta Stream exhibit a stronger divergence toward the W pole in 

comparison to Wright Valley samples and their associated drift sample (Ross Sea drift), 

indicating a greater degree of chemical weathering in this system. Stream samples from 

Blue Beaver Creek exhibit a higher degree of weathering and the greatest deviation 

from their associated bedrock sample. (b) Close-up of MFW plot to highlight Antarctic 

stream and drift samples.  
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Figure 4.10: A-CN-K ternary diagram of sediment, drift, and basement rock samples 

from Antarctic and the Wichita Mountains (Blue Beaver Creek) in comparison to the 

Chemical Index of Alteration. Sediments from Delta Stream and Blue Beaver Creek 

exhibit a weak degree of weathering as compared to associated drift and bedrock 

samples, as well as Clark Glacier stream samples.  
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Figure 4.11: Stream pH measurements for Clark Glacier and Delta streams (2009-2010 

field season). In Clark Glacier stream, pH ranges from 7.7-8.3 and decreases with 

downstream distance. In Delta Stream, pH ranges from 8.1-8.4 with no observable trend 

with downstream distance. Clark Glacier stream pH measurements were originally 

reported in Marra et al. (2014). 
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Figure 4.12:  Mineral dissolution rates in mol/m2/second for albite, anorthite, potassium 

feldspar, diopside, and biotite at neutral and basic pH, which reflect the pH measured in 

the stream waters of Clark Glacier and Delta streams. Experimental rates compiled from 

Knauss et al. (1993), Brantley and Chen (1995), Palandri and Kharaka (2004), and 

Gudbrandsson et al. (2014). At neutral pH, dissolution proceeds at a higher rate for Ca-

rich plagioclase (anorthite) and pyroxene (diopside).  
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Chapter 5: Summary 

 This study integrated grain-size, BET surface area, and whole-rock 

geochemistry of the fine-grained (<63 µm; mud) sediment fraction of polar stream 

sediments in the McMurdo Dry Valleys (MDV), Antarctica to evaluate the controls on 

chemical weathering in a cold-based glacial environment. Chemical weathering rates 

are typically dominantly influenced by temperature and precipitation (i.e., climate), 

though recent work has demonstrated that sediment surface area may be a key control 

on chemical weathering rates, particularly in wet-based glacial systems (Huh, 2003; 

Nowak and Hodson, 2014). However, the nature of chemical weathering in sediments 

derived from cold-based glacial systems has remained relatively unexplored. The results 

from this study demonstrated key differences in the nature of chemical weathering 

between multiple sites in the MDV related to varying glacial drift lithology, glacial drift 

origin, wind regimes, and stream-flow rates between Wright and Taylor Valleys.  

 In Wright Valley (Clark Glacier stream), drift sediments were typically coarser-

grained, with minimal mud content, likely related to the cold-based nature of drift 

deposition in this valley. BET surface area values of the fine-grained sediment fraction 

ranged between 2.0-29.0 m2/g. Mineralogy consisted primarily of pyroxenes, quartz, 

and feldspars, where the percentages of quartz and pyroxenes increased with 

downstream distance and percentage of feldspars decreased. This pattern is attributed to 

eolian processes, where lighter, more felsic minerals (such as feldspars) are likely 

concentrated on the surface of the glacier and released into the active hyporheic zone 

during summer meltwater flow. Chemical weathering was minimally detectable in these 

sediments, further suggesting that chemically weathered sediment may remain 
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concentrated on the surface of the glacier based on timing of incipient meltwater flow 

and/or that the fine-grained fraction is experiencing complete dissolution in this system. 

 In Taylor Valley, fine-grained sediments collected from Delta Stream in 2010 

were much finer (i.e., a higher overall clay-sized sediment content within the mud 

fraction), with high but variable BET surface areas that ranged from 19.9-70.6 m2/g. 

The finer-grained nature of the drift (Ross Sea drift) in this valley is likely related to 

partial wet-based deposition, where additional incorporation of marine muds occurred 

during Ross Sea ice incursion. The mineralogy of the fine-grained sediment was 

relatively uniform over the course of the stream transect, but this system had a higher 

percentage of phyllosilicates (30-43%) as compared to sediments collected from Clark 

Glacier stream (4-18%). Chemical weathering was more pronounced in these sediments, 

particularly where elemental concentrations of Na and Ca were low, suggesting 

alteration and pitting of feldspars and pyroxenes. In addition to etch pitting, the 

development of amorphous and clay mineral phases is also occurring and may be a 

factor contributing to the high surface area in this system. Additional Delta Stream 

samples collected during 2013 had lower BET surface area values (13.6-30.5 m2/g), 

suggesting that flushing of fine-grained, high surface area material occurred in the 

hyporheic zone during higher discharge rates and demonstrates the critical control of 

variable stream discharge, as well as eolian dispersal patterns, on the distribution of 

fine-grained sediment in the MDV. 
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Recommendations 

 Overall, this study demonstrates that chemical weathering is occurring in fine-

grained stream sediments in the McMurdo Dry Valleys, as evidenced by both stream 

ion concentrations and elemental variations in fine-grained stream sediments (Green et 

al., 1988; Lyons et al., 1998; Nezat et al., 2001; Gooseff et al., 2002; Lyons et al., 2002; 

Lyons et al., 2003; Gooseff et al., 2004; Green et al., 2005; Fortner et al., 2005; Welch 

et al., 2010; Stumpf et al., 2012; Fortner et al., 2013; Marra et al., 2014; Marra et al., 

2015). Despite the prevalent use of common weathering indices, ternary analyses (i.e., 

A-CN-K and MFW plots) may be better suited to demonstrate the nature of weathering 

in glacial systems. However, the extent of chemical weathering in the MDV appears 

variable among the sampling sites utilized in this study; therefore, the following 

recommendations are provided to bolster understanding of chemical weathering in cold-

based glacial systems: 

 Analyze additional sediment fractions beyond the fine-grained (<63 µm) 

fraction to determine differences in weathering among various sediment 

grain sizes; 

 Analyze eolian sediment from both the glacier surface and from 

elevated sediment traps from within the hyporheic zone to determine the 

influence of eolian dispersal patterns and the nature of chemical 

weathering prior to sediment inclusion into the active reaches of the 

hyporheic zone; 
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 Analyze sediment from channel transects in western valley stream 

systems to further compare differences in climate variations (i.e., 

aridity), as well as drift compositions, along the length of each valley; 

 Analyze sediment over a greater temporal range in order to gain a 

clearer understanding of the links among variable stream discharge 

rates, eolian dispersal patterns, and drift compositions on chemical 

weathering in MDV sediments. 
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Appendix A: Replicate BET runs for select samples 
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Appendix B: BET measurements for processed and non-processed 

sediment 
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Appendix C: BET surface area measurements and weathering index 

values for Wright and Taylor Valley sample sites 

Sample ID 
Distance 

(km) 
BET SA 
(m2/g) CIA CIW PIA WIP 

Wright 
Valley             

CG-1 0.0 15.1 47.5 51.1 47.1 70.1 
CG-2 0.4 29.0 51.2 56.1 51.4 70.3 

CG-3 0.8 24.0 49.1 53.3 49.0 66.9 

CG-4 1.4 12.6 43.0 45.6 42.1 67.0 

CG-5 1.8 10.8 46.5 49.8 46.0 69.5 

CG-6 2.3 9.9 46.3 49.5 45.7 68.0 
CG-7 3.3 8.3 44.0 46.7 43.2 65.7 

CG-8 3.7 5.9 44.2 47.0 43.4 68.1 

CG-9 4.2 6.9 44.4 47.2 43.6 67.9 

CG-10 4.7 2.5 42.2 44.5 41.4 68.2 

       Brown Drift 0.2 10.1 46.1 49.8 45.5 70.9 

       Taylor Valley             

How-13 0.0 22.9 49.4 54.2 49.2 68.3 
How-12 0.1 63.6 55.1 62.1 56.6 59.5 

How-11 0.6 20.3 49.4 53.9 49.2 68.7 
How-10 1.0 64.8 60.2 69.3 63.8 58.4 

How-9 1.5 19.9 51.9 57.3 52.3 67.5 
How-8 1.9 51.0 58.9 67.2 61.8 55.8 

How-7 2.4 29.5 53.4 59.2 54.2 66.4 
How-6 2.9 50.5 55.8 62.8 57.4 58.7 

How-5 3.4 34.5 52.8 58.0 53.4 66.6 

How-4 3.9 54.0 52.0 57.7 52.5 56.5 
How-3 4.3 29.9 56.6 62.8 58.2 63.3 

How-2 4.8 70.6 57.0 64.0 58.9 56.2 

       DS-7 1.9 24.5 55.1 61.7 56.5 63.4 
DS-4 3.1 13.6 47.6 52.6 47.0 58.8 

DS-2 3.9 20.6 47.8 52.5 47.3 64.4 

       HOW8-Drift 0.002 22.1 46.3 50.2 45.7 67.6 

       Gold-1 0.0 32.4 54.4 60.1 55.4 65.3 
Gold-5 0.5 15.0 50.8 55.7 50.9 65.1 

Gold-8 1.3 11.1 46.1 49.5 45.5 67.2 

 


