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ABSTRACT 

Due to iron’s role in oceanic primary production, there has been great interest in 

quantifying the importance of Fe in regions where concentrations are very low and 

macronutrients, nitrate and phosphate, are available. Measurements of filterable (i.e., 

<0.4 μm) Fe concentrations in streams from Taylor Valley, McMurdo Dry Valleys, 

Antarctica, suggest that coastal-zone stream Fe input to the Southern Ocean could 

potentially play an important role in primary production in nearshore regions. Filterable 

Fe (fFe) data from streams in the McMurdo Dry Valleys were used to represent glacier 

meltwater that flows through ice-free landscape with the potential of transporting Fe to the 

Antarctic coastal zone. Estimates of potential fFe flux to the Antarctic Peninsula region 

using our mean fFe concentration of 10.6 µg L–1 combined with an estimate of ice-free 

area for the Antarctic Peninsula result in an fFe flux of 1.2 × 107 g yr–1. Although small 

compared to iceberg and aeolian Fe fluxes, future stream input to the Southern Ocean 

could increase due to glacier retreat and melting, thus increasing the fFe flux from 

glacier meltwater streams. 

 
INTRODUCTION 

Iron often limits oceanic primary production where nutrient (i.e., nitrogen and 

phosphorus) concentrations are abundant (Moore et al., 2013). Since the seminal work of 

John H. Martin and coworkers (e.g., Martin et al., 1990), there has been great interest in 

quantifying the role of Fe in Southern Ocean primary production. Numerous experiments 

have been conducted that verify the potential importance of Fe in regions where the Fe 



 

 

concentrations are very low (de Baar et al., 2005; Morris and Charette, 2013). The 

possibility of CO2 sequestration from increased Fe addition to the Southern Ocean has also 

been suggested (Martin et al., 1990; Watson et al., 2000). 

Considering that the atmospheric flux of Fe to the Antarctic circumpolar region is 

the lowest globally (Jickells et al., 2005), it had been thought prior to the mid-2000s that 

the majority of Fe was supplied by the up- welling of deeper waters (Watson et al., 

2000). Later work has indicated that glacier runoff and glacially derived sediment also 

contribute substantial amounts of Fe to the polar oceans and provide sufficient sources 

to fertilize increased primary production in the Southern Ocean (Statham et al., 2008; 

Raiswell, 2011). A comprehensive review of Fe input into the Southern Ocean is found in 

Raiswell and Canfield (2012). They have demonstrated that between 770 × 109 g yr–1 

and 1300 × 109 g yr–1 of filter- able Fe (henceforth fFe, i.e., Fe in solution that passes 

through a 0.4 μm filter) enters the Southern Ocean, the large majority coming from 

icebergs. Meltwater inputs for fFe into the Southern Ocean were determined to be only a 

small percentage of the total at 0.030–3.0 × 109 g yr–1 (Wadham et al., 2013). Yet 

even more recent estimates suggest that glacial runoff of potentially bioavailable 

nanoparticle Fe within the suspended sediment fraction is only an order of magnitude 

lower than the iceberg flux (Hawkings et al., 2014). It has also been recognized that the 

bioavailable particulate Fe from glacier runoff may vary greatly and thus complicate the 

quantification of bioreactive Fe into the polar oceans (Hopwood et al., 2014). The Fe 

concentration of groundwater input derived from acid rock drainage from King George 

Island, South Shetland Islands, into the ocean extrapolated onto the entire ice-free 

coastline of Antarctica is the same order of magnitude of input to the Southern Ocean 

as glacier or aeolian sources (Dold et al., 2013). Nonetheless, relatively little information 

exists on the concentrations of fFe in streams in the ice-free regions of Antarctica and how 

this stream source would compare to the other potential sources. In this paper, we 

present the first estimates of fFe concentrations derived from a solely ice-free, terrestrial 

water source from the Antarctic with data from the McMurdo Dry Valleys (~78°S). 

 

STUDY AREA 
The McMurdo Dry Valleys (MDV) are the largest ice-free region in Antarctica. The 



 

 

landscape consists of glaciers, perennial streams that flow 4–10 weeks per year, ice-

covered lakes, and soil. The soils are derived from tills of various ages deposited by 

both the West and East Antarctic Ice Sheets and consist of relatively unweathered 

components of the various local rock types, including the Precambrian and Cambrian 

crystalline basement rocks, the Jurassic Ferrar dolerite, the Permian Beacon sand- 

stone and mudstone, and the recent McMurdo volcanic series (Hall and Denton, 2000). 

There is essentially no groundwater and no overland flow, as the primary source of water 

is glacier melt that moves through permanent stream channels (McKnight et al., 1999). 

The ecosystem is dominated by microorganisms, and there are no vascular plants. The 

MDV are considered to be a polar desert with a mean annual temperature near –20°C, a 

mean austral summer (December, January, February) temperature near –4 °C, and a 

mean annual precipitation of 3 cm yr–1 water equivalent (MCM-LTER, 2013; Doran et 

al., 2002; Fountain et al., 2010). Since 1993, Taylor Valley has been the primary focus 

area of the McMurdo Dry Valleys Long-Term Ecological Research (MCM-LTER) 

program. The geochemistry, hydrology, and biology of the streams of Taylor Valley have 

been described in detail (Welch et al., 2010; McKnight et al., 1999). Additionally, Blood 

Falls is a hypersaline, very Fe-rich discharge in contact with the Taylor Glacier in Taylor 

Valley (Mikucki et al., 2009). Samples from streams that are associated with Blood Falls 

with extremely high fFe concentrations were excluded from all calculations and 

subsequent discussions because they are probably not representative of glacier 

meltwater streams in the MDV and other ice-free regions on the continent. 

 

SAMPLING AND ANALYSIS 
Stream water samples from Taylor Valley were collected as part of the MCM-LTER 

program during the flow season from the end of November 2012 to the end of January 

2013. Most streams were sampled on a weekly basis, while ungauged streams were 

sampled less frequently. Samples were collected upstream of the stream gauge or near 

the mouth of the stream if not gauged. Samples were filtered within hours of collection, 

using 0.4 μm Nuclepore polycarbonate membrane filters, into polyethylene bottles that 

were rinsed with 1% HCl solution and then rinsed five times with ultra-pure water. The 

samples were acidified to 0.1% with Ultrex nitric acid, placed in clean polyethylene 



 

 

bags, and returned to The Ohio State University (USA) where they were analyzed for fFe. 

It has now been clearly recognized that the fraction of Fe that passes through a 0.4/0.45 

m filter contains both nanoparticles and colloids, and only a small percent- age of it is 

truly “dissolved” (Statham et al., 2008; Raiswell and Canfield, 2012). Therefore, we only 

compare our data to other information where 0.4/0.45 μm filtration has been used. The 

acidification of samples after filtration ensured that colloids and nanoparticles were in 

suspension and thus analyzed alongside aqueous Fe species by our analytical 

technique. 

A modified version of the FerroZine method was used to determine the fFe 

concentration of all samples (Stookey, 1970; see the GSA Data Repository1). Reagent 

blanks were analyzed to determine background absorbance values. The mean 

absorbance value of the reagent blanks was subtracted from measured absorbance 

values of the standards and samples to account for the blank signal, and the calibration 

curve was forced through zero. Precision of the measurements was <5% based on the 

average relative percent difference between duplicates. A low detection limit was 

attained by using a cylindrical spectrophotometric cell with a 10 cm path length for all 

analyses in order to maximize the signal response at low concentrations. The detection 

limit was calculated as the concentration of 3× the standard deviation of five reagent 

blanks plus the difference between the highest observed blank and the mean blank, and is 

~2 µg L–1. Filtration blanks from previous sampling years were analyzed, and all six 

measurements fell below the limit of detection. 

 

RESULTS AND DISCUSSION 
Results 

Filterable Fe data are provided in the Data Repository. All of the fFe data from 

Taylor Valley are presented in Figure 1. The mean fFe con- centration of all samples 

from Taylor Valley was 10.6 µg L–1 (n = 143). Samples measured at or below the 

detection limit but above the mean blank were included in calculating the mean fFe 

concentration to represent the low concentrations present in these systems. The values 

presented here are similar to those reported by Green et al. (2005) for the Onyx River in 

Wright Valley, north of Taylor Valley in MDV, at a mean of 13 µg L–1 (n = 12), and by 



 

 

Webster-Brown and Webster (2007) at 3 µg L–1 and 13 µg L–1, as well as values for 

waters in northern Victoria Land at 6.7 µg L–1 (Bargagli, 2000). 

 

Source of the Iron 
The fFe in the streams of MDV comes from chemical weathering of either the 

stream channel sediments or the aeolian materials on glacier surfaces, as subglacial flow 

is negligible. Extensive chemical weathering in the hyporheic zones of the stream 

channels in MDV has been thoroughly documented (Gooseff et al., 2002). The 

accumulation of aeolian material on glacier surfaces changes the albedo in depressions 

and, with substantial melting, can form cryoconites (Tranter et al., 2004). Within these 

cryoconites and the drainage systems that they form, salt dissolution and chemical 

weathering can occur (Bagshaw et al., 2007). Recent work has determined the presence 

of Fe in this aeolian material, but only a very small fraction of the total Fe is water soluble 

at 20–220 ng g–1 (Deuerling, 2010).  

Total Fe concentrations from the Onyx River bulk sediments ranged from 5.8 mg 

g–1 to 12 mg g–1 (Webster-Brown and Webster, 2007). In MDV, we believe the 

majority of Fe observed in streams comes from chemical weathering in the hyporheic 

zones. This notion is supported by previous work that indicated streams with larger 

hyporheic zones in Taylor Valley have increasing fFe concentrations during the falling 

limb of the hydrograph, suggesting hyporheic zone draining (Fortner et al., 2013). In 

addition, biological processes can affect nutrient dynamics and redox conditions in the 

hyporheic zones (McKnight et al., 2004) and may aid in solubilizing Fe through Fe3+ 

reduction. 

Suspended sediment data for the Taylor Valley streams are very limited. 

However, values ranging from 0.7 to 362 mg L–1 of suspended sediment have been 

previously observed (Table DR2 in the Data Repository).  Assuming that the suspended 

sediment in streams is chemically similar to sediment from aeolian sources, these 

values and the water-soluble Fe values from Deuerling (2010), mentioned above, 

indicate that the contribution of fFe from aeolian sources would be ≤0.08 µg L–1. Yet 

streams that have flowed over recently deposited aeolian material can have much higher 



 

 

fFe concentrations (Fortner et al., 2013). Thus high rock-water ratios and increased rock-

water interactions lead to measurable fFe in these waters. There is little information on 

the concentration of Fe in Antarctic continental streams other than that in the MDV, in 

part due to their difficulty of access. The other data from the northern Antarctic 

Peninsula region include data from Signy Island, where fFe averaged 17 µg L–1 

(Hodson et al., 2010), and King George Island, where dissolvable and fFe in streams 

averaged 67 and 17 µg L–1, respectively (Nedzarek et al., 2014). These fFe 

concentrations are ~60% higher than what we observed in the MDV. Unlike in the MDV, 

there has been very little work to assess the hydrologic nature of these streams and the 

source of fFe to them. Because of the warmer mean annual temperatures, differing 

permafrost dynamics, and potential for overland flow, chemical weathering can occur 

throughout the watershed and not just in the hyporheic zones of the streams (Lyons et 

al., 2013). Therefore, we conclude that the fFe in MDV streams is primarily from stream 

channel, and likely hyporheic zone, weathering, but there may be a contribution from the 

solubilization of fFe from aeolian materials where they are freshly deposited. 

 
Figure 1. Distribution of filterable Fe concentrations of individual samples from Taylor Valley, 
McMurdo Dry Valleys, Antarctica. Note changes in x-axis scale at 10, 25, and 50 µg L–1. 

 
Potential Source of Stream Fe to the Southern Ocean 

As noted above, Fe is a potential limitation to primary production. In many cases, 

fFe concentrations in Southern Ocean waters are much be- low the detection limit used 



 

 

in our study, ~2 µg L–1. However, in both the Ross Sea sector and near the Antarctic 

Peninsula, the fFe concentrations increase approaching the Antarctic continent (Coale 

et al., 2005; Sañudo-Wilhelmy et al., 2002). These observations clearly suggest a 

substantial input of fFe from the continent even though a significant fraction of 

continentally derived Fe can be removed close to shore (Schroth et al., 2014; 

Alderkamp et al., 2015). Although this increase close to shore could be sustained by 

input from continental shelf sediments (Dulaiova et al., 2009), meltwater runoff likely also 

contributes Fe to these waters. Previous work has suggested that iceberg and glacier 

runoff sources are quantitatively important (Raiswell et al., 2008; Statham et al., 2008; 

Death et al., 2013). Furthermore, glacier meltwater plumes have been previously 

detected in coastal Antarctica (Dierssen et al., 2002). Both of these potential sources are 

difficult to quantify. Recent work may also indicate that input from glacier runoff could 

originate from subglacial flow related to ice-shelf melting, thus adding an important third 

source (Wadham et al., 2013). Each of these three ice melt sources may have very 

different Fe concentrations. For example, subglacial flow could potentially contain high 

fFe concentrations due to enhanced rock-water interactions, increasing the chemical 

weathering flux with reducing conditions (Wadham et al., 2010). 

Clearly there is great difficulty in assessing the amount of meltwater actually 

entering the ocean. From estimates of ice mass loss from Antarctica to the Southern 

Ocean, we are unable to determine how much of the loss was due to calving and how 

much was from melt. In addition, the majority of the meltwater loss was not from water 

that had passed through proglacial landscape, while some melt percolated into the 

subsurface and refroze. Jacobs et al. (2002) estimated from oceanographic 

measurements a meltwater input of ~0.4– 50 × 1012 L yr–1, while Pattyn (2010) put the 

figure at 32.5–97.5 × 1012 L yr–1. Quantification of actual meltwater from non–ice shelf 

sources has been estimated recently as 32 × 1012 L yr–1, with the majority originating 

from the Peninsula region (Kuipers Munneke et al., 2012). Earlier estimates from the 

Peninsula region were higher (Vaughan, 2006). Values of 11 × 1012 L yr–1 have been 

estimated for the Ross Sea region (Kuipers Munneke et al., 2012). Additionally, there 

are large variations in values from year to year. 



 

 

The current estimated subsurface flux of dissolved (filterable through 0.2 μm) Fe 

is 0.45 × 109 g yr–1 for the coast of Antarctica (Dold et al., 2013). The nearshore 

aeolian flux of total dissolvable Fe determined on unfiltered samples of Antarctic 

seasonal sea ice is 0.3 × 109 g yr–1 (Ed- wards and Sedwick, 2001). Inputs of Fe from 

melting at the surface and base of marine terminal glaciers also contribute biologically 

significant amounts (Gerringa et al., 2012). Although this flux is small compared to the 

iceberg and aeolian fluxes for the entire Southern Ocean (Raiswell and Canfield, 2012), it 

is undoubtedly important in the nearshore regions of the continent. Work in the Antarctic 

Peninsula region suggests that glacier meltwater can be observed at times ~100 km 

offshore (Dierssen et al., 2002), suggesting that this source of Fe may be important even 

beyond the coastal zone (Gerringa et al., 2012). 

The majority of the streams in the MDV currently flow into closed-basin lakes. Using 

stream-gauging records and the measurement of lake level changes, the warmest summer 

between 1993 and 2014 (i.e., 2001–2002) produced ~3.2 × 1010 L of measured glacier 

melt in Taylor and Wright Valleys. This volume of melt and our mean fFe value (10.6 µg 

L–1) along with the ice-free area of the central MDV (3000 km2) from Levy (2013) 

produced a stream fFe yield of ~1.1 × 102 g km–2 yr–1. We can apply our calculated 

fFe yield from the MDV to other ice-free regions in Antarctica. However, there is a range of 

values for the area of ice-free domains, making it difficult to quantify the potential fFe flux 

to the ocean. For example, using the ice-free area for the Antarctic continent from Cary et 

al. (2010), the potential fFe flux is only 6.2 × 106 g yr–1. However, using the ice-free area 

of the Antarctic Peninsula from Bindschadler (2006), we calculate a flux in this region 

alone of 1.2 × 107 g yr–1. If the total ice-free area of East Antarctica from Bindschadler 

(2006) is utilized, we obtain a potential fFe flux of 2.3 × 108 g yr–1. Therefore, we are 

unable to compare the present- day subaerial flux from the continent. However, in some 

areas such as the Antarctic Peninsula where glaciers are retreating rapidly, fFe from 

stream water could be important locally or even regionally. 

Recent work has projected that in the MDV region, glacier melting will increase and 

subsurface ice and permafrost that underlie a large portion of the lower elevation regions 

of MDV will be at “risk” as the climate warms (Fountain et al., 2014). In the Arctic, the 



 

 

deepening of the thawed active layer leads to increases in stream fFe fluxes at the end of 

the melt season (Barker et al., 2014). So as the climate warms around the edges of the 

Ant- arctic continent, ice-free areas increase in size, and active layers deepen, the Fe 

flux from subaerial streams will also increase. This Fe will serve as an important source of 

Fe to the coastal Southern Ocean. 

 

Notes 
1GSA Data Repository item 2015336, FerroZine method modifications, filterable 

Fe data and analysis, and suspended sediment data, is available online at 

www.geosociety.org/pubs/ft2015.htm, or on request from editing@geosociety.org or 

Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA. 
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