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Marine sediments record variations in fluxes of radiogenic isotope from continents that result from weathering processes as 

continental glaciers retreat, but few previous studies have examined how weathering differs in deglaciated and proglacial watersheds. 

In this study, we assess differences in their weathering through comparison of major element compositions of water in proglacial and 

deglaciated watersheds near Kangerlussuaq, Greenland. The dominant cation in proglacial streams is Ca2+ and the dominant anion is 

HCO3-. Concentrations of these ions increase with distance from the glacier due to the dissolution of micas, hornblende, and albite. 

Deglaciated watersheds are enriched in Mg2+ and HCO3- relative to proglacial watersheds and increase in Mg2+ and Ca2+ 

concentrations with distance from the glacier, which could reflect the dissolution of micas, hornblende, and albite. Deglaciated 

watersheds have higher salinity than proglacial watersheds due to evaporative concentration of the solutes. These differences in 

watershed chemistry suggest they may produce different radiogenic isotope signatures as the fraction of the types of drainage varies as 

glaciers advance and retreat. 

 
INTRODUCTION 

Glaciers increase physical weathering by producing clay 
sized particles (rock flour) from underlying bedrock, which 
is susceptible to chemical weathering because of its 
elevated surface area/volume ratio. The extent of chemical 
weathering is an important control on the fluxes of 
radiogenic isotopes from continents to the oceans (von 
Blanckenburg and Nagler, 2001; Blum and Erel, 2003). 
The variations in isotope fluxes that result from chemical 
weathering are recorded in marine sediments, which has 
been interpreted in terms the collapse of North American 
continental glaciers (Kurzweil et al., 2010; Foster and 
Vance, 2006). Few previous studies have examined how 
weathering differs as glaciers retreat, in particular 
differences in weathering with deglaciated watersheds, 
defined here as those from which glaciers have completely 
retreated, and proglacial watersheds, defined here as those 
which drain the glaciers.  Such a study is possible in 
portions of Greenland from which the Greenland Ice Sheet 
has retreated.  

In Greenland, our understanding of glacial and deglacial 
weathering processes is still in its infancy (Yde et al., 
2004), even though melting of the Greenland Ice Sheet 
may have significant consequences for variations in global 
sea level and atmospheric CO2 concentrations (Hodson et 
al., 2000; Tranter et al., 2002).  Additionally, the 
Greenland Ice Sheet represents approximately one third of 
modern annual glacial runoff to the oceans (Tranter, 2003), 
and is thus a major source of glacially derived solutes to 
the modern ocean, particularly in the Labrador sea, at the 
site of formation of most of North Atlantic Deep Water.  

In this study, we compare the major element chemistries 
of proglacial and deglaciated watersheds near 

Kangerlussuaq, Greenland, near the ice margin, to assess 
how their weathering differs. We hypothesize that 
proglacial and deglaciated watersheds will have distinct 
major element compositions and that these compositions 
will reflect the variations in chemical weathering in each 
environment (Anderson et al, 2000). The data from this 
investigation will be used to assess the weathering products 
in glacial watersheds to estimate whether fluxes of 
radiogenic Sr, Nd, and Pb isotope may differ between the 
watersheds.  

STUDY AREA 

Western Greenland represents the widest extent of 
deglaciated landscapes in Greenland (Figure 1). Retreat 
and thinning of the ice sheet has previously been studied 
through a variety of isotopic age dating methods 
(Rinterknecht et al., 2009). Changes in ice location and 
thickness relative to the rate of sea level rise during the 
Little Ice Age (LIA) reflect short-term climatic variations 
(Long et al., 2011). The ice sheet advanced to about 100 
km seaward of the modern coast during the Last Glacial 
Maximum (LGM). Maximum ice elevation was about 750 
to 810 m above sea level along the coast with thinning 
occurring between about 21 and 9.8 ka (Roberts et al., 
2009). The ice retreated to as much as 50 km inland of the 
current ice edge, where it persisted for approximately 6000 
years during the Holocene Climatic Optimum (ten Brink, 
1975; van Tatenhove et al., 1996). During Neoglaciation 
and the LIA, ice advanced to approximately 1-2 km 
seaward of its present position, but has again retreated over 
the past few centuries (Forman et al., 2007). This periodic 
advance and retreat of the ice sheet has created multiple 
watersheds between the ice edge and the coast, some of 
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which drain directly from the ice and others that drain 
deglaciated areas.  Each watershed should be characterized 
by differences in the extent of mineral suites that are 
weathering (e.g., Blum and Erel, 1995; Harlavan et al., 
1998; Harlavan et al., 2009). 

 

 
Figure 1. Map of Greenland with summer 2012 study area. 

Our research focused on watersheds near Kangerlussuaq 
(Figure 1). This region only represents a small portion of 
Greenland, but it provided the best accessibility to the 
watersheds and extensive work on the timing of retreat of 
the Greenland Ice Sheet has been conducted there. The area 
is underlain by homogenous Archean gneiss that has been 
metamorphosed to amphibolite facies (Henrikson et al., 
2000), which suggests that there should be little to no 
variation within the field area of the material that is being 
weathered.  

Precipitation in the region ranges from 150 mm/yr near 
the ice sheet to over 300 mm/yr near the coast. The eastern 
half of the region experiences a negative water balance 
(Helweg, 2004; Neilsen, 2010). Most of the precipitation in 
deglaciated watersheds discharges as surface runoff 
because there is a meter of active layer of permafrost 
(Helweg, 2004). 

METHODS 

Water samples were collected along a 20 km transect of 
the Watson River (a proglacial stream) and deglaciated 
lakes near Kangerlussuaq from 19 June – 4 July 2012. 
Sample locations are shown in Figure 2. For the purposes 
of this paper, we have divided the proglacial samples 
between “upstream” and “downstream”.  Upstream values 
are the average of the three sample sites closest to the 
glacier (WR7, WR8-1, and WR8-2) and downstream 
values are the average of the four sites furthest away from 
the glacier (WR2-1, WR2-2, WR9-1, and WR 9-2). 

The samples were collected using a peristaltic pump and 
tubing connected to a trace metal clean in-line 0.45 μm 
filter and an overflow cup. The overflow cup was 
instrumented with an YSI556 multiparameter sensor, 
which monitored specific conductivity, dissolved oxygen,  
pH, and temperature. All electrodes were calibrated each 
day of field analyses and check standards were measured 

throughout the day to ensure continued calibration. Water 
from each sample location was collected in several 20 ml 
high-density polyethylene (HDPE) bottles to be measured 
for major element concentrations and alkalinity.  

 

 

Figure 2. Summer 2012 sample locations. 

Water samples for cation measurements were preserved 
by addition of ultrapure HNO3 to a pH of about 2 and 
anion samples were unpreserved. One aliquot of the 
samples was titrated for alkalinity the day of collection; 
cation and anion samples were shipped to University of 
Florida laboratories for analyses by ion chromatography 
and ICP-MS. The coefficient of variation ranged from 
1.1% to 1.6% for 5 check standards that were measured 
along with the major elements. Charge balances for 
deglaciated samples are generally within ±10%. The charge 
balances for proglacial samples vary more widely because 
the samples were dilute, making concentrations at the 
lower detection limit of the instruments. Although these 
values are not ideal, proglacial upstream and downstream 
samples can still be differentiated.  

RESULTS 

Table 1 shows the concentration of dissolved major 
elements, charge balance, and specific conductivity in 
proglacial and deglaciated watersheds. The deglaciated 
samples are more concentrated than proglacial samples. 

The glaciated and deglaciated watersheds have distinct 
compositions of major element concentrations (Figure 3).  
Anion concentrations are dominated by HCO3- in both 
watersheds, but Ca2+ is the dominant cation in proglacial 
watersheds while Mg 2+ is the dominant cation in 
deglaciated watersheds. The compositions of water in the 
proglacial and deglaciated watersheds evolve differently 
with distance from the glacier, which we consider here to 
be a proxy for time since the glacier retreated from the 
watershed. Deglaciated watersheds become more enriched 
with Mg2+ and Na++K+ with distance from the glacier, 
while proglacial streams show significant increases in all 
dissolved components with distance. 

Specific conductivity increases with distance from the 
glacier for the proglacial watershed by about a factor of 10,
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Note: ND=Not determined, below detection limit 

 
but decreases with distance by nearly a factor of 4 for the 
deglaciated watershed (Figure 4). Based on observations in 
the field, we estimate that the residence time of water in the 
Watson River is less than one week. 

Figure 5 shows theincrease in cation concentrations with 
distance from the glacier in proglacial samples. The 
concentration of all cations increases, but Ca2+ and Na+   
show the most increase, becoming nearly six times more 
concentrated between the upstream and downstream 
samples.  

The molar ratios of cations in proglacial and deglaciated 
samples are shown in Table 2. All samples are ordered by 
distance from the glacier.  Samples from deglaciated 
watersheds are grouped by the system of the lakes from 
which they were collected (see Figure 2).  

DISCUSSION 

Our results show that the chemical compositions differ 
for water in proglacial and deglaciated watersheds. 
Because the bedrock in the region is homogenous 
(Henriksen, 2000), differences major element chemistry 
result from the relative importance of evaporation and 
chemical weathering in each environment. We observed 
changes in specific conductivity in both watershed types, 
which can reflect either of these processes. Evaporation in 
the watershed will increase the concentration of dissolved 
ions, but because no chemical reactions are taking place, 
the molar ratios of dissolved species will remain constant. 
In contrast, chemical weathering of the bedrock will 
produce both an increase in dissolved ion concentration 

Table 1. Major Element Chemistry of Proglacial and Deglaciated Watersheds 

Sample 
Na+ 

(mM) 
K+ 

(mM) 
Mg2+ 

(mM) 
Ca2+ 

(mM) 
Cl- 

(mM) 
SO4

2- 

(mM) 
Alkalinity 

(mM) 
SiO2 
(mM) 

Specific 
Conductivity 

(μs/cm) 

Charge 
Balance 
% offset 

Deglaciated  
DG1-1 0.11 0.042 0.11 0.19 0.087 0.026 0.58 0.02 71 2 
DG1-2 0.10 0.042 0.11 0.16 0.086 0.026 0.57 0.01 71 -1 
DG1-3 0.10 0.042 0.11 0.16 0.084 0.027 0.65 0.01 71 -7 
DG1-4 0.11 0.043 0.11 0.16 0.088 0.027 0.71 0.01 72 -10 
DG1-5 0.10 0.043 0.11 0.16 0.089 0.028 0.68 0.01 72 -9 
DG2-1 0.81 0.43 1.2 0.36 0.62 0.003 3.6 0.03 396 0.3 
DG2-2 0.37 0.24 0.54 0.23 0.31 0.030 1.6 0.11 194 5 
DG2-3 0.76 0.36 0.97 0.52 0.68 0.008 3.4 0.01 374 0.2 
DG3-1 0.20 0.087 0.23 0.23 0.16 0.042 0.82 0.04 116 7 
DG3-2 0.21 0.086 0.24 0.23 0.17 0.042 0.86 0.05 118 6 
DG3-3 0.69 0.27 0.76 0.59 0.74 0.022 2.6 0.01 333 3 
DG3-4 0.47 0.20 0.63 0.63 0.46 0.071 2.4 0.07 286 3 
DG3-5 0.64 0.34 0.71 0.32 0.64 0.033 2.1 0.09 280 5 
DG4-1 0.27 0.077 0.23 0.31 0.24 0.051 0.95 0.04 134 5 
DG4-2 0.41 0.095 0.29 0.28 0.42 0.010 0.75 0.16 152 9 
DG4-3 0.42 0.086 0.26 0.27 0.42 0.083 0.77 0.10 148 8 
DG4-4 0.41 0.087 0.25 0.24 0.42 0.085 0.68 0.11 139 8 
Proglacial  
WR10-1 0.01 0.01 0.01 0.02 ND 0.01 0.06 0.01 7 -9 
WR10-2 0.01 0.01 ND 0.02 ND 0.01 0.04 ND 5 -3 
WR11-1 0.01 0.01 0.01 0.02 ND 0.01 0.08 0.01 7 -18 
WR11-2 0.01 0.01 0.01 0.03 ND 0.01 0.07 0.02 8 1 
WR2-1 0.04 0.03 0.01 0.05 ND 0.02 0.20 0.02 19 -14 
WR2-2 0.04 0.03 0.01 0.05 ND 0.02 0.13 0.03 19 3 
WR6-1 0.03 0.02 0.01 0.04 ND 0.02 0.11 0.02 16 -1 
WR6-2 0.03 0.03 0.01 0.04 ND 0.02 0.14 ND 17 -6 
WR7 ND ND ND 0.01 ND ND 0.14 0.01 3 -66 
WR8-1 ND ND ND 0.01 ND 0.01 0.14 0.01 5 -57 
WR8-2 ND ND ND 0.01 ND ND 0.25 ND 2 -86 
WR9-1 0.06 0.04 0.02 0.07 0.01 0.03 0.33 0.04 28 -19 
WR9-2 0.05 0.03 0.02 0.05 ND 0.02 0.17 0.03 19 -2 
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Figure 3. Piper plot showing the major element chemistries of 
proglacial and deglaciated watersheds. The black lines show evolution 
of the dissolved ion composition with distance from the glacier. 

and a change in the ratios of elements that depend on the 
stoichiometry and extent of dissolution of minerals phases 
being weathered. These two processes can be differentiated 
by examining the molar ratios of elements in the water. 

Controls on Water Composition in Proglacial 
Watersheds  

The concentrations of all ions increased and specific 
conductivity of the water increased by a factor of 10 in the 
Watson River between its headwaters at the ice sheet and 
Kangerlussuaq where it discharges to Søndre Strømfjord 
(Figures 4 and 5). The tenfold increase in specific 
conductivity between the upstream and downstream 
samples indicates that a high degree of chemical 
weathering is taking place over a short period of time. The 
negative water balance in the region drives evaporation, 
which likely contributes to the increase inthe ion 
concentrations as well.  

The ratios of dissolved cations were not constant among 
samples (Table 2), indicating that chemical weathering is 
occurring in proglacial watersheds.  By examining these 
ratios, we can estimate which minerals are weathering.  
The K+/Mg2+  and K+/Ca2+ ratios increase with distance 
from the glacier, reflecting an enrichment in K+ over 
Mg2+ and Ca2+. The dissolution of mica minerals could 
be the source of potassium in the water, especially since 
preferential leaching of biotite in glacial environments has 

 
Figure 4. Distance from the glacier versus specific conductivity in 
proglacial and deglaciated watersheds. 

been observed previously (e.g. Anderson et al., 1997). The 
Na+/Mg2+ and Na+/Ca2+ ratios also increase with 
distance from the glacier. There are several possible 
sources for sodium in the water, including albite 
(NaAlSi3O8), hornblende, and sea spray. The Na+/Cl- 
ratio in sea spray is 0.86, and the ratio in all of the 
proglacial samples is much higher, reflecting the 
enrichment of Na+ or depletion of Cl- relative to seawater. 
Hornblende may be a contributor of Na+ because its 
Na+/Ca2+ ratio cannot be higher than 0.5, and the samples 
near the glacier are below that value. However, the 
Na+/Ca2+ ratio exceeds 0.5 further downstream, 
suggesting that there is another source for Na+. Albite 
appears to be the main source of Na+ in proglacial 
watersheds, with the dissolution of hornblende possibly 
contributing Na+ closer to the headwaters of the Watson 
River. 

 
Figure 5. Bar graph showing the evolution of proglacial samples with 
distance from the glacier.

 

 

Deglaciated 
 
 
Proglacial 
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Controls on Water Composition in Deglaciated 
Watersheds 

Like in proglacial watersheds, chemical weathering 
controls the composition of deglaciated lakes. However, 
because the concentrations of ions in this environment are 
much higher than in proglacial watersheds, evaporation 
appears to plays a role. The specific conductivity and 
cation ratios within any lake system are relatively constant 
(Tables 1 and 2), which suggests that the same degree of 
evaporation and chemical weathering occurs in each area. 

However, between the lake systems, there are significant 
differences in both of these parameters. 

In all of the deglaciated lakes, the K+/Mg2+ ratio is near 
0.3, so the dissolution of biotite may play a role in 
determining water composition. Hornblende dissolution 
may also occur in deglaciated lakes, enriching the water in 
Mg2+ and Ca2+. In the more saline lakes (DG2-1, DG 2-2, 
and DG 2-3), the Na+/Ca2+ ratio is higher than in lower 
salinity lakes. The Na+/Ca2+ ratio of sea spray is about 48, 
so sea spray can be unlikely to be a source of Na+ in 

Table 2. Molar Ratios of Cations In Proglacial and Deglaciated Watersheds 

Sample 
Distance from 
Glacier (km) K+/Mg2+ K+/Ca2+ Na+/Ca2+ Na+/Mg2+ Ca2+/Mg2+ Na+/Cl- 

Proglacial 
WR8-2 0 0.9 0.3 0.2 0.7 3.4 2.4 
WR7 0 0.9 0.3 0.1 0.4 3.2 2.1 
WR8-1 0.6 0.9 0.3 0.2 0.7 3.4 5.6 
WR10-1 10.3 1.3 0.3 0.2 0.9 4.0 3.2 
WR10-2 10.3 1.3 0.3 0.3 1.1 4.2 6.4 
WR11-2 15.9 1.5 0.4 0.4 1.5 3.7 7.8 
WR11-1 16 1.8 0.4 0.3 1.3 4.1 7.3 
WR6-1 22 3.3 0.6 0.8 4.3 5.5 11.6 
WR6-2 22.2 3.3 0.6 0.8 4.3 5.3 12.2 
WR2-1 35.8 2.6 12.2 11.1 2.4 0.2 12.1 
WR2-2 35.8 0.5 12.2 16.5 0.7 0.1 12.5 
WR9-2 41.3 2.1 0.6 0.9 3.2 3.3 14.9 
WR9-1 41.4 2.1 0.5 0.8 3.4 4.2 10.1 
Deglaciated 
DG2-1 23.5 0.4 1.1 2.2 0.7 0.3 1.3 
DG2-2 23.7 0.4 1.0 1.6 0.7 0.4 1.2 
DG2-3 24.3 0.4 0.7 1.5 0.8 0.5 1.1 
DG3-5 34.6 0.5 1.1 2.0 0.9 0.6 1.0 
DG3-4 34.7 0.3 0.3 0.8 0.7 1.0 1.0 
DG3-3 34.8 0.4 0.5 1.2 0.9 0.8 0.9 
DG3-2 35.7 0.4 0.4 0.9 0.9 1.0 1.3 
DG3-1 35.7 0.4 0.4 0.9 0.9 1.0 1.2 
DG1-1 34.5 0.4 0.2 0.6 1.0 1.7 1.2 
DG1-2 34.7 0.4 0.3 0.6 0.9 1.4 1.2 
DG1-3 34.8 0.4 0.3 0.6 0.9 1.5 1.2 
DG1-4 35.7 0.4 0.3 0.6 0.9 1.4 1.2 
DG1-5 35.7 0.4 0.3 0.6 1.0 1.5 1.2 
DG4-1 47.3 0.3 0.3 0.9 1.2 1.3 1.1 
DG4-2 46.8 0.3 0.3 1.5 1.4 1.0 1.0 
DG4-3 46.8 0.3 0.3 1.5 1.5 1.0 1.0 
DG4-4 47.3 0.3 0.4 1.7 1.6 1.0 1.0 
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deglaciated watersheds. Therefore, we can conclude that 
albite is the main contributor of sodium in the water. 

 
Figure 5. Bar graph showing the evolution of proglacial samples with 
distance from the glacier. 

Implications for Radiogenic Isotope Fluxes to the 
Oceans 

The differences in major element chemistry between 
proglacial and deglaciated watersheds reflect variations in 
the extent of chemical weathering in each environment. 
Although evaporation increases the overall concentration 
of deglaciated watersheds and the dissolution of micas, 
hornblende, and albite may occur in both environments, the 
degree of weathering appears to be different between the 
two watershed types. Since the radiogenic isotope ratios 
will depend on the amount of weathering, as well as the 
minerals being weathered, distinct isotopic compositions 
and concentrations of Sr, Nd, and Pb should occur in water 
draining the landscapes. As the relative proportions of 
proglacial and deglaciated watersheds vary through time 
with the advance and retreat of ice sheets, so should the 
fluxes of radiogenic isotopes to the oceans. 

CONCLUSIONS 

Examination of the major element chemistry of 
proglacial and deglaciated watersheds near Kangerlussuaq 
provides insight into chemical weathering and evaporation 
processes occurring in glacial environments. Our results 
indicate that proglacial and deglaciated watersheds have 
distinct major element chemistries, reflecting differences in 
chemical weathering. These chemistries evolve differently 
with distance from the glacier, and the dissolution of 
micas, hornblende, and albite may occur in both watershed 
types, controlling the composition of the water. Therefore, 
proglacial and deglaciated streams should produce different 
radiogenic isotope fluxes to the oceans as glaciers advance 
and retreat.  Understanding how these fluxes vary with 
changing fractions of deglaciated and proglacial 

watersheds should allow refined interpretations of the 
marine records of periods of deglaciation. 
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