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Abstract 

Proglacial streams deliver melt water and chemical weathering products, including 
nutrients and radiogenic isotopes, from continental ice sheets to the ocean. Weathering 
products are also delivered to the ocean in non-glacial streams that form following ice 
sheet retreat and are disconnected from ice sheet meltwater by hydrologic divides. If 
weathering reactions differ in non-glacial and proglacial stream catchments, the streams 
could deliver different types and magnitudes of solutes to the ocean, depending on 
relative discharge volumes. Unlike proglacial streams, however, little is known of non-
glacial stream solute compositions or discharge. Here we show specific discharges are 
similar from a proglacial stream draining the Greenland Ice Sheet (GrIS) with several 
streams disconnected from the ice sheet. We also evaluate weathering reactions across 
a 170-km transect in western Greenland that contains one proglacial stream draining 
the GrIS, and two coastal (ice distal) and three inland (ice proximal) areas with non-
glacial streams. Non-glacial streams exhibit solute compositions and offsets between 
dissolved and bedload Sr isotope ratios that indicate weathering increases toward the 
coast with exposure age and precipitation. Major element mass balance calculations 
show weathering reactions shift from predominately carbonic acid weathering 
of carbonate minerals inland near the ice sheet to predominately sulfuric 
acid weathering of carbonate minerals near the coast. Strontium concentrations 
and isotopic ratios of the proglacial stream reflect mixing of at least two subglacial 
sources and minor in-stream weathering that consumes CO2. About 5 times less CO2 is 
consumed per liter in the proglacial than inland non-glacial streams; however, arid 
conditions inland suggest limited discharge from the ungauged inland streams leads to 
less total CO2 weathering than proglacial stream. One coastal area consumes less 
CO2 per liter than the proglacial stream and another coastal area exhibits net 
CO2 production. These results indicate estimates for glacial foreland solute fluxes and 
CO2 weathering consumption and production should include estimates from both non-
glacial and proglacial streams. Understanding weathering fluxes from these two types of 
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streams will be important for evaluations of past ice sheet retreat and predictions of 
future solute and CO2 fluxes associated with continued ice sheet retreat. 
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1. Introduction 

Since the Last Glacial Maximum (LGM) about 18 thousand years before present (ka), 
Northern Hemisphere continental ice sheets have retreated and exposed vast high-
latitude landscapes (Dyke and Prest, 1987, Stroeven et al., 2016). These landscapes 
are underlain by bedrock, poorly sorted glacial debris, and abundant fine-grained and 
chemically reactive comminuted sediment. Weathering of these reactive sediments 
during ice sheet retreat may have altered seawater composition, as suggested by large 
nutrient fluxes from modern proglacial streams draining meltwater from the Greenland 
Ice Sheet (GrIS) (e.g., Bhatia et al., 2010, Hawkings et al., 2014, Hawkings et al., 
2015, Hawkings et al., 2016, Meire et al., 2016, Hawkings et al., 2017). Meltwater 
discharged from proglacial streams in both hemispheres during the last deglaciation led 
to ∼130 m of sea level rise (e.g., Lambeck et al., 2002, Miller et al., 2005). Within the 
glacial foreland, streams also drain watersheds on newly exposed landscapes that are 
disconnected from the ice sheet by hydrologic divides (herein referred to as 
“deglaciated watersheds” that drain “non-glacial streams”). Non-glacial streams have no 
effect on sea level as they discharge only precipitation, groundwater, and permafrost 
meltwater. However, we hypothesize that non-glacial stream compositions, and thus 
their oceanic fluxes, may differ from proglacial streams, and therefore oceanic fluxes 
from glacial forelands should vary in predictable ways as ice sheets retreat. 
Variations in weathering inputs to the ocean during the last deglaciation are reflected in 
increasing seawater Pb isotope ratios recorded in deep-sea sediments (Foster and 
Vance, 2006, Kurzweil et al., 2010, Crocket et al., 2012). This increase is attributed to 
rapid weathering of freshly exposed glacial material and changes in reaction products 
as the extent or “maturity” of weathering increased. Here, weathering maturity reflects 
either (1) the magnitude of incongruent weathering of mineral phases, such 
as biotite, monazite, sphene and allenite, that are enriched in 
parent radioisotopes (e.g., 87Rb, 235,238U, and 232Th), or (2) the quantity of radiogenic 
isotopes extracted from lattice sites damaged by radioactive decay. Weathering maturity 
increases with exposure age of soil chronosequences associated with mountain 
glacier retreat (Erel et al., 1994, White et al., 1996, Blum and Erel, 1997, Harlavan et al., 
1998, Harlavan and Erel, 2002, Harlavan et al., 2009) and could control the observed 
increase in seawater Pb isotope ratios (Foster and Vance, 2006, Kurzweil et al., 
2010, Crocket et al., 2012). In western Greenland, the site of this study, weathering 
maturity in deglaciated watersheds increases with both increased exposure age and 
precipitation (Scribner et al., 2015). 
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The proglacial and deglaciated watersheds in western Greenland provide an ideal 
setting to study chemical weathering during ice sheet retreat. Similar condensed 
exposures of the glacial foreland are not available over most of the northern high 
latitudes because of retreat of the large ice sheets since the LGM (Dyke and Prest, 
1987, Stroeven et al., 2016). Proglacial streams draining the GrIS are widely studied to 
evaluate potential effects on sea level rise (Mernild et al., 2010, Bamber, 
2012, Rennermalm et al., 2012, van As et al., 2017, Bamber et al., 2018) and to assess 
solute fluxes to the ocean, including major elements (Yde et al., 2005, Yde et al., 2014), 
Fe (Bhatia et al., 2013b), DOC (Bhatia et al., 2013a), macronutrients, including silica, 
nitrogen and phosphorous (Hawkings et al., 2014, Hawkings et al., 2015, Hawkings et 
al., 2016, Meire et al., 2016, Hawkings et al., 2017), and atmospheric exchange of 
CO2 (Ryu and Jacobson, 2012). However, little is known about weathering and solute 
fluxes from non-glacial streams (e.g., see Wimpenny et al., 2010, Wimpenny et al., 
2011, Scribner et al., 2015) and no systematic comparison exists of proglacial and non-
glacial stream compositions across western Greenland such as we present here. 
Proglacial and non-glacial stream compositions should differ because of their distinct 
sources of water. Proglacial streams discharge water from (1) supraglacial runoff, (2) 
subglacial watersheds that include basal meltwater and surface meltwater captured by 
moulins (Anderson et al., 1997, Anderson et al., 2000, Andrews et al., 2014), and (3) 
non-glacial tributaries. The sub- and supra-glacial environments provide many of the 
proglacial stream solutes (Hawkings et al., 2016) and may change downstream in 
response to delivery from tributaries and in situ reactions (e.g., Ryu and Jacobson, 
2012) particularly in outwash plains (sandurs) (Deuerling et al., 2018). Rapid melting 
can generate high flow rates that dilute solute concentrations and elevate turbidity. In 
contrast, non-glacial streams, which are sourced predominately from runoff and 
groundwater, have lower suspended sediment loads and higher average solute 
concentrations than proglacial streams (Wimpenny et al., 2010, Wimpenny et al., 2011). 
Compositions of the solute loads change with weathering maturity within deglaciated 
watersheds (Scribner et al., 2015). 
In addition to limited information on differences between proglacial and non-glacial 
stream compositions, data on solute fluxes are limited because they require discharge 
measurements that are rare for non-glacial streams (Abermann et al., 2018) but 
somewhat better constrained for proglacial streams due to concerns about their impact 
on sea level (e.g., Mernild et al., 2009, Mernild et al., 2010, Rennermalm et al., 
2012, van As et al., 2017). Relative differences in global discharge from proglacial and 
non-glacial streams through time will depend on extents of ice-free versus ice-covered 
areas, precipitation patterns across glacial forelands, and rates of ice sheet melting; 
however, non-glacial stream discharge should increase relative to proglacial discharge 
as ice-free landscapes increase during glacial terminations. A shift from predominately 
proglacial to non-glacial discharge should thus affect oceanic solute fluxes depending 
on watershed weathering maturity and resulting stream compositions. 
To evaluate potential differences in proglacial and non-glacial stream solute fluxes, we 
compare available discharge data from a proglacial stream and several streams 
draining watersheds disconnected from the GrIS, some of which contain mountain 
glaciers and small ice caps. We also compare stream compositions from five 
deglaciated areas containing multiple non-glacial streams and one proglacial stream in 
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western Greenland (Fig. 1), using a mass balance approach (Galy and France-Lanord, 
1999, Spence and Telmer, 2005, Ryu and Jacobson, 2012). The mass balance 
separates carbonic and sulfuric acid weathering of carbonate and silicate minerals and 
estimates mass exchange of CO2. We use Sr isotope ratios to evaluate shifts in 
potential weathering contributions of radiogenic isotopes to the ocean. These data and 
models suggest proglacial and non-glacial streams have distinct contributions to ocean 
and atmospheric chemistry. 

 

2. Setting – Western Greenland geology, climate, and hydrology 
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The GrIS has retreated approximately 170 km from the coast of western Greenland over 
the past ∼12 ky and exposed the Proterozoic orthogneiss of the Nagssugtoqidian 
Mobile Belt (NMB) (Fig. 1, Levy et al., 2012). The NMB underlies all of the deglaciated 
watersheds sampled for this project (Pedersen et al., 2013) and because of its relatively 
homogeneous composition, solute variations between non-glacial streams should result 
from differences in weathering maturity (Scribner et al., 2015). The NMB is bordered on 
the south by quartzo-feldspathic gneisses of the Archean Block (AB) (Dawes, 2009) and 
these two units have distinct Pb, Sr, and Nd isotope ratios (Colville et al., 2011, Reyes 
et al., 2014). The NMB-AB contact extends northeast for tens of kilometers beneath the 
ice sheet near the terminus of the Leverett Glacier (van Gool et al., 2002, Stendal and 
Garde, 2005, Dawes, 2009) and crosses Isunnguata Sermia, Sandflugtdalen and Point 
660 subglacial drainage basin in the region (Fig. 1, Lindbäck et al., 2015). Water 
discharging from these drainages could thus have distinct isotopic compositions, 
reflecting differences in NMB or AB isotopic compositions. 
Retreat of the GrIS formed many deglaciated watersheds between the current ice edge 
and the coast that have increasing exposure ages with distance from the ice (Fig. 1b). 
Moraine ages range from ∼10 ka at the coast to ∼7 ka near the GrIS, with <0.2 ka Little 
Ice Age moraines adjacent to the GrIS (Levy et al., 2012). The current position of the ice 
sheet affects the regional climate, which is arid near the ice sheet with annual 
precipitation at Kangerlussuaq averaging around 150 mm/yr, while a maritime influence 
results in precipitation at Sisimiut of 300 to 400 mm/yr (Hasholt and Sogaard, 
1978, Anderson et al., 2001, Cappelen, 2018). 
Literature references to proglacial streams in the study area include both English and 
Greenlandic names, which has led to some confusion of locations. In this paper we refer 
to the Watson River as the proglacial stream that extends from the confluence of two 
major proglacial rivers in the region, the Akuliarusiarsuup Kuua (AKR) and Quinnguata 
Kuusua rivers, to Kangerlussuaq Fjord (Danish: Søndre Strømfjord; Fig. 1). The 
AKR headwaters consist of two unnamed tributaries. The southern tributary originates 
as sub-glacial and supraglacial discharge from the Leverett Glacier and flows ∼ 5 km to 
its confluence with the northern tributary (e.g., Hindshaw et al., 2014). The northern 
tributary is approximately 15 km long and originates as sub-glacial and supraglacial 
discharge from the Isunnguata Sermia glacier. This tributary flows ∼8 km across 
deglaciated terrain that we refer to here as Isunngua based on the Greenlandic name 
for the region between Isunnguata and Russell glaciers (Fig. 1c). The northern tributary 
then flows in front of the Russell Glacier for about 5 km where it gains more sub- and 
supra-glacial water and across approximately 3-km of sandurs to its confluence with the 
southern tributary. Herein, we refer to this overall stream complex as the “AKR/WR”. 
Long-term discharge records are rare for Greenlandic streams and are unavailable for 
the non-glacial streams between the ice edge near Kangerlussuaq and the coast near 
Sisimiut that were sampled for this project. Single measurements of multiple watersheds 
in the region during summer 1977 (Hasholt and Sogaard, 1978) show smaller specific 
discharge from streams near the GrIS (<1 L/sec/km2) than from coastal non-glacial 
streams (maximum 22 L/sec/km2), reflecting the precipitation gradient. Long-term 
measurements of non-glacial streams are available from four watersheds disconnected 
from the GrIS located ∼300 km south of our field area and one ∼10 km north of our field 
area, all of which contain small ice caps or mountain glaciers. The long-term records 
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from the non-glacial streams and AKR/WR (Electronic Access) indicate specific 
discharges are similar within a factor of 2 to 3 (Table 1). This similarity suggests that 
solute fluxes from these two types of streams may depend more on concentrations 
derived from weathering than discharge. 
 

Table 1. Comparison of specific discharge (all values are ×106 m3/yr/km2).a 
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3. Methods 

3.1. Sampling locations and collection 

Chemical data reported here are based on samples that were collected from the 
proglacial AKR/WR watershed in western Greenland and five deglaciated areas 
between Kangerlussuaq to Sisimiut that contain multiple separate watersheds (Fig. 1). 
Data from four of the deglaciated areas, Sisimiut, Nerumaq, Qorlortoq, and Lake Helen, 
were reported previously in Scribner et al. (2015), who divided them into coastal 
(Sisimiut and Nerumaq) and inland (Qorlortoq and Lake Helen) watersheds based on 
geochemical differences. New data reported here include two non-glacial streams that 
drain into the AKR northern tributary and the AKR/WR proglacial stream. (All data 
presented here are provided in the Electronic Annex and are archived at the Arctic Data 
Center (Martin et al., 2018)). The ice-proximal non-glacial streams are separated from 
each other and the ice sheet by hydrologic divides and are collectively referred to as 
Isunngua because of similar exposure ages and annual precipitation. Similarly, two of 
the four areas previously described in Scribner et al. (2015) contain multiple 
watersheds. Two separate watersheds drain to a fjord in the Sisimiut area and to a lake 
in the Qorlortoq area. Nerumaq and Lake Helen watersheds consist of several nested 
watersheds that drain through a single non-glacial stream to fjords. Additional new data 
include three samples collected from AKR northern tributary (no samples were collected 
from the southern tributary), two samples from the main AKR channel and one sample 
from the Watson River (Fig. 1c). 
Samples were collected between June 5 and July 23, 2013 (Table 2), after most snow 
had melted from the deglaciated watersheds. Although we recognize that water 
compositions evolve throughout the melt season (e.g., Hindshaw et al., 2014), the time 
required to move between sampling sites and to access sites within the areas prevented 
time-series collection of water. Nonetheless, this sampling scheme addressed our 
primary goal of evaluating spatial variations in water and sediment chemistry across age 
and precipitation gradients and between non-glacial and proglacial streams. Within our 
sampling window (e.g., after the peak of the melt season), proglacial water chemistry 
could vary daily as a result of diurnal variations in melting and freezing on the GrIS. The 
time to collect each sample was <1 hr and travel between the AKR/Watson sampling 
sites was 1–2 h, which was sufficient time for us to collect all samples at a similar point 
on the hydrograph over a period of two days (Table 2), assuming a residence time of 
water in the stream channel of around 10 h (Hasholt et al., 2013). 

Table 2. Watershed sampling dates and number of samples (n). 
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Samples were collected by pumping water from near the center of the channel at a rate 
of around 1 L/min using a peristaltic pump fitted with Tygon tubing. The tubing led to an 
overflow cup in which a YSI ProPlus sonde was installed. The sonde, which was 
calibrated daily, was used to monitor temperature (T), specific conductivity (SpC; 
electrical conductivity normalized to 25 °C), pH, and dissolved oxygen (DO) 
concentration and saturation. These parameters were monitored until stable, after which 
the tubing was fitted with a 0.45 μm high-capacity trace metal grade canister filter and 
water was collected in various types of sample bottles specific for each analyte. The 
bottles and caps were rinsed three times with filtered sample water prior to filling. Cation 
samples were collected in 20 mL HDPE bottles and Sr isotope samples were collected 
in 0.25 to 1 L HDPE bottles. These bottles were prewashed in 10% trace metal grade 
HNO3 and samples were preserved with Optima grade HNO3 to pH < 2. Anion samples 
were collected in 20 mL DI-washed HDPE bottles with no preservative. Dissolved 
inorganic carbon (DIC) samples were collected in 20 mL Qorpac glass bottles by filling 
the bottles from the bottom, allowing water to overflow the bottle rim, and then closing 
the bottles while ensuring no bubbles were present. The water was poisoned with a 
saturated solution of mercuric chloride to eliminate subsequent microbial processes that 
may alter DIC concentrations. Nitrile or vinyl gloves were worn at all times to minimize 
contamination. 
Bedload samples were collected in new Whirl-Pak bags using either a plastic trowel or 
gloved hand. Large samples were collected in an attempt to maintain particle size 
distribution. Samples were stored at 4 °C and shipped to the University of 
Florida. Suspended sediment was collected from proglacial streams by initially settling 1 
L of unfiltered sample water, then decanting ∼800 ml and evaporating the remaining 
water. All solid samples were stored refrigerated in the laboratory until aliquots were 
dried in a 60 °C oven. 

3.2. Sample analyses 

Major element concentrations were measured on a Dionex ICS-1600 (cations) and ICS-
2100 (anions) ion chromatograph. Calibration curves were determined with custom 
multi-element standards, and repeated analyses of a diluted Dionex multi-element 
standard. Duplicate samples replicated within 5%. Alkalinity of the non-glacial stream 
water was measured in the field laboratories within 24 h of collection by titration with 0.1 
N HCl using the Gran method. Duplicate analyses reproduced to <5%. Because of 
difficulty of measuring alkalinity in dilute samples of proglacial streams, alkalinity of the 
AKR/WR samples was calculated based on the DIC concentrations and pH 
measurements; we assume the calculated alkalinity is carbonate alkalinity. DIC samples 
were analyzed on an AutoMate Prep Device coupled to a UIC (Coulometrics) 5011 
carbon coulometer. Repeated analyses of a 24.0 µg C standard replicated within 1%. 
Silica concentrations were measured within 30 days of collection on a Hach DR/890 
portable spectrophotometer using a Heteropoly Blue method optimized for low 
SiO2 concentrations (<1.6 mg/L) with a precision of around 10% based on repeated 
measurements of an in-house standard. Charge balance errors are typically ≤5%, 
although higher (at most ∼15%) for the dilute water collected from AKR/WR. 
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Strontium isotope ratios were measured on aliquots of stream waters calculated to 
contain ∼100 ng of Sr. These aliquots were evaporated to dryness in clean Teflon 
beakers, then dissolved in concentrated Optima HNO3 to oxidize organic matter and 
dried. The residue was dissolved in 3.5 N HNO3 and passed through Sr Spec resin to 
separate Sr, which was loaded onto degassed tungsten filaments. Ratios of 87Sr/86Sr 
were measured with a Micromass Sector 54 thermal ionization mass 
spectrometer (TIMS) in dynamic mode. Two hundred ratios were collected at 1.5 V 88Sr 
and corrected for mass bias using 86Sr/88Sr = 0.1194. Long-term analyses of NBS-987 in 
the University of Florida laboratory yields an 87Sr/86Sr value of 0.71025 +/− 0.00002, 2σ. 
Procedural blanks of 100 pg Sr were at least three orders of magnitude smaller than 
sample abundances 
Strontium isotope ratios were also measured on bedload (<2 mm fraction) and 
suspended sediments. Approximately 3 g of the sieved bedload sample was crushed 
and combusted at 450 °C for 4 h to burn off organic matter. Approximately 0.05 g of both 
crushed bedload and suspended sediment was dissolved in a mixture of concentrated 
HF and HNO3, and evaporated to dryness. Fluorides were then converted to chlorides 
in 6 N HCl and the sample was dried down for isotopic analysis. Sr was isolated using a 
two-step procedure with a primary column packed with BioRad AG 50W-X12 cation 
resin followed by Sr Spec column chemistry. Isotope ratios were measured using wet 
plasma on a Nu Plasma multi-collector inductively coupled plasma mass spectrometer 
(MC-ICPMS) and a time resolved analysis (TRA) technique (Kamenov et al., 
2008). 87Sr/86Sr was corrected for mass bias using 86Sr/88Sr = 0.1194 and 87Sr was 
corrected for interference of 87Rb by monitoring 85Rb. The average 87Sr/86Sr of TRA 
measurements of NBS 987 = 0.71025 ± 0.00003, 2σ. Procedural blanks of 250 pg Sr 
were at least seven orders of magnitude smaller than sample abundances. 

3.3. Mass balance and mixing models 

Modified mass balance calculations (Galy and France-Lanord, 1999, Spence and 
Telmer, 2005, Ryu and Jacobson, 2012) were used to evaluate weathering mechanisms 
(Electronic Annex). Briefly, the major solute concentrations were apportioned to one of 
four specific weathering mechanisms utilizing the stoichiometry of carbonate and silicate 
mineral weathering reactions by H2CO3 or H2SO4 after accounting for marine aerosol 
deposition (Table 3). We assume H2CO3 originates from hydration of CO2, derived 
either from dissolution of atmospheric CO2 or from remineralization of organic carbon. 
The stoichiometries of weathering reactions (Table 3) were then used to estimate the 
mass of CO2 consumed or produced. 
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Table 3. Stoichiometry of weathering reactions. 

 
Two end-member mixing of solute sources to the AKR northern tributary was modeled 
based on 87Sr/86Sr* and Sr* concentrations (Faure, 1986), assuming two potential 
sources, one from the NMB and the other from the AB (Electronic Annex). 
Distinct 87Sr/86Sr ratios of these two lithologies (Colville et al., 2011, Reyes et al., 2014) 
provide a useful tracer for mixing. End-member values for the mixing model are taken 
from Hindshaw et al., (2014) for the Leverett Glacier and from measurements made for 
this study for the Isunnguata Glacier (Table 4). 

Table 4. Mixing endmember compositions. 

 

4. Results 

4.1. Solute concentration variations 
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Specific conductivities in the non-glacial streams range from 31 to nearly 1632 µS/cm 
(Fig. 2a). These values are three times to nearly two orders of magnitude greater than 
the proglacial stream, which has values ranging from 6 to 16 µS/cm. These values 
increase from the headwaters near Isunnguata Glacier to the sample collected ∼4 km 
downstream of the confluence of the northern and southern tributaries. The SpC 
remains around 16 µS/cm downstream of this point. 
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In addition to differences in bulk concentration shown by specific conductivity, the 
relative solute compositions change between non-glacial and proglacial streams, as well 
as between the inland and coastal deglaciated watersheds. Specifically, the relative 
proportions of Si, Na + K, SO4, and HCO3 + CO3 are greater in the coastal than inland 
non-glacial streams (Fig. 3). These differences were qualitatively interpreted by Scribner 
et al. (2015) to reflect an increase in weathering maturity as a function of exposure age 
and precipitation in the Nerumaq and Sisimiut watersheds compared to Lake Helen and 
Qorlortoq watersheds, given the uniform NMB bedrock composition across the 
deglaciated drainages. We attempt to verify this qualitative interpretation through 
estimates of weathering maturity based on our mass balance model. 

 



4.2. Weathering mass balances 

Our mass balance calculations shows individual samples within all deglaciated 
watersheds have variable amounts of carbonate and silicate mineral weathering by 
H2CO3 and H2SO4 on a per liter basis (Fig. 2). The H2SO4 weathering of silicates 
contributes less solutes than the other three solute sources with the greatest 
contributions occurring in the two coastal watersheds (Sisimiut, Nerumaq), and also the 
inland watershed that is farthest from the ice sheet (Qorlortoq). Solute contributions 
from the other three weathering mechanisms show a larger range for all samples in the 
inland watersheds (Qorlortoq, Lake Helen, and Isunngua) than the coastal watersheds 
(Sisimiut and Nerumaq). 
We have found little systematic downstream variations in compositions within individual 
non-glacial streams. We evaluated differences of the watershed means used Student’s 
t-test and found the differences were statistically significant at p < 0.05. Therefore, the 
following analyses focuses on average solute compositions of each watershed, which 
exhibit consistent trends from the ice sheet to near the coast. Specifically, solutes 
derived from H2CO3 weathering of silicates and carbonates are elevated in the inland 
watersheds by several hundred μM compared with those solutes in the coastal 
watersheds (Fig. 2b and e). In contrast, average H2SO4 weathering of silicate 
minerals is slightly lower (∼20 to 40 µM) in inland than coastal watersheds (Fig. 2c). The 
H2SO4 weathering of carbonate minerals is similar across the transect, but on average 
increases slightly from watersheds near the ice edge to Qorlortoq and then decreases 
to the coastal watersheds (Fig. 2d). The AKR/WR samples exhibit mostly H2CO3 and 
H2SO4 weathering of silicate minerals that increase downstream (Fig. 2b and c). 
However, the overall per liter mass of weathering products is one to two orders of 
magnitude smaller in AKR/WR compared to deglaciated watersheds because of dilute 
solute concentrations, as reflected in the low specific conductivities (Fig. 2a). 
To alleviate complications in comparisons of weathering magnitudes caused by 
variations in solute concentrations as reflected in specific conductivities (Fig. 2a), we 
evaluate relative contributions from each weathering mechanism across the transect 
(Fig. 4). Most solutes in inland non-glacial streams originate from both H2CO3 and 
H2SO4 weathering of carbonate minerals. The second most important contribution of 
solutes in the inland non-glacial streams is from H2CO3 weathering of silicate minerals, 
while H2SO4 weathering of silicate minerals contributes only minor amounts of solutes. 
In coastal non-glacial streams, the greatest solute contribution is from 
H2SO4 weathering of carbonate minerals and secondarily by H2SO4 weathering of 
silicate mineral. In the coastal non-glacial streams, approximately 10 to 25% of solutes 
originate from H2CO3 weathering of silicate minerals while solute contributions from 
H2CO3 weathering of carbonate minerals are negligible. 
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In AKR/WR, ∼65% of the total solutes originate from H2CO3 weathering of silicate and 
carbonate minerals, similar to the fraction of solutes derived from H2CO3 weathering in 
inland deglaciated watersheds (Fig. 4). However, ∼60% is derived from silicate minerals 
with the remaining 5% from carbonate minerals. In contrast, only about 25% of solutes 
in inland non-glacial streams originate from H2CO3 weathering of silicate minerals with 
25 to 50% derived from H2CO3 weathering of carbonate minerals. 

4.3. Sr isotope ratios 

Bedload 87Sr/86Sr ratios vary less (average = 0.711 ± 0.004 (2 σ)) than 
dissolved 87Sr/86Sr* ratios in all of the non-glacial and proglacial streams sampled for 
this study; variation among all dissolved 87Sr/86Sr* ratios is ∼0.05 (Fig. 5). The inland 
watersheds have dissolved 87Sr/86Sr* ratios that are elevated above bedload values 
(average = 0.739 ± 0.008 (2 σ)) while the coastal deglaciated watersheds have values 
similar to the bedload values (average = 0.711 ± 0.003 (2 σ)). Qorlortoq samples have 
the greatest range of dissolved 87Sr/86Sr* ratios of 0.037 (0.71769 to 0.75460) among 
the non-glacial streams, similar to their large range in specific conductivities (Fig. 2a). 
The other non-glacial streams have a smaller total range of dissolved 87Sr/86Sr* ratios of 
<0.007. AKR/WR exhibits a range of ∼0.02 (0.72442 to 0.74445) for dissolved 87Sr/86Sr* 
ratios, which is about half the range observed in all of the non-glacial streams (Fig. 5). 
However, in contrast with the non-glacial streams, where average 87Sr/86Sr* ratios 
decrease from the ice toward the coast, the AKR/WR has the lowest dissolved 87Sr/86Sr* 
ratios near the ice sheet. The values increase toward the sample location a few 
kilometers downstream of the confluence between the northern and southern tributaries, 
and then remain approximately constant with distance downstream. 
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5. Discussion 

5.1. Potential weathering reactions 

The decreasing offset between dissolved and bedload Sr isotope ratios in the inland to 
coastal non-glacial streams (Fig. 5) reflects a reduction in the contribution of 87Sr from 
chemical weathering (Scribner et al., 2015). A similar pattern of decreasing 87Sr/86Sr 
ratios is observed in glacial streams that drain progressively older weathering surfaces 
(Blum et al., 1993, Anderson et al., 2000) and in decreasing 87Sr/86Sr values of soil 
leachates combined with relatively constant values for soil digests from 
glacial chronosequences in the Wind River Mountains of Wyoming (Blum and Erel, 
1997). Weathering sources of 87Sr in recently exposed mountain moraines have been 
attributed to weathering of Rb-rich biotite characterized by highly radiogenic 87Sr/86Sr 
ratios (e.g., Blum et al., 1993, Blum and Erel, 1997, Taylor et al., 2000, Erel et al., 
2004, Andrews and Jacobson, 2018). Although we have not determined which specific 
mineral phases contribute to weathering in the coastal watersheds, the relative 
proportion of silicate weathering increases toward the coast (Fig. 4). The simultaneous 
decrease in the offset of 87Sr/86Sr ratios between stream water and bedload and the 
increase in silicate weathering could thus suggest: (1) 87Sr has been preferentially 
leached from biotite (e.g., Andrews and Jacobson, 2018), (2) the biotite has been 
preferentially weathered to vermiculite, and/or (3) the dominant weathering mineral 
switches to silicate phases with 87Sr/86Sr ratios lower than those in biotite. 
Ionic concentrations of stream water may provide information on which mineral phases 
are weathering and thus potential sources of 87Sr to the non-glacial streams. Coastal 
non-glacial streams have K* concentrations that are around 20 times lower compared to 
Na* concentrations from inland deglaciated watersheds (Electronic Annex, Fig. EA-1). 
In contrast, bedload of the non-glacial streams have average K/Na molar ratios that vary 
little between the inland (3.6) and coastal (2.4) deglaciated watersheds (Electronic 
Annex). The similarity in bedload composition of the non-glacial streams suggests 
biotite content in the sediment has not decreased appreciably, and thus the trend in 
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dissolved Sr isotope ratios is most likely due to preferential leaching of 87Sr from biotite 
(e.g., Erel et al., 2004, Andrews and Jacobson, 2018) and/or a switch to weathering a 
silicate phase, such as plagioclase, with lower 87Sr/86Sr ratios than biotite. 
The decrease in K* concentrations relative to Na* concentrations from inland to coastal 
non-glacial streams suggests increased weathering of less reactive, 87Sr-poor 
major silicate minerals, such as plagioclase feldspars, toward the coast. This increased 
plagioclase weathering could reflect production of the stronger acid H2SO4 compared to 
H2CO3 in the coastal deglaciated watershed (Fig. 4). Assuming the H2SO4 originates 
from sulfide mineral oxidation (e.g., Torres et al., 2014, Martin, 2017), there appears to 
be less oxidation of sulfide minerals in inland deglaciated watersheds. Arid inland 
conditions may limit sulfide mineral oxidation, which would be enhanced in the relatively 
more humid coastal environments. The resulting production of a strong acid, in addition 
to the increased exposure age and precipitation, would contribute to the greater 
weathering maturity in coastal deglaciated watersheds (e.g., Scribner et al., 2015). 
With the exception of Qorlortoq, the range of 87Sr/86Sr* ratios of samples collected 
within individual non-glacial streams is smaller by about half than the range (∼0.02) 
in 87Sr/86Sr* ratios between the AKR northern tributary headwaters and the main 
channel of AKR (Fig. 5). Although the AKR northern tributary shows this large range, 
the 87Sr/86Sr* ratios remain constant below the confluence of the AKR northern and 
southern tributaries (Fig. 6). The variation in 87Sr/86Sr* ratios of AKR samples also 
corresponds with downstream changes in K*/Na* ratios (Fig. 6), but unlike the non-
glacial streams, the decrease in K*/Na* ratio with distance from the ice in the proglacial 
system is associated with an increase in 87Sr/86Sr* (Fig. 6). Although some in-stream 
weathering may occur in AKR/WR (e.g., Ryu and Jacobson, 2012), the downstream 
trends of decreasing K*/Na* and increasing 87Sr/86Sr* ratios suggests other processes 
may affect solute concentrations and isotope ratios (Andrews and Jacobson, 2018). 
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5.2. AKR/WR compositions from glacial source water mixing and in-
stream reactions 

Supra- and sub-glacial runoff from the Isunnguata Sermia, Russell, and Leverett 
glaciers (Fig. 1c) are the dominate water sources to the AKR system because of limited 
discharge from non-glacial tributaries in the arid region near the ice. Subglacial 
watersheds extend inland and are underlain by differing lithologies of NMB and AB 
group rocks, which likely provide distinct solute compositions to the discharging water 
(Fig. 1c, Lindbäck et al., 2015). The location of the NMB-AB contact under the ice is 
uncertain, but its northeast-southwest trend in the exposed region (Dawes, 2009) 
suggests NMB rocks underlie western portions of the Isunnguata Sermia, Point 660, 
and northwestern portion of the Sandflugtdalen subglacial watersheds, while AB rocks 
underlie the southeast portion of the Sandflugtdalen subglacial watershed (Pedersen et 
al., 2013, Lindbäck et al., 2015). 
The subglacial sources of water, the rocks that react with subglacial water, and the Sr 
isotope ratios of those rocks are critical for interpreting the Sr isotope ratios of the 
AKR/WR system. Sr isotope ratios of bedload sediment where NMB rocks are exposed 
range between 0.7118 and 0.7123, while bedload sediment from AB rock exposures 
range between 0.7228 and 0.7254 (Colville et al., 2011, Reyes et al., 2014; Fig. 6). 
Similar to the NMB values, bedload sediment from AKR/WR averages 0.7117 (total 
range 0.0085) and suspended sediment from the northern tributary headwaters has 
an 87Sr/86Sr ratio of 0.71184 (Electronic Annex). Suspended sediment Sr isotope ratios 
increase downstream to an average of 0.7180, with a total range of 0.003. These data 
suggest bedload sediment of the AKR/WR originates primarily from NMB rocks while 
the suspended sediment at the headwaters originates from NMB rocks but has 
increasing contributions from AB rocks downstream. Dissolved 87Sr/86Sr* ratios are 
higher by 0.012 than the NMB bedload and suspended load sediment at the headwaters 
of the AKR/WR, while downstream, dissolved 87Sr/86Sr* ratios are higher by 0.018 than 
AB stream bedload and the suspended load sediment (Fig. 6). Offsets to higher 
dissolved 87Sr/86Sr* ratios suggests variable amounts of preferential weathering of 87Sr 
of freshly comminuted sediment from NMB and AB rocks, respectively. 
The spatial distribution of 87Sr/86Sr ratios of AKR/WR waters and NMB and AB bedload 
sediments suggests NMB bedrock may influence solutes delivered to the headwaters of 
the northern tributary, while AB bedrock may influence solutes delivered to the AKR 
southern tributary. However, dissolved Sr isotope ratios and Sr* concentrations plot 
above values expected from mixing of putative end-members (Table 4) of AKR northern 
and southern tributary waters (Fig. 7). This offset could result from changing end-
member compositions through time as observed at the Leverett glacier outflow 
(Hindshaw et al., 2014). However, time variations of end-member composition appears 
to have a limited role in the offset, considering the change in Leverett end-member 
composition is far less than the difference between the Isunngua and Leverett end-
member compositions. Alternatively, in-stream weathering reactions (e.g., Ryu and 
Jacobson, 2012), for example in sandur sediment (Deuerling et al., 2018), could alter in-
stream compositions and contribute to the offset. Although end-member compositions 
and in-stream weathering appear to affect AKR/WR water composition, its primary 
control is from mixing of water from distinct sub-glacial watersheds with different 
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mineralogical compositions and weathering reactions (e.g., Andrews and Jacobson, 
2018). 

 

5.3. Mass balance estimates of CO2 weathering sources and sinks 

We use the stoichiometry of weathering reactions (Table 3) to estimate relative roles of 
CO2 in weathering of proglacial AKR/WR and deglaciated watersheds. This estimate is 
made by partitioning of CO2 exchange for each of the weathering reactions shown 
in Table 3 (Electronic Annex, equations 27 and 28) and summing the change in moles 
of CO2 for each reaction after correction for marine aerosol inputs. These reactions 
include consumption of CO2 from carbonic acid weathering (reactions 1–3) and 
production of CO2 from sulfuric acid weathering of carbonate minerals (reaction 4). 
Sulfuric acid weathering of silicates (reactions 5 and 6, Table 1) does not impact CO2; 
however, these reactions must be considered in the mass balance because they 
produce cations used in the calculations. Results of the calculations show a wide range 
in the amount of CO2 consumed or produced per liter of water during weathering 
reactions, both between proglacial and non-glacial streams as well as between inland 
and coastal non-glacial streams (Fig. 8). However, our model results suggest that the 
difference in CO2 consumption or production per liter is greater between inland and 
coastal non-glacial streams than in proglacial streams. Although these relationships 
likely vary through the melt season as flow conditions change, our observed difference 
in weathering reactions can be used to evaluate potential differences in these reactions 
and resulting CO2 consumption and production between proglacial and non-glacial 
streams. 
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Water emerging from below the Isunnguata Glacier was estimated to have PCO2 values 
supersaturated with respect to atmospheric CO2 based on mass balance modeling (Ryu 
and Jacobson, 2012). This modeled supersaturation was proposed to decrease 
downstream as a result of atmospheric evasion (∼25%) and in-stream mineral 
weathering reactions (∼75%). We also estimate that CO2 weathering consumption 
increases downstream from ∼23 µM CO2/liter to ∼170 µM CO2/liter in the AKR northern 
tributary and then remains approximately constant downstream of the confluence of the 
northern and southern tributaries of AKR (Fig. 8). This change could reflect in-stream 
weathering although differences in the source water compositions and their weathering 
regimes as shown by mixing based on Sr isotopes (Fig. 7) may also contribute to the 
apparent CO2 consumption. Regardless of the changes in CO2 consumption within the 
proglacial stream, per liter weathering sources and sinks of CO2 vary more in the non-
glacial streams than within AKR/WR (Fig. 8). Chemical weathering in inland deglaciated 
watersheds (Isunngua, Lake Helen, and Qorlortoq) consumes an average of ∼580 µmol 
CO2/liter. In contrast, weathering in the coastal Sisimiut watersheds consumes on 
average ∼55 µmol CO2/liter, while weathering in the Nerumaq watershed produces 
∼100 µmol CO2/liter. The reduced weathering consumption of CO2 in the coastal 
compared to the inland deglaciated watersheds stems from decreased 
H2CO3 weathering as well as production of CO2 by an increase in the H2SO4 weathering 
of carbonate mineral as weathering matures with exposure age and precipitation (Fig. 
4). 
In AKR/WR, most weathering (∼60%) stems from H2CO3 weathering of silicate minerals 
(Fig. 4). Although this reaction consumes CO2, the low solute concentrations of the 
proglacial river results in low amounts of CO2 consumed per liter relative to inland non-
glacial streams (Fig. 8). Arid conditions of the inland deglaciated watersheds limit 
discharge of non-glacial streams relative to the proglacial AKR/WR and thus total 
weathering consumption of CO2 as reflected in compositions of the inland non-glacial 
streams is likely lower than weathering consumption of CO2 in the proglacial stream. In 
contrast, discharge from coastal non-glacial streams is larger than from inland non-
glacial streams because of elevated precipitation. In Sisimiut, the weathering 
consumption of ∼55 µmol CO2/liter is about half the uptake observed in AKR/WR, while 
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in Nerumaq, weathering generates a source of ∼100 µmol CO2/liter, which 
approximately matches the per liter weathering sink in AKR/WR. Depending on 
discharge from these coastal non-glacial rivers, their weathering reactions could 
modulate CO2 weathering uptake in proglacial streams. Consequently, weathering 
sources and sinks of CO2 should be considered for both proglacial and non-glacial 
streams in addition to sub-glacial weathering (e.g., Tranter et al., 2002) when estimating 
changes in CO2 cycling of glacial forelands during the retreat of continental ice sheets. 
Furthermore, absolute values, rather than per-volume sources and sinks should be 
compared, which requires measurements of stream discharge as well as composition. 

5.4. Implications for fluxes of weathering products 

As the GrIS began to retreat following the Last Glacial Maximum, most runoff would 
have been through short proglacial streams characterized by immature weathering 
similar to the extant inland deglaciated and AKR/WR watersheds. This drainage would 
likely have provided a flush of water with 87Sr/86Sr ratios elevated above bedrock values 
(and presumably radiogenic Pb isotopes, e.g., Foster and Vance, 2006, Kurzweil et al., 
2010, Crocket et al., 2012), typical of inland non-glacial and proglacial streams. With 
continued retreat to its present position, the areal extent of coastal deglaciated 
watersheds with mature weathering characteristics would have increased relative to 
deglaciated and proglacial watersheds with immature weathering. Considering the 
differences in weathering products in inland and coastal non-glacial streams, the retreat 
of the GrIS should have increased runoff from regions with mature weathering. The 
increase of weathering maturity suggests weathering would have switched from reactive 
carbonate minerals to less reactive silicate minerals, H2SO4 would become a more 
prominent weathering acid, CO2 consumption would decrease, Sr isotopes would 
stabilized at values similar to the bulk sediment (i.e., less radiogenic) and offsets 
between dissolved and bedload 87Sr/86Sr values (and probably Pb isotopes as well) 
would have decreased. 
The total flux of these reaction products to the ocean will depend on relative discharge 
from proglacial, as well as inland and coastal non-glacial streams. Our limited discharge 
data suggest modern coastal non-glacial streams have specific discharge similar to 
proglacial streams in western Greenland (Table 1), which are likely higher than inland 
non-glacial streams (Hasholt and Sogaard, 1978) as a result of arid conditions derived 
from katabatic winds off of the ice sheet. Solute concentrations are greater by several 
orders of magnitude in coastal non-glacial than proglacial streams (e.g., Fig. 2a), which 
have similar specific discharges (Table 1). Solutes derived from weathering in coastal 
deglaciated watersheds may thus have a greater impact on ocean and atmospheric 
chemistry than weathering in proglacial watersheds. The impact of this effect would 
depend on the relative contributions from non-glacial and proglacial streams as well as 
the distribution of “coastal-like” versus “inland-like” deglaciated watersheds. The 
development of “coastal-like” deglaciated watersheds that are characterized by elevated 
weathering maturity depends on exposure age (Blum and Erel, 1997, Anderson et al., 
2000) as well as relative amounts of precipitation (Scribner et al., 2015). As ice sheets 
continue to retreat in a warming world, the areal extent of deglaciated watersheds will 
increase at the expense of proglacial watersheds and the extent of inland deglaciated 
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watersheds will likely migrate with the ice sheet. Therefore, weathering maturity in 
coastal deglaciated watersheds could affect marine isotope records, (e.g., Foster and 
Vance, 2006, Crocket et al., 2012, Basak and Martin, 2013), the weathering control 
on high latitude stream CO2 exchange (e.g., Ryu and Jacobson, 2012) (Andrews and 
Jacobson, 2018) as well as potentially nutrient fluxes (e.g., Hawkings et al., 
2016, Hawkings et al., 2017) as Earth’s climate warms and ice sheets continue to 
retreat. 

6. Conclusions 

Our evaluation of five deglaciated areas and one proglacial stream in the foreland of the 
GrIS suggests that weathering differs between proglacial and deglaciated watersheds, 
and to an even greater extent between inland and coastal deglaciated watersheds as 
exposure increases weathering maturity. Although proglacial streams are known to 
contribute important solute fluxes to the ocean, our results suggest discharge from non-
glacial streams may contribute solutes that differ in magnitude and composition from 
those delivered by proglacial streams. The major unknown in the global magnitude of 
these fluxes stems from limited information on water discharge volumes from the 
watersheds, although preliminary assessments based on available data suggest that 
the specific discharge from proglacial streams is similar to specific discharge from 
coastal non-glacial streams. Because non-glacial streams have solute concentrations 
that can be more than an order of magnitude greater than proglacial streams, their 
solute delivery may be proportionally higher than previously recognized. Of the solutes 
evaluated here, weathering maturity appears to control Sr isotope ratios and 
CO2 weathering consumption/production, leading to differences between proglacial, 
coastal and inland non-glacial streams. Consequently, evaluations of changes in these 
solute fluxes during continental ice sheet retreat should consider evolution of 
weathering as discharge from coastal non-glacial streams increases relative to 
discharge from proglacial streams. 
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