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Abstract Surface melt from the Greenland Ice Sheet (GrIS) collects particulate organic carbon (POC) as it
drains into subglacial environments and transports it downstream where it serves as a microbial substrate.
We hypothesized that older POC is entrained by meltwaters as the subglacial drainage network expands
upglacier over the summer. To test this, POC samples were collected from a meltwater river exiting the
GrIS over an ablation season and 14C dated. Resulting values were compared with meltwater hydrochemistry
and satellite observations of the catchment area. We found that POC ages increased from ~5000 to
~9000 years B.P. until peak discharge and catchment size. Afterward, significant fluctuations in POC age were
observed, interpreted to result from periods of high and low subglacial hydrological pressure and sediment
supply and subsequent exhaustion. These observations suggest a seasonal progression in the source of
POC exported from the GrIS and provide evidence for a seasonally evolving subglacial drainage system.

1. Introduction

Subglacial ecosystems exist between glacial ice and the underlying bedrock and play an important role in
storing, transforming, and exporting carbon in one of the fastest-changing habitats on our planet [Hodson
et al., 2008]. Glacier and ice sheet beds contain considerable amounts of organic carbon (OC) that was over-
ridden by previous glacial advances [Wadham et al., 2008], and more labile components can be utilized by
microbes employing diverse metabolic pathways [Skidmore et al., 2000; Boyd et al., 2010, 2011; Yde et al.,
2010; Stibal et al., 2012; Dieser et al., 2014]. In the Arctic, surface meltwater is routed through moulins and
crevasses into the subglacial drainage system [Zwally et al., 2002; Copland et al., 2003; Das et al., 2008], where
it entrains dissolved and particulate organic carbon (DOC and POC, respectively), eventually exporting them
into proglacial streams, lakes, and estuaries [Bhatia et al., 2013; Chandler et al., 2013; Chu, 2014]. Glacially
sourced OC has been demonstrated to be bioavailable [Fellman et al., 2010; Lawson et al., 2014b] and to
become more so with increasing carbon age [Hood et al., 2009; Singer et al., 2012].

Glaciers contribute an estimated ~0.6% of the total DOC and ~1% of the total POC globally exported by riv-
erine systems to coastal oceans [Hood et al., 2015]. Of this, the Greenland Ice Sheet (GrIS) is the largest source
of glacially derived POC (61% of the total glacial flux) [Hood et al., 2015], with POC fluxes more than double
that of DOC [Bhatia et al., 2013; Lawson et al., 2014b]. However, these estimates are based on very few sam-
ples, likely due to logistical constraints associated with sampling, and as a result, POC is a much neglected
component of glacial OC export [Hood et al., 2015]. Recently, Lawson et al. [2014b] found POC flushed from
Leverett Glacier in West Greenland to be almost exclusively subglacially derived (with all potential supragla-
cial sources below detection) and to have a considerable labile fraction (~9% carbohydrates). Therefore,
achieving a better understanding of the subglacial source of POC, and the seasonal dynamics therein,
remains a timely frontier for exploration.

The GrIS subglacial drainage system evolves from an inefficient distributed system to an efficient hydrological
network with increasing quantities of supraglacial meltwater input [Chandler et al., 2013]. The hydrology of
the subglacial environment has previously demonstrated importance for explaining patterns in downstream
meltwater chemistry [Hawkings et al., 2014, 2016; Hindshaw et al., 2014; Yde et al., 2014], as well as sediment
and carbon loads [Cowton et al., 2012; Lawson et al., 2014a, 2014b]. Hydrologic perturbations, such as
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the drainage of supraglacial lakes to the ice sheet bed, can rapidly flush subglacial water and sediment reser-
voirs in what are referred to as “outburst” events. As these can be readily identified by observing simulta-
neous peaks in pH, electric conductivity (EC), suspended sediment, and discharge within a time series
[Bartholomew et al., 2011; Hasholt et al., 2013; Hawkings et al., 2016], they represent an opportunity to monitor
changes in the subglacial drainage system in a relatively simple and reliable way.

Here we test if the seasonal evolution of the subglacial drainage system corresponds with shifts in the source
of exported POC from the GrIS. We measured the 14C age of discreet POC samples taken from the outflow of
Leverett Glacier in the western part of the GrIS over a melt season and link our results to the hydrochemical
characteristics of the meltwater and changes in the catchment area as monitored by satellite. 14C ages pro-
vide a measure of the degree to which POC reservoirs are isolated from each other and the atmosphere and
an estimate of the original substrate’s age. While this approach has been frequently used to investigate
sources of DOC in glacial runoff [e.g., Hood et al., 2009; Singer et al., 2012; Spencer et al., 2014a, 2014b], it
has been utilized less frequently for POC [Bhatia et al., 2013]. We hypothesize that older POC is flushed as
the subglacial drainage expands into the GrIS over the summer because inland sediments have likely been
covered by ice for longer periods of time [Ten Brink and Weidick, 1975; Young and Briner, 2015].

2. Materials and Methods
2.1. Leverett Glacier Hydrology and Water Chemistry

Leverett Glacier (Figure S1 in the supporting information) drains a large ice sheet catchment and was cho-
sen both for its relatively convenient access to the meltwater river draining from its portal (Akuliarusiarsuup
Kuua), as well as its recent subglacial research history [e.g., Bartholomew et al., 2010, 2011; Cowton et al.,
2012; Hindshaw et al., 2014; Hawkings et al., 2014, 2015]. Discharge, turbidity, pH, and EC were monitored
at 15 min intervals in the Leverett Glacier river (Figure S1) over the 2015 summer. The seasonal record
includes the onset of summer melt for turbidity, pH, and EC (6 May to 29 July), while discharge was mea-
sured from 28 May to the termination of runoff (15 September). Stage was measured by several Hobo®
pressure transducers placed at a solid bedrock section of the river ~2 km from the portal (Figure S1).
Stage was converted to discharge by creating a rating curve calibrated with Rhodamine dye injections
undertaken over the full range of observed river stages [Bartholomew et al., 2011; Cowton et al., 2012].
The turbidity record was used to calculate suspended sediment concentration (SSC), using manually col-
lected depth-integrated samples taken from the water column over a wide range of turbidities as in
Bartholomew et al. [2011] and Hawkings et al. [2014]. Finally, EC was recorded using a Campbell Scientific
electrical conductivity and temperature probe (calibrated at a reference temperature of 20°C), and pH
was measured continuously using an ion-selective field-effect transistor Honeywell Durafet® pH sensor,
as per Hawkings et al. [2016].

2.2. POC Collection and Preparation

Suspended sediment samples were taken from the water column near the “cliff” site (N67.064353°,
W50.180193°), ~500 m downstream of the Leverett Glacier portal (Figure S1), and processed for POC similarly
to Bhatia et al. [2013]. Samples were collected at approximately the same time each day (between 10:15 and
12:30, corresponding to the period preceding the diurnal rising limb of the hydrograph), with the exception
of those taken on 25 and 27 June, which were sampled at 16:00 and 20:30, respectively (Table S1). Briefly, 5 L
of water was collected in cleaned, triple-rinsed glass bottles and transported to the field laboratory where
they were kept chilled and in the dark. Suspended sediments were collected onto 0.45 μm Whatman®
GF/F filters using a glass filtration tower and promptly frozen in the field freezer (�20°C).

To provide baseline samples, recently exposed subglacial sediment was identified and sampled at the
Leverett Glacier terminus (N67.059050°, W50.171400°), as well as the moraine closest to the terminus
(N67.060333°, W50.176817°) on 28 July 2015 (Figure S1). Samples were transferred into Whirl-Pak® bags, fro-
zen upon return to the field camp, and stored and transported in the dark. Both moraine and suspended sedi-
ment samples were freeze dried, and aliquots were sent to the Laboratory of Ion Beam Physics, Zürich,
Switzerland for %C and Δ14C analyses. Sediments were liberated from filters following lyophilization and
transferred to prepared glass vials; thus, no filter material was included in the analyses. The %Cwas measured
on a vario MICRO Element Analyzer and Δ14C analyzed according to Hajdas et al. [2004] and Hajdas [2008].
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Resulting 14C dates are reported according to Stuiver and Polach [1977] as 14C age B.P., and standard
deviations for all samples were between 30 and 43 years B.P. (�10.8 and �12.4‰; Table S1).

To compare with POC, water samples were also collected for DOC at approximately the same time each day
at the “camp sensors” site, ~1 km from Leverett Glacier terminus (Figure S1) using acid-washed 1 L Nalgene™

HDPE bottles thoroughly rinsed with river water. Samples for DOC were immediately filtered through
Whatman® Puradisc Aqua 0.45 μm syringe filters and stored frozen (�20°C) in acid-washed 30 mL Nalgene
HDPE bottles. DOC was quantified with a Shimadzu TOC-L analyzer. To compare POC with DOC concentra-
tions, wemultiplied %C-POC by the corresponding calculated SSC (g L�1) to report POC (in mg L�1), following
Lawson et al. [2014b]. Discharge-weighted values were calculated for both POC and DOC to estimate their
loads (in mg C s�1) and to compare temporal patterns between size fractions.

2.3. MODIS Satellite Observations

To serve as a proxy for the upglacier expansion of the subglacial drainage system (and thus the inland
distance that supraglacial melt may enter the ice sheet and access subglacial carbon stores), we quantify tran-
sient changes in snowline distances and catchment area (defined as the hydrologically active area draining to
the ice sheet margin) over the course of the melt season. The approximate location of the snow-ice transition,
or “snowlines,” was extracted in 0.1° latitude bins from samples of 500 m resolution Moderate Resolution
Imaging Spectroradiometer (MODIS) MOD10A1 albedo data, processed to remove cloud artifacts [Box
et al., 2012]. We used an albedo value of 0.58 to define the break in reflectance between snow and bare
ice and present the median longitudinal location of the snow-ice transition for the days on which POC sam-
ples were taken. “Snowline distances” are reported as a straight line distance from the portal to the point
where the snowline roughly intersects the catchment, and snowline data were then used to calculate catch-
ment size for each sample date, using the catchment area defined in Palmer et al. [2011]. For the last sample
date (26 July), images were obscured by clouds from 22 to 27 July, and therefore, the snowline is estimated
from an image taken on 28 July, which was the nearest cloud-free day.

2.4. Statistical Analyses

To evaluate the hypothesis that POC age increases as the subglacial drainage system extends upglacier, linear
regression models were created by including discharge, catchment area, and snowline distance individually
as explanatory variables for POC age. Furthermore, we evaluated the coupled/decoupled nature of POC and
DOC by regressing corresponding samples against each other (i.e., those taken the same day), as well as by
comparing their loads with discharge and catchment characteristics. Adjusted R2 and p values are reported
(with significance designated at α = 0.05); all statistical analyses were conducted with the R console, version
3.2.3 [R Core Team, 2015].

3. Results

The early portion of the 2015 melt season was characterized by discharge under ~50 m3 s�1 and diurnal
maxima and minima related to Sun angle (Figure 1). Outburst events were observed through changes in
hydrochemical properties of the proglacial river. Discharge, pH, EC, and turbidity began to rise near
19 June, leading up to the first subglacial outburst event (Figure 1). Three more outbursts were discerned
over the course of the summer melt season near 25 June, 1 July, and 9 July (Figure 1). The peak seasonal
discharge of 368 m3 s�1 was observed on 9 July, while the peak in suspended sediment load (495 kg s�1)
took place on 3 July, closely followed by another peak on 10 July (Figure 1). The first six POC samples
were taken during the “outburst period” (i.e., the seasonal period encompassing all observed outburst
events from 19 June to 11 July) and correspond with the rising limbs of each of the four outbursts.
Following this seasonal peak in discharge, both discharge and suspended sediment load decreased
and diurnal patterns intensified for the remainder of the monitored melt season. There were no further
outburst events identified after this point, and the last four POC samples were taken during this “postout-
burst” period.

Calculated snowline distances (n = 10, R2 = 0.639, and p = 0.003) and catchment areas (n = 10, R2 = 0.522, and
p = 0.011) increased over the summer. By 10 July, the retreating snowline had exposed 87% of the total
hypothesized surface catchment area (1017 of 1173 km2), and both snowline distances and catchment areas
began to plateau. On 21 July, the snowline had surpassed the entire catchment area (Figure 2) and was
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Figure 2. Map of the satellite-inferred snowline corresponding with POC sample dates for the 2015 melt season.
Background: MODIS true color image derived from the MOD09GA surface reflectance product, acquired on 10 July 2015.
Lines indicate every other sampling date, with the exception of the last date (28 July), as indicated in methods.
Portal is indicated as a red triangle, and catchment (purple) is estimated from Palmer et al. [2011].

Figure 1. Time series of (a) discharge, (b) suspended sediment concentration (right y axis) and load (left y axis), (c) pH, and
(d) conductivity over the 2015 summer. Rising limbs of outburst events are indicated as vertical grey bars. POC
sampling time points are indicated as dotted vertical lines.
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~90 km from the glacier margin (Table S1). After this time, clouds settled into the area and prevented satellite
acquisitions. When the clouds lifted on 28 July, the snowline had readvanced substantially (from 89 to 60 km
from the margin), reducing the catchment size to the area last observed 2 July and measuring roughly half
the full catchment extent (Figure 2 and Table S1).

The percentage of organic carbon (POC) in suspended sediment was between 0.038 and 0.092%, with an
average of 0.069% (Table S1), in the range reported by Lawson et al. [2014b]. The values were greater than
those measured for terminus (0.031%) and moraine (0.036%) sediments. Concentrations of DOC in the
meltwater ranged between 0.056 and 1.01 mg L�1, with an average of 0.380 mg L�1, and declined over
the course of the melt season (Figure 3). POC concentrations also declined over the summer and ranged
between 0.256 and 1.31 mg L�1, averaging 0.734 mg L�1 (Figure 3). When corrected for discharge, DOC
loads ranged from 2.3 to 36 g DOC s�1 and averaged 13 g DOC s�1 (Figure 3). POC loads were almost an
order of magnitude greater than DOC and ranged from 79 to 245 g POC s�1, with an average of
146 g POC s�1 (Figure 3). There was no significant relationship between POC and DOC loads.
Furthermore, while DOC load was positively correlated with discharge (n = 10, R2 = 0.523, and p = 0.011),
there was no significant relationship between POC load and discharge. Neither DOC nor POC was signifi-
cantly related to catchment size or snowline distance.

The lower range of POC ages exported from the Leverett Glacier meltwater stream was comparable to the
bulk material from the Leverett Glacier terminus (4929 years B.P.; �462.4‰) and the nearest moraine
(4147 years B.P.; �407.5‰; Table S1). POC ages increased over the outburst period from ~5000 years B.P.
to 10 July (8929 years B.P.; �673.3‰) and during this time was positively correlated with discharge
(n = 6, R2 = 0.75, and p = 0.016), snowline distance (n = 6, R2 = 0.650, and p = 0.033), and catchment size
(n = 6, R2 = 0.727, and p = 0.019). This was followed by the postoutburst period, as indicated by a falling
limb of discharge and suspended sediment loads, and POC ages fluctuated widely (between ~4000 and
~8000 years B.P.) for the final four samples (Figure 4). Linear models fitted for the entire POC age data
set returned no significant results, and the best correlated variable was discharge (n = 10 and R2 = 0.14).
However, when the two outlying POC samples from the postoutburst period are removed (i.e., 13 and
21 July), POC age was significantly, positively correlated with snowline distance (n = 8, R2 = 0.620, and
p = 0.012), catchment area (n = 8, R2 = 0.669, and p = 0.008), and discharge (n = 8, R2 = 0.797,
and p = 0.002).

Figure 3. Time series of (a) dissolved organic carbon (DOC) concentration, (b) DOC load, (c) particulate organic carbon
(POC) concentration, and (d) POC load for the 2015 summer. Rising limbs of outburst events are indicated as vertical
grey bars.
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4. Discussion

Here we used 14C dating to
evaluate the hypothesis that POC
exported from the GrIS gets pro-
gressively older as the subglacial
drainage system expands, corre-
sponding with shifts in POC source.
We observed POC ages to increase
throughout the early season (i.e.,
during the outburst period) as
new sediment reservoirs were
accessed with increasing dis-
charge, catchment area, and
snowline distances and spanned
a difference of ~5000 years.
However, this pattern deteriorated
during the second half of the
season as the rate of catchment
expansion slowed (the postout-

burst period), and the youngest age we report (~4000 years B.P.) came directly after the oldest (measured
during the final outburst event), and wide fluctuations in POC ages were observed for these final four
samples. We interpret these observations to collectively result from two dynamic, interacting mechanisms:
alternating subglacial hydrologic pressure regimes, coupled with the supply of sediment reservoirs and their
stochastic depletion.

During the Holocene Thermal Maximum at 6800 ± 300 years B.P., the ice sheet receded inland from its
present-day position [van Tatenhove et al., 1996; Levy et al., 2012]. Hence, the lower range of 14C-POC ages
and moraine material corresponds to the minimum extent of the GrIS during the middle to late Holocene
~5000 to 3000 years B.P. (4200–1800 years B.P. for the Kangerlussuaq region, specifically [Young and Briner,
2015]). The last known interglacial period prior to this time corresponds to the Eemian, 130,000 to
115,000 years B.P. [Dahl-Jensen et al., 2013] and should be completely depleted of 14C [Hajdas, 2008].
Therefore, the upper range of our observed POC ages (~9000–7500 years B.P.) probably reflects the mixing
of Eemian and Holocene materials, with greater ages indicative of proportionately greater contributions of
14C-depleted POC. However, the inland distance to which different POC sources correspond remains ambig-
uous, and the degree of Holocene margin fluctuation in the Kangerlussuaq area itself is debated [Simpson
et al., 2009; Young and Briner, 2015]. Furthermore, while we assumed a potential Leverett Glacier river
catchment 1173 km2 in size, previous studies have indicated that only 600 km2 is necessary to explain
discharge [Bartholomew et al., 2011], and the efficient system is only known to extend (at least) ~50 km inland
[Chandler et al., 2013]. Therefore, POC may be sourced from nearer to the margin than suggested by our
estimates of catchment areas based on snowline position.

We hypothesize that the observed variability in POC ages reflects varying subglacial hydraulic pressure,
which rises transiently whenever the meltwater supply rate increases more quickly than the morphology
of the subglacial drainage system can evolve to accommodate it. During outburst events, subglacial hydro-
logical pressure increases as surface waters rapidly drain to the bed [Andrews et al., 2014; Hoffman et al.,
2016]. This is likely to result in the flushing of old sediments from the existing inefficient distributed system
and from previously isolated areas of the bed which become hydrologically connected. As the season pro-
gresses, continuing inputs of meltwater lead to the evolution of a more efficient system [Copland et al.,
2003; Chandler et al., 2013; Tedstone et al., 2015]. Sediments and POC will then be evacuated from surround-
ing hydraulically inefficient areas only when there is a gradient of higher to lower pressure into the
efficient areas.

Observations of ice motion made ~18 km inland from the Leverett Glacier terminus suggest that the hydro-
logic pressure gradient reverses diurnally [Tedstone et al., 2014], indicating the presence of a variable pressure
axis as observed in Alpine glaciers [Hubbard et al., 1995]. Similarly, modelling suggests that pressure

Figure 4. Time series of calculated POC ages (black circles, right y axis)
plotted over discharge (filled area, left y axis). Horizontal lines indicate POC
ages for Leverett Glacier terminus basal ice (dotted purple) and the first
moraine (solid green). Rising limbs of outburst events are indicated as
vertical grey bars. Error bars fall within the circular markers, and standard
deviations for all samples range from 30 to 43 years B.P.
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variations in inefficient drainage areas can be forced by a subglacial channel located up to 2 km distant
[Werder et al., 2013]. During daytime, elevated pressure forces water out of the efficient system and
into the inefficient distributed system. When the rate of water supply declines each night, the pressure gra-
dient reverses, flushing material from the inefficient distributed areas of the bed into the efficient system
[Hoffman et al., 2016]. While we do not have sufficient data to assess diurnal variations in POC export, the
aforediscussed mechanism may plausibly explain the wide range of POC ages observed in the second half
of the season.

At the same time, increasingly distant and ancient POC stores can be mobilized as the drainage system
expands upglacier. Like in previous studies of OC exported from the GrIS [Bhatia et al., 2013; Lawson et al.,
2014b], we found POC and DOC to be decoupled, with DOC loads increasing over the summer and POC loads
decreasing during the postoutburst period. This suggests that DOC is derived from both supraglacial and
subglacial environments, while a greater proportion of POC is sediment bound and derived from subglacial
erosion [Hood et al., 2015]. Suspended sediment transport in glacial rivers has previously been shown to exhi-
bit stochastic dynamics related to supply and exhaustion [Cowton et al., 2012; Lawson et al., 2014b]. As most
of the defined catchment area was uncovered with snow by 10 July (i.e., the transition between outburst and
postoutburst periods), it is possible that some of these reservoirs became depleted, and only limited “new”
POC stores were accessed with further snowline migration. Since younger POC presumably enters the stream
at all times due to erosion of the near-marginal bed, variability in POC age during the late seasonmay reflect a
constant background supply of POC ~4000 years old (such as on 13 and 21 July), augmented by occasional
inputs of older 14C-depleted material as new reservoirs are periodically accessed (i.e., 17 and 26 July).

5. Conclusions

These results lend support to the notion of variable subglacial hydraulic pressure axes causing spatiotem-
poral variability in accessed POC reservoirs over the summer, which are also prone to supply exhaustion.
Understanding processes related to the source and subsequent export of POC is timely, as increased
meltwater from longer melt seasons of greater intensity is anticipated to enhance the coupling between
subglacial and supraglacial ecosystems [Hodson et al., 2008] and to be generated further inland and at higher
elevations [Howat et al., 2013; Leeson et al., 2015; Poinar et al., 2015; Ignéczi et al., 2016]. The subsequent drai-
nage of inwardly expanded supraglacial lakes may accompany changes in carbon and nutrient export if new
areas of the glacial bed can be accessed and may therefore have important implications for heterotrophic
microbes in carbon-depleted downstream environments [Lawson et al., 2014a, 2014b; Cameron et al.,
2017a, 2017b]. Specifically, if POC increases in bioavailability with 14C age like glacially derived DOC [Hood
et al., 2009, Singer et al., 2012], then tapping these sediment sources in the future may have direct implica-
tions for productivity in Greenland coastal waters.
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