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1. Introduction
With rising temperatures, glaciers are retreating globally. The Greenland icecap has experienced record melt 
in the past decade (The IMBIE Team, 2020), amplifying freshwater discharge and transport of sediment and 
dissolved constituents (Hawkings et al., 2015; Meire et al., 2016). Cascading effects on downstream ecosystems 
remain uncertain, as additional nutrient input could enhance primary productivity in marine environments (e.g., 
Arrigo et al., 2017; Meire et al., 2017). Conversely, increased turbidity caused by the generally high suspended 
sediment loads of glacial outflow limits light penetration and thereby suppresses phytoplankton growth (Holding 
et al., 2019; Hopwood et al., 2020). In addition, retreating icecaps and glaciers expose previously covered land-
scapes to erosion, generally causing elevated sediment release until stabilization by colonizing vegetation (e.g., 
Ballantyne, 2002). Erosion rates are projected to increase throughout the Arctic due to rapid thaw and destabiliza-
tion of permafrost (e.g., Hugelius et al., 2020; Olefeldt et al., 2016; Turetsky et al., 2020), as well as intensifying 
rain events caused by a shift from snow- to rain-dominated precipitation (e.g., Bintanja & Andry, 2017). Erosion 
of soils or recent vegetation litter can act as a carbon sink on geological timescales if the released organic carbon 
(OC) is rapidly buried in marine sediments (e.g., Hilton et al., 2015; Hovius et al., 2011). On the other hand, 
erosion constitutes a carbon source to the atmosphere if ancient permafrost soil or rock-derived (petrogenic) 
carbon is mineralized during transport or in marine environments (e.g., Bröder et  al.,  2018; Hemingway 
et al., 2018; Zolkos et al., 2018).

Abstract On-going shrinkage of Greenland's icecap, permafrost thaw, and changes in precipitation 
are exposing its landscapes to erosion and remobilization of ancient organic carbon (OC) held in soils and 
sedimentary rocks. The fate of this OC and potential feedbacks to climate are still unclear. Here, we show 
that the glacial Zackenberg river (Northeastern Greenland) exports aged particulate OC (POC, uncalibrated 
radiocarbon ages of ∼4,000 years). Many of the smaller periglacial streams affected by abrupt permafrost thaw 
transport substantially older POC (up to 32,000 years), especially with enhanced discharge following intense 
precipitation. Mineralogical analysis, and density and size fractionation of soils and both glacial and nonglacial 
river sediments reveal that OC is largely associated with phyllosilicate minerals, suggesting stabilization 
against microbial processing. Enhanced export of ancient, mineral-associated OC as a consequence of summer 
rainfall may accelerate translocation of OC from terrestrial to marine environments, but could have limited 
consequences for climate.

Plain Language Summary On-going Arctic warming leads to shrinking ice sheets and permafrost 
thaw, which promotes erosion of ancient carbon stocks. The decomposition of this remobilized carbon to 
CO2 or CH4 would in turn fuel further climate warming. Here we show that the glacial Zackenberg river in 
Northeastern Greenland likely exports a mixture of aged soil organic matter, recent bacteria and ice algae 
biomass residues, and deposited organic aerosols. In contrast, many of the smaller, nonglacial streams in the 
study area carried significantly older carbon from deeper soil layers or sedimentary rocks. More intense rainfall 
will likely increase these carbon fluxes. However, close interactions of organic matter with mineral surfaces 
may hamper greenhouse gas production and instead promote burial in marine sediments. Therefore, the impact 
on atmospheric CO2 and climate may be limited.

BRÖDER ET AL.

© 2022. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution License, which permits use, 
distribution and reproduction in any 
medium, provided the original work is 
properly cited.

Contrasting Export of Particulate Organic Carbon From 
Greenlandic Glacial and Nonglacial Streams
L. Bröder1  , C. Hirst2  , S. Opfergelt2  , M. Thomas2  , J. E. Vonk3, N. Haghipour1,4  , 
T. I. Eglinton1  , and J. Fouché5 

1Geological Institute, Department of Earth Sciences, Swiss Federal Institute of Technology (ETH), Zürich, Switzerland, 
2Earth and Life Institute, Université catholique de Louvain, Louvain-la-Neuve, Belgium, 3Department of Earth Sciences, 
Vrije Universiteit Amsterdam, Amsterdam, The Netherlands, 4Laboratory of Ion Beam Physics, Swiss Federal Institute of 
Technology (ETH), Zürich, Switzerland, 5LISAH, Université Montpellier, INRAE, IRD, Institut Agro, Montpellier, France

Key Points:
•  Particulate organic carbon (POC) 

carried by glacial Zackenberg river 
shows uniform composition despite 
diverse inputs from tributaries

•  Geology and hydrologic conditions 
control POC composition in small 
periglacial streams with rain events 
eroding more ancient carbon

•  Organic matter in soils and river 
sediments throughout Zackenberg 
valley is largely associated with 
minerals

Supporting Information:
Supporting Information may be found in 
the online version of this article.

Correspondence to:
L. Bröder,
lisa.broeder@erdw.ethz.ch

Citation:
Bröder, L., Hirst, C., Opfergelt, S., 
Thomas, M., Vonk, J. E., Haghipour, 
N., et al. (2022). Contrasting export 
of particulate organic carbon from 
Greenlandic glacial and nonglacial 
streams. Geophysical Research Letters, 
49, e2022GL101210. https://doi.
org/10.1029/2022GL101210

Received 8 SEP 2022
Accepted 26 OCT 2022

10.1029/2022GL101210
RESEARCH LETTER

1 of 10

 19448007, 2022, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
101210 by C

ochrane France, W
iley O

nline L
ibrary on [15/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5454-7883
https://orcid.org/0000-0003-3486-7799
https://orcid.org/0000-0002-1773-4823
https://orcid.org/0000-0002-3661-8203
https://orcid.org/0000-0001-8223-0536
https://orcid.org/0000-0001-5060-2155
https://orcid.org/0000-0002-3943-3001
https://doi.org/10.1029/2022GL101210
https://doi.org/10.1029/2022GL101210
https://doi.org/10.1029/2022GL101210
https://doi.org/10.1029/2022GL101210
https://doi.org/10.1029/2022GL101210
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022GL101210&domain=pdf&date_stamp=2022-11-03


Geophysical Research Letters

BRÖDER ET AL.

10.1029/2022GL101210

2 of 10

The fate of the mobilized OC depends on the interplay between many different factors: its chemical composition 
(e.g., Bröder et al., 2021; Hobbie et al., 2000), the availability of mineral matrices to interact with (e.g., Doetterl 
et al., 2016; Hemingway et al., 2019; Hirst et al., 2022; Keil & Mayer, 2014), and the surrounding environmen-
tal conditions (e.g., temperature, pH, oxygen availability, microbial community structure; e.g., Opfergelt, 2020; 
Schmidt et al., 2011). Dissolved OC released from permafrost soils has been shown to degrade relatively rapidly 
upon release (e.g., Abbott et al., 2014; Drake et al., 2015, 2018; Vonk et al., 2013), whereas its particulate coun-
terpart (POC) can be traced through the Arctic fluvial network and appears to be preferentially buried in marine 
sediments (Bröder et al., 2019, 2021; Vonk et al., 2010, 2014; Wild et al., 2019). The age of exported OC is 
commonly expected to decrease with increased flow, as high discharge generally occurs during the spring freshet 
with snowmelt, as well as after high precipitation events, both generally flushing modern-aged OC through 
overland-flow from the upper soil layers into rivers (Ward et al., 2017). However, this relationship is likely more 
complex for glacially fed rivers and watersheds underlain by permafrost as soil thaw depths and the seasonality 
of the high discharge events determine whether deeper soil layers, and thereby older carbon stocks, are accessible 
to erosion. Thermokarst (abrupt permafrost thaw features) development within smaller catchments can exert 
primary control on the export of old POC (Lamoureux & Lafrenière, 2014). In glacial rivers, POC can comprise 
a significant fraction of ancient carbon with increasing discharge as increasing glacial melt mobilizes POC from 
subglacial reservoirs as well as old residues of in situ microbial activity (Bhatia et al., 2013; Kohler et al., 2017).

Here, we investigate the export of sediments and POC from a glacial river and a network of smaller streams fed by 
snowmelt and rain, draining deglaciated permafrost landscapes in the Zackenberg valley, northeastern Greenland. 
We collected suspended sediment samples from the glacially fed Zackenberg river and its nonglacial tributaries, 
as well as the separate, much smaller Grænse stream complex in August 2019 at the end of a particularly warm 
and dry summer (Christensen et al., 2020). Grænse serves as an example for headwater streams affected by  abrupt 
permafrost thaw, and by sampling during contrasting hydrological conditions, we evaluate the impact of precip-
itation events on sediment export. By examining Total Suspended Solid (TSS) loads, POC concentrations and 
composition (carbon isotopes  13C and  14C) as well as mineralogy, we investigate sources and controls of the 
mobilized material. For comparison, we also analyzed soil samples from eroding river banks and abrupt perma-
frost thaw features in the watershed. Furthermore, we performed particle-size and density fractionations of soils 
and riverine sediments to investigate OC interactions with minerals, which play an important role in mediating 
the fate of eroded OC. These results therefore aim to improve our understanding of anticipated consequences of 
the rapidly changing glacial and periglacial landscapes for OC dynamics in Greenland.

2. Local Setting
The Zackenberg valley is located in the high Arctic on the northeastern coast of Greenland (74°28′ N, 20°34′ W, 
Figure 1), and is underlain by continuous permafrost. Active layer depths are spatially variable, yet have exhib-
ited a net increase over the past 25 years (0.7 cm per year on average) and reached a mean maximum of 85 cm in 
2019 (Christensen et al., 2020). The study area covers two main geological units: Caledonian gneiss and granite 
bedrock predominate west of Zackenberg river, while Cretaceous sandstones, black shale, conglomerates and 
Tertiary basalts underlie the eastern part of the drainage basin (Koch & Haller, 1971). At mountain slopes, weath-
ered bedrock is exposed, foothills consist of solifluction deposits and moraines, and valley bottoms are character-
ized by peatlands, alluvial fans, and deltaic deposits (Cable et al., 2017). Estimates of the timing of deglaciation 
of Zackenberg valley range from 13.7 to 10.1 ka ago (Bennike et al., 2008; Garcia-Oteyza et al., 2022; Gilbert 
et al., 2017). Upon deglaciation, areas lying below ∼40 m elevation were first inundated and then emerged during 
the early Holocene due to glacio-isostatic uplift, with the stabilization of present sea level at around 5–6 ka 
(Christiansen et al., 2002).

Zackenberg river drains a watershed of ∼500 km 2 and is fed by two main water sources, a glacial lake that collects 
runoff from the A.P. Olsen glacier complex, and tributaries in the lower part of the catchment that mostly drain 
Lindemans valley and are fed by meteoric waters (Docherty et al., 2018; Hasholt & Hagedorn, 2000; Hasholt 
et al., 2008). Discharge during the sampling period was between 3.5 and 23.1 m 3 s −1 (GEM database: https://g-
e-m.dk/, GeoBasis Zackenberg, Hydrology and Figure S1 in Supporting Information S1). In contrast, Grænse 
stream catchment with a size of about 8 km 2 can be regarded as a case study of a high-Arctic nonglacial headwater 
stream complex as it is sustained by a seasonal snowpack and summer rain, and directly discharges into Young 
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Sound (Figure 1). During dry periods, it discharges <10 −3 m 3 s −1, yet after a rain storm, Docherty et al. (2018) 
measured up to ∼0.19 m 3 s −1.

3. Materials and Methods
We collected 68 river surface water samples for suspended sediment analyses (20 from Zackenberg mainstem; 
18 from six separate Zackenberg tributaries, namely Aucella, Palnatoke, Lindemans, and three unnamed streams; 
and 30 from the Grænse headwater complex, Figure 1) between 15 and 31 August 2019. For Grænse stream, 
samples were collected during low and high flow conditions following an intense precipitation event (see Text 
S1.1, Figure S1, and Table S1 in Supporting Information S1). Those different periods will in the following be 
classified as “dry” and “wet” conditions.

In addition to the suspended sediment samples, we collected deposited sediments from the glacial lake (Store 
Sø), Zackenberg river delta, and from Grænse stream at the most upstream and downstream sampling locations, 

Figure 1. (a) Overview of the location of the study area in Northeast Greenland. (b) Approximate extension of Zackenberg 
watershed outlined in yellow (according to Hasholt et al. (2008); aerial photograph from Sentinel-2, European Space 
Agency). (c) Sampling sites for suspended sediments from rivers and marine-influenced deltas are indicated by circles and 
triangles, respectively (blue for Zackenberg, green for tributaries, and brown for Grænse). Additional soil and sediment 
sampling sites within a thermo-erosion gully (TG), a retrogressive thaw slump (RTS) and along the eroding Grænse stream 
bank are marked with white triangles.
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as well as in the vicinity of an eroding stream bank (total river deposit samples n = 5). Furthermore, we sampled 
the outflow of a recently formed retrogressive thaw slump (RTS, n = 8) and a thermo-erosional gully along the 
Zackenberg river (TG, n = 3). For comparison, we also collected topsoil (n = 3) and subsoil (n = 10) samples 
that were exposed in these abrupt permafrost thaw features (RTS and TG) and along the Grænse stream bank 
(Figure 1 and Table S4 in Supporting Information S1). The deepest soil layer sampled in TG (at ∼100 cm depth) 
was frozen at the time of sampling and is denoted as “upper permafrost layer” since maximum thaw depths had 
already been reached during the sampling period (GEM database, GeoBasis Zackenberg, Soil properties).

For a detailed description of the laboratory procedures to analyze OC concentrations, stable and radiocarbon 
isotopes, mineralogy, grain size distributions, mineral surface area, and the fractionation of soil and sediment 
samples, we refer to Texts S1.2–S1.5 in Supporting Information S1.

4. Results and Discussion
4.1. Variability in the Concentrations of Suspended Sediment and POC in Streams

TSS concentrations in streams varied over almost four orders of magnitude (Figure 2a and Tables S2 and S3 in 
Supporting Information S1). While TSS concentrations for the Zackenberg river mainstem displayed relatively 
little variation with values between 80 and 160  mg  L −1, the glacial lake Store Sø showed a higher value of 
350 mg L −1 (Figure S4 in Supporting Information S1). Zackenberg tributaries ranged from 0.96 to 99 mg L −1 
with one unnamed stream (M) having an exceptionally high TSS load of 1,300 mg L −1. Grænse stream had TSS 
concentrations between 0.5 and 29 mg L −1 during low flow, which significantly increased to values between 
6 and 1,700  mg  L −1 after a 26  mm rain event. These values agree well with earlier reports for Zackenberg 
(GEM database, GeoBasis Zackenberg, Hydrology) and Grænse (Docherty et al., 2018). The POC concentrations 
tracked TSS (Figure 2b): values for Zackenberg mainstem were relatively consistent between 0.3 and 0.9 mg L −1, 
with a higher value of 2.1 mg L −1 close to the outflow of the RTS. POC concentrations in Zackenberg tributaries 
ranged from 0.03 to 21 mg L −1. For Grænse stream, POC concentrations were between 0.07 and 0.27 mg L −1 
(average of 0.23 mg L −1, n = 19) for low flow and increased to values between 0.24 and 28 mg L −1 (average of 
8.5 mg L −1, n = 10) with elevated discharge after the rain event. Sediment and POC export from the headwater 
stream complex are thus disproportionally driven by precipitation events, the latter increasing by several orders of 
magnitude. Larger systems, such as the glacial Zackenberg river are less responsive to single rain events, yet due 
to its much higher discharge, glacial outflow dominates the overall sediment and POC delivery to Young Sound. 
POC concentrations for Zackenberg river fall within the lower range of reported values for glacial rivers in central 
Greenland (Bhatia et al., 2013), but are within the same range as POC concentrations recorded for runoff from 
the Leverett Glacier in southwestern Greenland (Kohler et al., 2017), glacial and nonglacial streams in southeast 
Alaska (Hood et al., 2020), and a glacial river in Svalbard (Zhu et al., 2016). The POC concentrations in nongla-
cial streams were similar to reported values for permafrost landscapes affected by (thermo-)erosion (Keskitalo 
et al., 2021; Lamoureux & Lafrenière, 2014; Shakil et al., 2020).

4.2. Organic Carbon Content and Composition of Suspended Sediments, River Deposits and Soil 
Samples

To allow for comparison with sediments and soils, we also report the carbon content in suspended particulates 
(POC%, Figure 2c). These values were highest for Grænse stream during dry conditions, varying between 1.5% 
and 11%, and decreased to values between 0.01% and 1.7% after rainfall. The elevated values during warm, 
dry periods indicate in-stream production of organic matter, whereas export of eroded soils and rock-derived 
OC predominates during high discharge, as indicated by the carbon isotopic composition of these samples (see 
discussion below). Zackenberg mainstem had POC% ranging from 0.25% to 0.74% and Zackenberg tributar-
ies from <0.01 to 3.0%. POC% for Zackenberg are similar to values reported for a glacial river in Svalbard 
(0.25%–0.48%, Zhu et al., 2016).

Bulk OC concentrations for river sediment deposits from Grænse stream varied between 0.39% and 1.5%, while 
Store Sø and Zackenberg river sediments had 0.38% and 0.21% OC, respectively (Figure 2d). These values are 
similar to outflow from the RTS (0.34%–0.99%, and one outlier of 2.2%). Values for TG sediments were generally 
higher (4.6%–6.5%), while subsoil samples ranged between 0.31% and 8.9%, where the lowest value was found 
for the uppermost permafrost layer sampled in TG. As expected, topsoils had the highest OC concentrations of 
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5.7%–12%. These overall patterns agree with earlier results from Cable et al. (2017) and Palmtag et al. (2018), 
which reported much higher soil OC stocks for the alluvial sediments of the valley compared to the overall low 
values for the western, upstream part of the Zackenberg catchment. The RTS is located within the paleodelta 
and exports deeper layers of sediments with lower OC%. Deposited sediments from Grænse and Zackenberg 
displayed similar bulk C/N ratios, ranging from 10.3 to 17.0 (Table S6 in Supporting Information S1). These 
values are also comparable to RTS and TG sediments, which had C/N ratios between 12.2 and 17.2. Bulk C/N 
ratios of soil samples decreased with depth, from 13.5 in topsoil to 9.8 in subsoil layers (Table S5 in Supporting 
Information S1). This pattern likely illustrates a greater contribution of microbial necromass, as well as root 
exudates to the bulk soil organic matter in deeper layers (Angst et al., 2018).

Topsoil samples contained relatively “modern” OC with radiocarbon (Δ 14C) values of −63 to −37‰ (corre-
sponding to uncalibrated radiocarbon ages of 460–240 years), while subsoil samples covered a broad range of 
Δ 14C values, from −847 to −222‰ (15,000–1,950  14C years, Table S5 in Supporting Information  S1). The 
older ages for the deep soil OC reflect initial terrestrial biomass production after the deglaciation in the deltaic 

Figure 2. (a, b) Concentrations of Total Suspended Solids and particulate organic carbon (POC) for Zackenberg (blue), its tributaries (green) and Grænse during 
low (yellow, “dry”) and high flow conditions (brown, “wet”). (c) POC% for suspended sediments. (d) OC% for river deposits of Grænse and Zackenberg, as well as 
of the outflow of a retrogressive thaw slump (RTS) and a thermo-erosional gully (TG), and topsoil and subsoil samples from RTS, TG, and Grænse stream bank. 
(e, f) Radiocarbon (Δ 14C) and stable carbon isotopic composition (δ 13C) of POC for Zackenberg, tributaries and Grænse (colors as for a and b). Open diamonds 
mark the mean value for each group of samples. Letters indicate significant differences between rivers and the different hydrological periods of Grænse indicated by 
Mann-Whitney-Wilcoxon test (p < 0.01).
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and alluvial environments (Gilbert et al., 2017), preceding permafrost aggradation (Cable et al., 2017). Outflow 
OC from the RTS was generally very depleted in  14C, with Δ 14C values ranging between −960 and −771‰ 
(25,800–11,800 years), compared to the less  14C-depleted deposits within the TG (Δ 14C of −447 to −423‰).

POC samples from Zackenberg river tributaries covered the entire spectrum of Δ 14C values, from “modern” 
(∼−20‰) to close to “radiocarbon-dead” (∼−980‰) (Figure 2e, Figure S3 and Table S2 in Supporting Infor-
mation S1). In contrast, POC from Zackenberg mainstem exhibited more invariant Δ 14C values, ranging between 
−514 and −318‰. These  14C ages (5,700–3,000 years) likely reflect the composite of OC inputs from different 
sources and ages, yet the overall interval corresponds to the Holocene thermal maximum in eastern Greenland 
(Briner et  al.,  2016), an interval when the Greenland icecap and the A.P.  Olsen glacier are thought to have 
retreated, allowing for plant and soil development in locations currently covered by glaciers (Bhatia et al., 2013). 
We therefore suggest that Zackenberg river, fed mainly by subglacial flow from the A.P. Olsen glacier, currently 
exports POC comprising a mixture of aged soil organic matter, in-glacier necromass from present and past 
production (i.e., bacteria, ice algae) and deposited organic aerosols (Bhatia et al., 2013). In contrast, close to 
the outflow of the RTS, POC was significantly more depleted in  14C (∼−800‰, corresponding to 12,900 years, 
Figure S4 in Supporting Information  S1). Grænse stream again was more variable (Figure  2e, Figure S3 in 
Supporting Information S1): during dry periods, POC Δ 14C values ranged between −291 and −86‰, with more 
depleted values of −646 to −528‰ close to the eroding stream bank; yet after the rain event, POC Δ 14C shifted 
to significantly lower values (−931 to −376‰), with lowest (most  14C-depleted) values upstream (Figure S4 in 
Supporting Information S1).

For deposited river sediments, a similar trend was observed for Grænse stream: upstream deposits were more 
depleted in  14C (Δ 14C between −782 and −895‰), with the lowest Δ 14C value close to the eroding river bank, 
while downstream delta sediments had a Δ 14C value of −421‰, potentially reflecting input of younger marine 
OC. In contrast, for Zackenberg, Δ 14C values decreased from −132‰ for Store Sø sediments to −701‰ for 
Zackenberg delta sediments, which could reflect the influence of old carbon from some of the tributaries and/or 
from point sources such as the RTS.

The fact that many of the smaller streams carried POC with radiocarbon ages that by far predate the assumed 
deglaciation of Zackenberg valley around 13,000–11,000 years ago, implies that in addition to the plant and soil 
OC, a radiocarbon-depleted OC source contributed to the overall POC export. In other permafrost environments, 
for example, in Siberia and Alaska, the lack of glacial cover during the late Pleistocene promoted the formation 
of so-called Yedoma, organic- and ice-rich aeolian deposits, which upon thaw release largely radiocarbon-free 
(i.e., “radiocarbon-dead”) OC (Schirrmeister et al., 2013). However, as Yedoma deposits are absent in Greenland, 
another ancient OC pool, that is presumably petrogenic in origin (given the prevalence of sedimentary rocks, 
including black shales, in the eastern part of the study area (Cable et al., 2017)), must exist. Destabilization of 
soils by permafrost thaw as observed along the Grænse stream bank facilitates the erosion of deeper OC stocks 
and may thereby promote export of petrogenic OC. This assumption is also supported by the significant decrease 
in POC% for Grænse, along with the increase in radiocarbon ages during high flow, which suggests dilution with 
OC-poor sediments.

Stable carbon isotope (δ 13C) values for POC were between −33.5 and −22.2‰ and were similar for Zackenberg and 
its tributaries, yet significantly different for Grænse during low flow (Figure 2f). Notably, the most  13C-depleted 
values occurred here, providing further evidence for localized in-stream production (Shakil et  al.,  2020). In 
contrast, after the rain event, δ 13C values were much less variable (between −27.2 and −25.9‰), suggesting 
a large contribution from a single, relatively homogenous OC source (Figure 3b). Stable carbon isotope values 
for deposited river sediments all fell within a relatively narrow range between −25.2 and −24.5‰, whereas 
RTS outflow was more variable with values between −25.3 and −22.0‰ (Figure 3). Deposits in TG were more 
depleted in  13C (−27.8 to −27.2‰) and very similar to topsoil samples (−27.7 to −27.0‰), in agreement with 
commonly found ranges for C3 plants. Subsoil samples ranged between −28.5 and −24.4‰ with an overall trend 
of higher δ 13C values with decreasing Δ 14C values, consistent with a larger extent of microbial processing in 
deeper soil layers (Dijkstra et al., 2006). Alternatively, this pattern could be explained with the deposition (and 
subsequent preservation) of marine OC from when this area of the valley was first inundated upon deglaciation 
or deltaic deposits (Christiansen et al., 2002; Gilbert et al., 2017). This would fit to the relatively high δ 13C and 
low C/N ratios for the sediments, yet as for many POC samples, the very depleted Δ 14C values indicate OC ages 
beyond the suggested timing for the deglaciation of the valley, possibly due to the presence of petrogenic OC 
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(see also Figure 3). The comparison with the carbon isotope characteristics of POC samples from earlier stud-
ies on Greenlandic glacial and periglacial streams (Bhatia et al., 2013; Csank et al., 2019) shows some overlap 
(Figure  3); Zackenberg mainstem POC falls mostly within the range for glacial rivers described earlier as a 
mixture of soil deposits from the early Holocene thermal maximum (Bhatia et al., 2013), yet toward the lower end 
of the range for both Δ 14C and δ 13C values (Figure 3a). POC in our periglacial stream sample set (Grænse stream 
and Zackenberg tributaries), was significantly older than for any of the earlier studies, especially for Grænse after 
the rain event as well as Aucella and the unnamed stream with high TSS and POC concentrations (labeled M in 
Figure 1), where carbon isotopic signatures approach values reported for a petrogenic end member (Figures 3b 
and 3c, Table S2 in Supporting Information S1). However, further analyses are needed to unambiguously identify 
a petrogenic POC source.

4.3. Soil and Suspended Sediment Mineralogy, Density and Size Fractionation: Implications for 
Organo-Mineral Interactions and Reactivity

Density fractions indicated that for subsoils, TG deposits, RTS outflow, and deposited river sediments, the vast 
majority of the OC was associated with minerals (i.e., resided in the high-density fraction, HD): >75% for all but 
downstream sediments from both Grænse stream and Zackenberg river delta, where the low-density (LD) fraction 
contributed 28% and 36% of the OC, respectively (Table S5 in Supporting Information S1). An additional grain 

Figure 3. Carbon isotope characteristics Δ 14C and δ 13C for (a) Zackenberg mainstem particulate organic carbon (POC), (b) Grænse headwater stream complex POC, 
(c) Zackenberg tributary POC, and (d) fractionated soil and sediment samples. For (a–c), open symbols represent bulk soil and sediment samples from this study, while 
boxes denote common end members based on earlier studies: Periglacial and glacial POC values are from Bhatia et al. (2013) and Csank et al. (2019), C3 plants and 
Petrogenic organic carbon (OC) from Hilton et al. (2015) and Arctic Ocean Marine OC from Vonk et al. (2012).
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size separation of the HD fraction resulted in a fine (HDF, <63 μm) fraction and a coarse (HDC, >63 μm) frac-
tion, accounting for 21%–87% and 7%–69% of the OC, respectively. The carbon isotope analyses of the different 
fractions showed contrasting patterns (Figure 3d). While Δ 14C values of the different fractions were generally 
similar to those for the bulk OC (displayed in Figures 3a–3c) with no systematic differences between the fractions 
for subsoil layers, TG and the Zackenberg river sediment, Δ 14C values of the LD fractions in RTS outflow and 
Grænse sediments were unexpectedly more depleted than their respective HD fractions (Table S6 in Supporting 
Information S1). These results oppose the general expectation of higher Δ 14C values (younger age) for LD than 
for the bulk or the corresponding HD fractions caused by a greater contribution of modern plant residues and 
a higher OC turnover in the LD fraction (Poeplau et al., 2018; von Lützow et al., 2007). The low Δ 14C values 
support the contribution of petrogenic OC from OC-rich shales in some of these LD fractions. Alternatively, 
fossil fuel-derived black carbon from atmospheric deposition could be another contributing factor to cause such 
low  14C values (Winiger et al., 2019).

For the suspended sediments, the relatively low POC% (well below 3% for all but Grænse stream during dry 
periods) indicates that “free” plant debris makes up a minor component of the overall POC, similar to subsoil 
samples and deposited river sediments. Diffractograms indicate the presence of quartz, plagioclase, mica (musco-
vite) in all soil and suspended sediment samples (Table S7 in Supporting Information S1). Notably, the soils and 
suspended sediments contain aluminosilicates including kaolinite, vermiculite and illite, secondary clay minerals 
that have previously shown to efficiently bind OC in a marine setting (Blattmann et al., 2019). The availability of 
these minerals throughout the study area implies that there is capacity for mineral associations to stabilize OC, 
protecting it from mineralization to CO2 or CH4. In turn, a potential rapid burial in Young Sound sediment would 
entail that ancient, possibly petrogenic OC is translocated to another long-term reservoir rather than constituting 
a carbon source to the atmosphere. This would be contrary to findings for mountain glaciers in New Zealand, 
where the erosion of sedimentary rocks resulted in enhanced oxidation of petrogenic OC (Horan et al., 2017).

5. Conclusions
Suspended sediments carried by a larger glacial river, the Zackenberg river, were relatively organic-poor and did 
not exhibit much spatial or temporal variation in their OC composition. In contrast, smaller periglacial streams 
in the area were highly variable in sediment and OC concentration and responded rapidly to precipitation events, 
with an accompanying shift in the composition of the exported material. Soils and deposited river sediments 
throughout the study area contained a large proportion of mineral-associated OC. Secondary clay minerals were 
present also in the suspended load, suggesting a high potential for mineral stabilization of exported OC. With 
ongoing Arctic warming, enhancing glacial melt and permafrost thaw, as well as an increase in rain-dominated 
precipitation, glacial and periglacial streams are expected to experience rising water discharge with anticipated 
higher sediment loads as channel stability decreases. Here, we have shown that this may also lead to increased 
mobilization of ancient, potentially petrogenic OC from deeper soil layers in both systems. However, the close 
mineral association of OC with available mineral surfaces in both soils and fluvial sediments may prevent rapid 
decomposition and instead promote efficient reburial in the marine environment, potentially resulting in minor 
feedbacks to climate.

Data Availability Statement
All data used in this article are available in Tables S1–S7 in Supporting Information S1 and via the ETH Zürich 
Research Collection: https://doi.org/10.3929/ethz-b-000575653.
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