
1.  Introduction
The amount of carbon stored in the atmosphere is small in comparison to the amount stored in the terrestrial 
biosphere, rocks, or the ocean (Hedges, 1992; Smith et al., 1993). The atmosphere is therefore sensitive to rela-
tively small perturbations of carbon fluxes within and between these larger reservoirs. Rivers currently transport 
∼450 Tg yr −1 of organic carbon from continents to the ocean, more than half of which is in the particulate form 
(Kirschbaum et al., 2019). Modern particulate organic carbon derived from the biosphere (POCbio) is a long-
term carbon sink when it is buried in continental shelf sediments. Conversely, petrogenic (rock-derived) POC 
(POCpetro) that is oxidized during glacial erosion or export is a source of carbon dioxide (CO2) to the atmosphere 
(Blattmann, 2022; Hedges, 1992; Hilton & West, 2020). The burial of POCbio appears to respond more rapidly to 
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POCpetro was mobilized via glacier melt and subglacial flow, while POCbio was largely flushed from the 
non-glacierized landscape by rain. Flow normalized POCbio concentrations exceeded POCpetro concentrations 
for all streams, but surprisingly were highest in the heavily glacierized watershed (mean: 0.70 mgL −1; range 
0.16–1.41 mgL −1), suggesting that glacier rivers can contribute substantial POCbio to coastal waters. Further, 
the most heavily glacierized watershed had the highest sediment concentration (207 mgL −1; 7–708 mgL −1), 
and thus may facilitate long-term POCbio protection via sediment burial in glacier-dominated fjords. Our results 
suggest that continuing glacial retreat will decrease POC concentrations and increase POCbio:POCpetro exported 
from currently glacierized watersheds. Glacier retreat may thus decrease carbon storage in marine sediments 
and provide a positive feedback mechanism to climate change that is sensitive to future changes in POCpetro 
oxidation.

Plain Language Summary  Particulate organic carbon (POC) in rivers can come from bedrock and 
the biosphere. When POC produced by vegetation and soils gets buried in fjords, it can be stored for hundreds 
of thousands of years. In contrast, when bedrock erodes and rock organic carbon reacts with oxygen, carbon 
previously stored long term can enter the atmosphere as carbon dioxide. Thus, understanding the balance 
between these two sources of POC and their fates can help predict future carbon cycling. Here, we study 
POC in glacial rivers, where bedrock erosion produces rock derived POC and where soil and forests produce 
biospheric POC. We show how much POC comes from each source across the glacial melt season in four rivers 
in Southeast Alaska whose watershed range in percent glacier coverage from 0% to 49%. The watershed with 
the largest glacier coverage produces the most rock-derived POC, providing evidence of the glacial source 
of rock-derived carbon that can occur in Southeast Alaskan fjords. However, the most glacial watershed also 
carries the highest concentration of POC from the biosphere and the most sediment, suggesting that glacier 
rivers play an outsized role in carrying both rock- and plant-derived carbon to fjords where its burial can help 
mitigate climate change.
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warming temperatures and increasing erosion than does the removal of atmospheric CO2 via silicate weathering, 
suggesting that POCbio burial will be the dominant atmospheric carbon sink during modern climate warming 
(Galy et al., 2015; Hilton, 2017). In this context, the source and fate of POC influence the storage and release 
of carbon over both shorter, human-relevant timeframes and geologic timescales (Berner, 1982; Hilton, 2017).

Globally, sediment fluxes from rivers to the ocean have shifted substantially due to anthropogenic impacts on 
sediment sources and transport pathways (Dethier et al., 2022). In the global north, the riverine sediment flux has 
decreased almost 50% in the past 40 years due to damming of rivers (Dethier et al., 2022). Undammed glacial rivers 
are an exception to this trend, with increases in glacial discharge associated with glacier volume loss projected to 
continue leading to higher sediment discharge into pro-glacial rivers in the coming decades (Bogen, 2008; Delaney 
& Adhikari, 2020). Riverine sediment fluxes into environments such as fjord systems that encourage deposition 
are a major pathway for POC burial and sequestration (Cui, Bianchi, Savage, & Smith, 2016; Galy et al., 2015). In 
turn, POC transport to the ocean is highest globally in small mountain rivers with steep terrain (Hilton, 2017; Hilton 
et al., 2008). High-latitude fjords thus have the potential to trap and sequester large amounts of POCpetro released 
from OC-bearing bedrock due to the high erosion rates brought on by glacier flow, especially in regions dominated 
by fast moving glaciers such as Southeast Alaska (Berg et al., 2021; Hallet et al., 1996; Herman et al., 2015; Smith 
et al., 2015). Rapid glacier retreat can temporarily increase export and fjord burial of POCpetro (Berg et al., 2021). 
However, extensive glacial retreat can increase the ratio of riverine POCbio to POCpetro, due to vegetation expansion 
and the lower sediment and water yields from deglaciated landscapes (Buma & Barrett, 2015; Cui, Bianchi, Jaeger, 
& Smith, 2016; Hood et al., 2020; Milner et al., 2017; Walinsky et al., 2009). Steep, glacierized, high-latitude 
watersheds that deposit sediment and POC directly into deep fjords are ideal locations for terrestrial POC transfer 
and sediment deposition which facilitate organic carbon burial (of either petrogenic or biospheric origin). Thus, 
the relative balance of POCpetro and POCbio transported from glacial rivers into fjords and the subsequent role of 
glacial rivers in land-to-ocean transport of OC needs to be further constrained.

This study quantifies the contribution of POCbio and POCpetro to total POC concentrations in rivers draining 
four watersheds in coastal Southeast Alaska that span a glacierization gradient of 0%–49% and empty into the 
Lynn Canal fjord. To evaluate the petrogenic and biospheric contributions to riverine POC loads, we use (a) an 
age-weight percent OC relationship; and (b) an isotopic mixing model with δ 13C and Δ 14C isotopes that allow us 
to partition POC sources and calculate the concentrations of POCbio and POCpetro across the six-month meltwater 
runoff season. We assess how watershed glacierization impacts POCpetro inputs to rivers and quantify the role 
of heavily glacierized watersheds in transporting modern POCbio to coastal waters. These analyses provide new 
insights into how ongoing glacier retreat will impact the composition and fate of riverine POC delivered to fjords.

2.  Methods
2.1.  Watersheds Characteristics

The four study watersheds are adjacent to the Juneau Icefield (JIF) in the Coast Mountains of Southeast Alaska 
(Figure 1). Sampling occurred during the main runoff season (mid-April through October), a period that accounts for 
∼70%–90% of annual discharge from glacierized watersheds in the region (Hood et al., 2020). The JIF is rapidly thin-
ning (Berthier et al., 2018) and is projected to decrease to a third of its current volume by 2100 (Ziemen et al., 2016). 
Three of the study watersheds, Herbert River, Cowee Creek, and Montana Creek, are glacierized and extend from 
sea level to the western edge of the JIF in the Alaska Coast Mountains. The Herbert River watershed (152 km 2) has 
the highest glacier coverage (49%) including a major outflow glacier from the JIF and includes a peatland-dominated 
tributary (Table 1). Small alpine glaciers (<10 km 2) cover 13% of Cowee Creek (Ch'eet' Taayí) watershed (110 km 2), 
while Montana Creek (Kaxdigoowu Héen) watershed (37 km 2) contains semi-permanent snow fields on recently 
deglaciated steep terrain and residual glacier ice (∼2% coverage). The fourth watershed, unglacierized Peterson 
Creek (24 km 2), is a low relief, forested watershed with high wetland coverage that is representative of the coastal 
temperate rainforest landscape in the low elevation reaches of the glacierized watersheds. Herbert, Cowee, and Peter-
son drain directly into the Lynn Canal, the longest (140 km) and deepest fjord in North America, while Montana 
empties into the Mendenhall River less than 3 km from where it drains into the Lynn Canal. All four watersheds have 
anadromous Pacific salmon runs (Oncorhynchus spp.), which occur from July to October (Fellman et al., 2014).

A Cretaceous-Tertiary, erosion-resistant, foliated tonalite sill of the Coast Plutonic complex forms the tall 
peaks within the JIF and dominates the exposed areas of the Herbert, Cowee, and Montana bedrock geology 
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Figure 1.  Map of study watersheds. Icefield and glacier extent is shown by gray hashing, and sampling locations are colored 
circles.

Herbert River Cowee Creek Montana Creek Peterson Creek

Watershed area (km 2) 152 110 37 24

Mean annual discharge (10 7 m 3) 65.3 36.3 8.9 4.5

Mean watershed elevation (m) 860 648 481 309

Mean watershed slope (deg) 18 23 21 12

Mean stream slope (deg) 9 10 11 6

Wetland coverage (%) 5 5 6 34

Glacier coverage (%) 49 13 2 0

Forest coverage (%) 25 57 66 92

Note. Discharge was measured at the sampling site (see Figure 1) for Herbert, Cowee, and Peterson, and measured ∼5 km 
downstream from the Montana sampling location. Alpine, subalpine, and shrub ecosystems including bare rock and scree 
slopes account for the remaining watershed areas not reported by the percent coverage. Forested wetland ecosystems are 
considered as both forest and wetland coverage due to the presence of both sets of characteristics.

Table 1 
Characteristics of the Study Watersheds
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in the upper sections of those catchments where the glaciers occur (Wilson et  al.,  2015). Narrow lenses of 
POCpetro-bearing carbonaceous shale, phyllite, metalimestone, and metabasalt outcrop are minor portions within 
the tonalite-dominated areas of upper Herbert and Cowee, but the unexposed subglacial bedrock lithology can 
only be inferred as mostly tonalite (Wilson et al., 2015). Downstream of the tonalite and glaciers, the Herbert, 
Cowee, and Montana watersheds intersect the Taku accreted terranes that feature Permian-Cretaceous metamor-
phic rocks with sedimentary and volcanic protoliths, including schists, gneiss, quartzite, marble, metaturbidite, 
and metabasalt (Brew & Ford, 1985; Wilson et al., 2015). In Cowee, the Taku metamorphic rocks are more sedi-
mentary in origin, whereas in Herbert, they are largely metavolcanic. Montana Creek includes contributions of 
both rock types. Peterson (along with the lower reaches of the other watersheds) lies on the Jurassic-Cretaceous 
sedimentary Gravina belt, which includes graywacke, slate, conglomerate, and breccia (Connor & O'Haire, 1988; 
Nagorski et  al.,  2021). Peterson also contains deep (often 2  m) peat deposits of up to 10,000  years (Hood 
et al., 2020). All watersheds feature Quaternary alluvial and glaciomarine deposits.

2.2.  Sample Collection

Streamwater was collected weekly in 2019 (n = 28) for the measurement of total suspended sediments (TSS), POC 
concentration, and δ 13C-POC, and monthly (n = 7) for Δ 14C-POC. Samples for POC and sediment were manually 
depth integrated by filling 2-L acid leached polycarbonate bottles across the depth profile from a wadable yet 
well-mixed section of the stream. Rock samples were collected for δ 13C analysis to provide the δ 13C-POCpetro 
endmember. River cobbles large enough to identify bedrock type were collected from the riverbeds of Herbert 
River, Cowee Creek, and Montana Creek and composited into samples representing the three main bedrock units 
underlying each watershed: tonalite, Taku terrane, and Gravina belt. In Peterson Creek, Gravina belt rocks were 
sampled by extracting rock fragments from an outcrop exposed along a bedrock channel section of the stream.

2.3.  Chemical Analyses

Concentrations of TSS were quantified by filtering a known volume of water through a pre-weighed, pre-combusted 
(450°C for >5 hr) Whatman GF/F filter (0.7 μm) in an acid-leached polycarbonate funnel and glass flask vacuum 
suction filter, followed by drying at 40°C, and reweighing sediment mass. Filters underwent carbonate removal 
(triple sulfurous acid addition; Connelly et  al.,  2015) prior to POC and δ 13C-POC measurements. Bedrock 
samples were ashed (6h at 450°C) to remove biospheric carbon and pulverized to >85% passing 75 microns at 
ALS Geochemistry in Fairbanks, Alaska. Pulverized samples were placed in silver capsules (EA Consumables) 
and acidified by fumigation with concentrated hydrochloric acid (8 hr). Analysis of δ 13C-POC occurred at the 
UC Davis Stable Isotope Facility with a Micro (for rock endmembers) or EL (for riverine POC samples) Cube 
elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany) connected to an Elementar VisION 
IRMS. Concentrations of POC (mgL −1) were calculated as the elemental carbon mass divided by the filtered 
water volume. Samples for Δ 14C-POC were filtered onto pre-ashed (6h at 450°C) 47 mm quartz filters (Whatman 
QM-A), acidified with triple sulfurous acid addition, and oxidized to CO2 via offline dry combustion with CuO, 
Cu, and Ag at 850°C in 9 mm quartz tubes at Florida State University. Δ 14C was measured at the National Ocean 
Sciences Atomic Mass Spectrometry (NOSAMS) facility.

2.4.  Age-Weight Percent OC Model Calculations

The carbon mass fraction of POCbio was calculated in the riverine POC samples from all four study watersheds 
following Galy et al. (2008) and Hilton (2017). Briefly,

%OCtotal × 𝐹𝐹𝑚𝑚 = %OCtotal × 𝐹𝐹𝑚𝑚−bio − %OCpetro × 𝐹𝐹𝑚𝑚−bio� (1)

where %OCtotal and %OCpetro are the weight % of the different components of the riverine POC sample, Fm is the 
radiocarbon activity of a sample, and Fm-bio is the radiocarbon activity of the biospheric endmember. This equa-
tion assumes that the combination of POCpetro and POCbio equals total POC and that Fm-petro will equal 0 due to 
petrogenic carbon being older than 50 ka. The model also assumes that Fm-bio is constant across the watersheds. 
Here, we use this assumption to determine the Fm-bio value integrated across the four watersheds and across the 
sampling season as a broadly representative experimentally derived biospheric endmember to compare with the 
petrogenic endmember component. It is beyond the scope of this study to examine how Fm-bio varies in space 
and time, but future work should focus on illuminating such trends through higher resolution sampling than was 
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feasible in this study. This data set from all four watersheds demonstrated a strong linear relationship between 
%OCtotal (x) and %OCtotal × Fm (y; Figure S1 in Supporting Information S1), with the equation's slope representing 
Fm-bio and its intercept expressing %OCpetro × Fm-bio (Galy et al., 2008). The fraction of POCpetro or POCbio in each 
sample (fbio or fpetro, summing to unity) can then be calculated from

𝐹𝐹𝑚𝑚 = 𝑓𝑓bio × 𝐹𝐹m−bio+ 𝑓𝑓petro × 𝐹𝐹m−petro� (2)

with fbio (or fpetro) and POC concentration used to calculate the concentration of streamwater POCbio (or POCpetro) 
in mgL −1 (Galy et al., 2008). Any f calculated as higher than 1.0 or lower than 0.0 was adjusted to those limits. 
Flow normalized mean f values were calculated for the four study watersheds using daily streamflow values for 
each sample date where a value for f was calculated.

2.5.  Dual-Isotope Mixing Model

Relative contributions of POCbio and POCpetro were also calculated using a two tracer mixing model (δ 13C and Δ 14C 
of POC) solved using a Markov Chain Monte Carlo method in the MixSIAR package (Stock & Semmens, 2017) 
in base R (R Core Team, 2019) with each glacierized river sampling treated as a “random” event. MixSIAR esti-
mates source contributions while accounting for uncertainties in source values and residual and process errors 
(Stock et al., 2018). We limited this modeling technique to the glacierized rivers because non-glacial Peterson 
Creek receives inputs of organic matter from large salmon runs (Fellman et al., 2009; Hood et al., 2007) and aged 
peat deposits that can confound the results of the mixing model through their influence on streamwater δ 13C-POC 
and Δ 14C-POC values, respectively. Endmember values from the Juneau area, Glacier Bay, and adjacent northern 
coastal British Columbia for δ 13C-POCbio (−28.9 ± 1.7‰) and Δ 14C-POCbio (39.8 ± 10.5‰) were taken from 
the literature as a representative of vegetation and soil organic matter samples in the study region (Table S1 in 
Supporting Information S1; Asada et al., 2005; Fellman et al., 2015; Hobbie et al., 1999; Malone et al., 2018). 
Endmember values for δ 13C-POCpetro were taken from rock samples collected for this study (−22.36 ± −3.35‰; 
Section 2.3; Section 3.1), while Δ 14C-POCpetro was set at −1,000‰ due to the lack of radiocarbon activity in 
rocks older than 50 ka (Goñi et al., 2005; Hilton, 2017) with a standard deviation set to the error in coal standard 
measurements from NOSAMS. The model was run with endmember means and standard deviations (with n set 
to the number of samples for whichever variable had fewest samples), and without fractionation since source (not 
processing) was assessed. The river was included as a random factor (Stock et al., 2018). The model was consid-
ered converged when all variables had Gelman-Rubin diagnostics <1.05 (Gelman et al., 2014).

3.  Results and Discussion
3.1.  Bedrock Characteristics

The endmember rock samples within the study watersheds had distinct chemical and isotopic signatures that 
allowed us to fingerprint the sources of POC in streamwater. The igneous tonalite samples contained negligi-
ble concentrations of OC (0.02 ± 0.01%OC), while the OC concentrations of the metamorphic Taku terrane 
and Gravina belt samples were more than an order of magnitude higher (0.34 ± 0.18 and 0.38 ± 0.22% OC, 
respectively; Table S2 in Supporting Information S1) and had enriched δ 13C-OC values (−22.03 ± 1.29‰ and 
−22.94 ± 3.43‰, respectively). The carbon-weighted mean δ 13C value for the suite of endmember rock samples 
was −22.36‰ (standard deviation of 3.35‰). A similar study that focused on coastal watershed POC sources 
reported endmembers in rocks with a somewhat narrower range in %OC (0.01%–0.29%; Hilton et al., 2008), 
which can be accounted for by a more homogeneous bedrock source (Mesozoic schists) than occurs in our study 
region, but with a similar mean ± standard deviation δ 13C-OC value (−21.1 ± 1.1‰).

3.2.  Suspended Sediment and POC Characteristics

For the runoff season, flow normalized mean POC concentration was highest in heavily glacierized Herbert River 
(0.93 mgL −1; Table 2) and lowest in lightly glacierized Montana Creek (0.12 mgL −1; Figure S2 in Supporting 
Information S1 shows seasonal trends). Riverine sediment concentrations and carbon isotopic values for other 
constituents generally followed the glacierization gradient, with Herbert having the highest flow normalized 
TSS, most enriched δ 13C-POC, and most depleted Δ 14C-POC values (207 mgL −1, −24.0‰, and −424‰, respec-
tively) and Peterson Creek having the lowest flow normalized TSS, most depleted δ 13C-POC, and most enriched 
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Δ 14C-POC values (3 mgL −1, −27.9‰, and 7‰, respectively). The depletion of δ 13C-POC and enrichment of 
Δ 14C-POC with lower glacier coverage is consistent with the idea that ancient petrogenic carbon gives way to 
modern biospheric carbon as the dominant source of riverine POC shifts with decreasing watershed glacieriza-
tion (Arimitsu et al., 2018; Hood et al., 2020; Walinsky et al., 2009).

3.3.  Riverine POCbio and POCpetro Contributions Assessed From Two Models

Using the age-weight percent OC model (Equations 1 and 2; Figure S1 in Supporting Information S1), forested 
Peterson Creek (Table 1) samples had a flow normalized fbio of 1.00 ± 0.01 (mean ± SE), demonstrating that 
petrogenic POC was not a meaningful source of OC in the watershed. The mean fbio contribution in lightly glacier-
ized Montana and Cowee Creeks were 0.95 ± 0.03 and 0.94 ± 0.03, respectively. Heavily glacierized Herbert 
River samples ranged from 0.81 fbio in April before the melt season to as low as 0.43 fbio during peak melt in 
August with a flow normalized mean of fbio of 0.61 ± 0.05. The flow normalized mean POCbio concentration in 
the Herbert River (0.70 mgL −1) was the highest of all sites despite the range in Herbert's fbio throughout the melt 
season (Table 3). The POCbio concentration in forested Peterson Creek was similar to Herbert (0.66 mgL −1), while 
Montana had the lowest mean flow normalized POCbio concentration (0.09 mgL −1).

Flow normalized mean POCpetro concentrations were 0.01 mgL −1 for lightly glacierized Montana and Cowee and 
0.41 mgL −1 for heavily glacierized Herbert. Concentrations of POCbio exceeded concentrations of POCpetro for 
all rivers and sampling events, except in August during peak glacier melt in Herbert (Figure 2; see Section 3.5). 
Broadly, fpetro increased with the glacier melt season as carbon isotopic values for riverine POC in Herbert moved 
closer to those of the OC-bearing bedrock endmember. An exception to this seasonal pattern occurs in June, 
when a 9 mm rain event preceding the sample date (Figure S3 in Supporting Information S1) likely flushed a 
greater fraction of biospheric POC into the stream from the lower, forested reaches of the catchment such that fpetro 
drops, and POCbio is approximately twice that of POCpetro. Despite the higher POCbio concentrations present, the 
substantial contribution of POCpetro to the streamwater POC pool in glacierized Herbert supports previous studies 
highlighting the potential for rock-derived OC export from glacierized watersheds in Southeast Alaska (Cui, 
Bianchi, Jaeger, & Smith, 2016; Hood et al., 2020). Glacierized fjord sediments in the region have previously 
been shown to have substantially higher OCpetro contributions compared to sediments in unglacierized fjords (Cui, 

Age-weight percent OC relationship Dual-isotopic mixing model Flow normalized POC concentrations and ratios

fpetro fbio fpetro fbio POCbio mgL −1 POCpetro mgL −1 POCpetro:POCbio

Herbert River 0.39 ± 0.05 0.61 ± 0.05 0.42 (0.37–0.47) 0.58 (0.53–0.63) 0.70 (0.16–1.41) 0.41 (0.04–0.80) 0.59

Cowee Creek 0.06 ± 0.03 0.94 ± 0.03 0.13 (0.05–0.20) 0.87 (0.81–0.95) 0.25 (0.11–0.42) 0.01 (0.00–0.03) 0.04

Montana Creek 0.05 ± 0.03 0.95 ± 0.03 0.13 (0.04–0.19) 0.87 (0.81–0.96) 0.09 (0.03–0.25) 0.01 (0.00–0.05) 0.11

Peterson Creek 0.00 ± 0.01 1.00 ± 0.01 n/a n/a 0.66 (0.14–1.32) 0.00 (0.00–0.023) 0.00

Note. The dual-isotopic model results are presented as mean (5%–95% credible intervals) while the age-weight percent OC relationship f results are presented as flow 
normalized mean f values ± standard error of f values and the flow normalized concentrations are presented with ranges of individual sampling events in parentheses. 
No ranges are available for flow normalized POCpetro:POCbio since that is the single ratio of two flow normalized values.

Table 3 
Estimates of fpetro and fbio From the Dual-Isotopic Mixing Model and the Age-Weight Percent OC Relationships for Each Watershed, Along With the Concentrations of 
POCbio and POCpetro Calculated From the Age-Weight Percent OC Relationships

POC mgL −1 TSS mgL −1 %OC TSS:POC δ 13C-POC‰ Δ 14C-POC‰

Herbert River 0.93 (0.23–2.3) 207 (7–708) 0.6 (0.3–4.6) 223 (22–370) −24.0 (−29.8–22.5) −424 (−594–239)

Cowee Creek 0.29 (0.11–1.65) 12 (1–112) 3.9 (0.6–19.5) 42 (5–167) −27.6 (−28.8–26.3) −103 (−256–9)

Montana Creek 0.12 (0.01–0.35) 14 (0–106) 6.7 (0.01–67.1) 589 a (1–10579) −27.5 (−30.1–25.6) −94 (−230–2)

Peterson Creek 0.57 (0.14–1.32) 3 (0–8) 25.9 (5.0–84.9) 4 (1–20) −27.9 (−31.6–26.3) 7 (−97–15)

 a235 with the removal of a major outlier during a high flow sediment mobilization event in October.

Table 2 
Flow Normalized Constituent Concentrations and Values for the Study Season, With Ranges of Individual Sampling Events in Parentheses When Present
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Bianchi, Jaeger, & Smith, 2016), and here we provide empirical evidence for land-to-ocean export of petrogenic 
OC from glacierized watersheds.

It is worth noting that ancient biospheric organic matter overridden by past glacial advances and stored beneath 
the glacier occurs throughout Southeast Alaska (Barclay et al., 2009), and overrun trees have been noted in 
Herbert (Motyka & Beget,  1996). If ancient overridden biospheric carbon did contribute to POC sources, 
it could reduce the modeled quantities of both POCpetro and POCbio. However, most of the remaining glacier 
extent in our study watersheds is in high elevation areas that were unlikely subject to Holocene glacier fluctu-
ations that allowed forest development and subsequent overrunning. Furthermore, the low carbon-normalized 
lignin yields in glacierized rivers in the region (Fellman et al., 2010) suggest that ancient overridden forests 
do not meaningfully contribute to riverine OC in our study watersheds. We therefore assume two endmembers 
(biospheric and petrogenic), and the values we present here should be considered the upper limits of possible 
contributions.

The proportions of biospheric and petrogenic POC derived from the dual-isotope mixing model were relatively 
similar to those for the age-weighted model. The fbio and credible intervals were nearly identical for Montana and 
Cowee, but were lower for Herbert (0.58, 0.53–0.63; Table 3). The Montana and Cowee samples grouped in the 
enriched Δ 14C and more depleted δ 13C region of the isotopic space, overlapping substantially with the vegeta-
tion endmember δ 13C values (Figure 3). In contrast, Herbert samples grouped closer to the depleted Δ 14C and 
enriched δ 13C region of the isotopic space and spread between the vegetation and petrogenic endmembers. For all 
three glacier rivers, the means and standard errors of fbio and fpetro from the age-weight percent model overlapped 
with the range of the mean and 5%–95% credible intervals for the dual-isotope mixing model. These similar 
results from the two independent models lend confidence to our results and demonstrate the utility of using either 
approach for quantifying riverine POC source contributions.

Figure 2.  Runoff season POCbio (green) and POCpetro (black) concentrations calculated from the age-weight percent OC 
relationship and measured total particulate organic carbon (small orange squares) versus mean daily discharge in cubic meters 
per second (cms) for (a) Herbert River, (b) Cowee Creek, (c) Montana Creek, and (d) Peterson Creek.
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Despite their overall similarity, the dual-isotope mixing model consistently 
estimated a higher contribution of fpetro compared to the age-weight percent 
model. By using MixSIAR to estimate source contributions, the mixing model 
incorporates source errors, but a single mean value for the runoff season 
is calculated, eliminating the possibility of calculating flow-normalized 
mean values for each sample date. This difference in method may account 
for the greater attribution of fpetro in the dual-isotope model compared to 
the age-weight percent model. For example, the higher flow events during 
June and September in Cowee (Figure 2) that appear to have mobilized more 
POCbio are not accounted for in the straight average while being incorporated 
into the age-weight percent model's flow-normalized mean values. Since 
model errors overlapped and were most similar for the heavily glacierized 
Herbert, which carried the highest concentrations of POC, we discuss POCbio 
and POCpetro calculated from the flow-normalized age-weight model for the 
remainder of the paper so we can incorporate discharge data.

Across the three glacierized rivers, mean daily flow was positively correlated 
with concentrations of both POCbio and POCpetro (Figure 4a). Mean daily flow 
was also negatively correlated with fbio and positively correlated with fpetro 
and POCpetro:POCbio (Figures 4b and 4c). Bulk POC concentrations for all 
sampling dates in glacierized watersheds also showed a positive relationship 
with discharge (adjusted R 2: 0.35; p < 0.001; Figure S4a in Supporting Infor-
mation S1) and TSS (adjusted R 2: 0.72; p < 0.001; Figure S4b in Supporting 
Information  S1), while discharge and TSS were also positively correlated 
(adjusted R 2: 0.40; p  <  0.001; Figure S4c in Supporting Information S1). 
Concurrent increases in discharge and POC concentrations imply increased 

mobilization of POC during high flow conditions, which supports previous work linking yields of POC and 
water in these glacierized watersheds (Hood et al., 2020). Globally, yields of POCbio and POCpetro are correlated 
with both runoff and suspended sediment yields across a wide variety of watershed types (Galy et al., 2015; 
Hilton, 2017), matching the general trends seen here. Large rain events mobilize terrestrial material into streams 
through overland flow as well as through increased soil erosion, which mobilizes POCbio from soil surface layers 
into streams. Similarly, seasonal and episodic increases in glacial runoff can mobilize subglacial sediments 
produced by glacial erosion and transport POCpetro to rivers.

Figure 4.  (a) POCbio (green) and POCpetro (black) concentrations vs. mean daily discharge for all glacierized rivers combined. (b) fbio (green) and fpetro (black) and (c) 
POCpetro:POCbio for each glacierized river sample versus mean daily discharge. Regression lines for each data type shown in green (biospheric) or black (petrogenic, 
ratio) with adjusted R 2 and p values shown adjacent to each line.

Figure 3.  Values of particulate organic carbon in Δ 14C versus δ 13C space. 
Endmember values are shown with black dots and bars representing 
the mean and standard deviation of each compilation of petrogenic and 
biospheric sources (plants and soil organic matter; see Section 2.5; Table S1 
in Supporting Information S1). Peterson samples are included as grayed out 
circles for comparison. Sample dot sizes are scaled by (log (discharge) + 4)/2 
to visually represent the four orders of magnitude of the river discharge data 
cover.
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Rivers dominated by glacier runoff can have high sediment and POC yields, which are modulated by bedrock type 
and exposure to glacier erosion (e.g., Bhatia et al., 2013; Hood et al., 2020). Across the study watersheds, the ratios 
of flow normalized mean POCpetro and POCbio concentrations for each site provide insight into how POC sources 
shift with changes in watershed glacierization. Heavily glacierized Herbert had a POCpetro:POCbio of 0.59 (Table 3), 
showing that just over a third of riverine POC transported was petrogenic in origin (with flow normalized POCpetro 
and POCbio concentrations of 0.41 and 0.70 mgL −1, respectively; Table 3). Montana and Cowee each had substan-
tially smaller ratios (0.11 and 0.04, respectively), reflecting a predominance of biospheric POC in these watersheds. 
Few studies incorporate daily flow measurements with POCpetro and POCbio concentrations (except see Hilton, 2017), 
limiting the comparability of flow normalized mean POCpetro to POCbio ratios with other environments. The POCpetro 
to POCbio ratios of substantially forested Cowee and Montana (Table 1) are similar to those of temperate, heavily 
forested watersheds (Hilton, 2017). In contrast, Herbert's ratio falls closest to that of the landslide-prone mountain-
ous Eel River in northern California (0.8), which cuts through tectonically active, OC-bearing bedrock. Herbert has 
a lower flow normalized POCpetro:POCbio than steep, subtropical rivers with warmer temperatures and high precipi-
tation that have high rates of watershed erosion (Hilton, 2017). However, Herbert's mean annual runoff (4.2 myr −1; 
Hood et al., 2020) is nearly double the reported mean annual runoff of all POCpetro bearing rivers in the study that 
had reported POCpetro:POCbio (Hilton, 2017), demonstrating that the combination of high erosion rates and elevated 
runoff that characterize glacierized watersheds can facilitate substantial lateral export of POCpetro.

3.4.  Valley Glaciers and POCpetro Export

Valley glaciers appear to play a prominent role in bedrock erosion and POCpetro transport to downstream and fjord 
sediments. Here, the heavily glacierized Herbert River watershed contains a major valley-bottom outlet glacier 
from the Juneau Icefield and has substantially higher flow-normalized fpetro, TSS, POCpetro concentrations, and 
POCpetro:POCbio ratios than the Montana and Cowee Creek watersheds with their low glacial coverage (Tables 2 
and 3). Glacial erosion rates generally increase with ice sliding speed and with ice flux (Hallet et  al.,  1996; 
Herman et al., 2015; Koppes et al., 2015), such that the greater velocity and erosive area of the larger Herbert 
Glacier produce far more rock-derived sediment and POCpetro than do the slower velocities and limited erosive 
areas of the smaller, hanging alpine glaciers present in the other watersheds. The finding that Herbert River has a 
substantially higher POCpetro content compared to Montana and Cowee Creeks suggests that the transition from a 
larger, highly erosive valley glacier to higher elevation hanging glaciers (rather than simply the presence of ice in 
a watershed) is an important control on the generation and export of POCpetro (Hood et al., 2020).

The modest relationship between fpetro and discharge in the glacierized watersheds reflects the relationship between 
water and sediment export from glaciers (Figure  4b). In un-glacierized watersheds, fluvial hillslope erosion 
connects POC mobilization directly with water export; however, the processes of water movement and sediment 
generation are largely decoupled in glacierized watersheds. Glaciers melt primarily from the surface, which 
drives meltwater discharge at the glacier terminus, but sediment and POCpetro generation occurs mainly through 
subglacial erosion, which is driven by ice dynamics (Hodson et al., 2008). Thus, while glacier melt is important as 
a transport vector for POCpetro, it is not directly involved in producing the sediment it entrains. Glacier meltwater 
is routed through en- and sub-glacial drainage networks that connect the surface and bed of the glacier. These 
networks evolve seasonally, from a more distributed system early in the melt season to a more channelized system 
later in the season, which increases the efficiency of sediment/POCpetro removal from previously disconnected 
regions of the subglacial surface (Chandler et al., 2013; Kohler et al., 2017; Swift et al., 2005).

Bedrock composition can also play a role in decoupling glacier discharge and fpetro. In particular, the heterogeneity 
of OC-bearing bedrock within the area of the catchment subject to glacial erosion is an important control on the 
generation of POCpetro. Sub-glacial bedrock erosion is far more powerful than riverine bedrock erosion down-
stream (Herman et al., 2015). As a result, the locations of the highest glacial erosion rates, and whether those 
locations contain OC-bearing bedrock outcrops, ultimately dictate how much POCpetro is available for fluvial 
export. As glaciers continue to retreat over heterogeneous bedrock, POCpetro contributions to glacier rivers will 
shift accordingly.

3.5.  Transport and Burial of POCbio by Glacial Rivers

The high concentrations of POCbio reported here in the heavily glacierized Herbert River (which exceeded POCpetro 
concentrations except in August during maximum glacier melt; Figure 2) highlight the importance of glacier 
watersheds for exporting and potentially contributing to the burial of POCbio in the coastal ocean. It is possible 



Global Biogeochemical Cycles

BEHNKE ET AL.

10.1029/2023GB007721

10 of 15

that rain events, which are common in maritime environments, may be an important driver of POCbio export 
from glacier watersheds. In particular, the two highest POCbio concentrations we documented in the Hebert River 
(Figure 2a) occurred coincident with the highest TSS concentrations during 9 and 24 mm rain events in June and 
September, respectively (Figure S3 in Supporting Information S1). These storms likely mobilized a combination 
of rock-derived sediments that were eroded by the glacier and washed out by the rain, and, separately, soil organic 
matter from the unglacierized portion of the catchment, including from non-glacial tributary streams that drain 
wetlands and forested hillslopes. Thus, rain events can increase both TSS and POCbio. Recently deglaciated 
terrain that is actively revegetating and developing soil may be another source of the higher POCbio concentrations 
in Herbert and may be more susceptible to POCbio mobilization during rain events than more mature forests, as 
has been seen with increased POC export due to forest disturbance (Webster et al., 1990). Thus, storm events 
on top of underlying glacial melt with a high baseline TSS load may produce a hot moment for the burial of 
POCbio in downstream fjords. Mineral association of POC in rivers or estuaries (Hemingway et al., 2019) and 
deposition with large number of sediments can substantially slow the mineralization of POC particularly under 
anoxic conditions (Peter et al., 2016; Repasch et al., 2021; Richardson et al., 2013). Long-term sedimentation of 
OC in coastal environments is a critical pathway of carbon sequestration over geologic timescales (Berner, 1982; 
Hilton, 2017). Glacier-containing fjords in northern Southeast Alaska have high sedimentation rates, with upper 
Lynn Canal experiencing a mass accumulation rate of 0.58 ± 0.15 g cm −2 yr −1 and other glacierized fjords reach-
ing 33.5 ± 18 g cm −2 yr −1 (Walinsky et al., 2009). In contrast, fjords in the southern portion of Southeast Alaska 
with little or no glacial input had lower mass accumulation rates (0.06–0.19 g cm −2 yr −1) (Walinsky et al., 2009). 
High rates support the possibility of rapid POCbio burial in fjords downstream of glacierized catchments.

Riverine POC transport is not a passive process because a fraction can drive microbial production during riverine 
transport or in the estuary, which limits burial in downstream depocenters (e.g., Attermeyer et al., 2018; Casper 
et al., 2015). However, coastal watersheds in Southeast Alaska are characterized by short flow networks, cool 
temperatures, and rapid transit times, all of which limit POC mineralization during transport to estuaries. In this 
context, large rainfall events during the glacial melt season could provide high burial potential for both POCbio 
and POCpetro by rapid relocation to coastal sediments and protection by the same mechanism. It is beyond the 
scope of this study to examine the rates of POCbio and POCpetro mineralization during transport and deposition in 
coastal waters, but such measurements would be necessary to better understand how glacial recession will impact 
the fate of POC in coastal waters.

Since both TSS and POCbio concentrations are highest in heavily glacierized Herbert, and POCbio concentration 
does not appear to increase with a decrease in glacier coverage, POCbio burial may decrease with future glacier 
shrinkage during the primary runoff season. This supports previous research across a similar gradient in glacier 
coverage (0%–48%) that suggested the impact of glacier-derived sediment on POCbio burial should peak at inter-
mediate catchment glacierization since sediment production and export decrease with lower glacier coverage but 
the production of POCbio increases as soil carbon stocks develop following glacier loss (Hood et al., 2020). Since 
glacial loss decreases summertime runoff over the long term (O'Neel et al., 2015; Young et al., 2021), future 
glacier shrinkage in the coastal mountain watersheds that ring the Gulf of Alaska may eventually lower POCbio 
concentration and export (a function of concentration and discharge) to coastal waters during the main glacial 
runoff season.

3.6.  POCbio Burial Versus POCpetro Oxidation

The understanding of erosion as a global thermostat, by way of silicate weathering, carbonate precipitation, and 
POC burial that act as carbon sinks on geologic timescales (Berner, 1982; Galy et al., 2015), has been compli-
cated by the realization that substantial petrogenic OC release as CO2 can occur during mountain glaciation, 
weathering, and erosion (Blattmann, 2022; Horan et al., 2017). In mountainous watersheds in New Zealand, for 
example, enhanced oxidation rates of OCpetro during weathering were observed in a watershed with 58% glacier 
coverage compared with a watershed with 10% glacier coverage, suggesting that glacier recession could result in 
a net increase in carbon storage in fjords, although this effect is likely dependent on the bedrock lithology and OC 
content (Horan et al., 2017). In contrast to that, our findings suggest that high sediment production derived from 
low OC-bearing rocks and export by valley glaciers enables greater POCbio transport and therefore a potential for 
greater burial and mineral protection in offshore sediments than would be present without glacial inputs. Future 
work on OCpetro oxidation rates in our study watersheds could elucidate CO2 release due to glaciation and help 
quantify the net watershed-scale carbon budget.
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3.7.  Impact of Glacial Retreat on Other Pathways of POC Generation

Glacier retreat decreases physical erosion, water yields, and riverine sediment transport, all of which play a role in 
POC production and export. However, diminished glacier coverage may stimulate catchment POC production via 
alternative mechanisms including landslide generation (Dai et al., 2020) and a relative increase in the proportion 
of streamwater POC derived from lowland peat deposits. In particular, the loss of structural support provided by 
glacial ice (i.e., debuttressing) as well as from permafrost degradation can lead to an increase in the landslide 
activity within actively deglaciating, oversteepened valleys, as has been observed in Alaska (Dai et al., 2020), 
the European Alps (Kos et al., 2016), and Asian Himalayas (Liu et al., 2021). Landslides are common in glacier-
ized and forested catchments in the coastal mountains ringing the Gulf of Alaska (Dai et  al.,  2020; Guthrie 
et al., 2010; Vascik et al., 2021). In this study, the influence of landslide activity on watershed POC export is most 
evident in the lightly glacierized Montana Creek catchment, which contains several recent landslides in the upper 
reaches of the catchment (Figure S5 in Supporting Information S1). Landslides play a major role in controlling 
the relationship between sediment and POC concentration (Hilton et al., 2008). This may explain the extremely 
high mean flow normalized ratio of TSS to POC concentration (TSS:POC) in Montana of 589 (Table 2). For the 
other watersheds, the mean flow normalized TSS:POC followed increasing glacierization (Peterson: 4; Cowee: 
42; and Herbert: 223; Table 2), aligning with previous research showing that catchment sediment:POC increases 
from greater biospheric POC contribution toward greater rock-derived POC contribution (Hilton, 2017; Hood 
et  al., 2020). The elevated flow normalized TSS:POC in Montana (589) was strongly influenced by a single 
datapoint from an early October storm where Montana discharge and TSS were high (105.8 mgL −1) and POC 
was low (0.01 mgL −1). This could have coincided with a landslide sediment mobilization event. Excluding this 
outlier event, the flow normalized TSS:POC (235) still exceeded that for the other three study watersheds. In 
this context, landslides have the potential to increase their relative control over POC and sediment mobilization 
within steep glacierized watersheds due to an increase in frequency combined with a decrease in glacier erosion 
as catchment ice disappears (Dai et al., 2020; Hallet et al., 1996).

With reduced glacial melt contribution to streamflow, discharge from peatland-dominated tributaries will increase 
in importance, allowing for the signal of ancient peat degradation to increase where wetlands are present. Radi-
ocarbon dates for ∼1 m deep peatland samples near the study watersheds show ages from ∼1,300 to 2600 years 
old, while deeper peat samples have reached >10,000 years old in watersheds with extensive peat deposits (Payne 
& Blackford, 2008). In this study, moderately aged POC values (up to ∼800 years old) in Peterson suggest inputs 
from old peat in substantial wetlands in the watersheds (Table 1). Warm and dry conditions can lower soil water 
tables, leading to increased OC decomposition and release of peatland organic carbon as partial decomposition 
products (Fenner & Freeman,  2011; Wilson et  al.,  2016). The 2019 study period was warm and dry for the 
Juneau area, with April-October all receiving below average precipitation and May-August being above average 
temperature based on weather station observations (Table S3 in Supporting Information S1; NOAA, 2019). The 
Δ 14C-POC values for Peterson reached −97.4‰ (∼750 years old) and multiple samples had Δ 14C-POC values 
below −60‰ (or >400 years old) during low flow, drier periods, while modern Δ 14C-POC values occurred 
during high flow events mobilizing fresh plant material. Future regional warming may exacerbate the decompo-
sition of deep peat and the contribution of old peatland carbon to riverine POC loads in forested watersheds like 
Peterson as well as the lower, forested reaches of larger glacierized watersheds like Herbert and Cowee.

3.8.  Global Glacial Retreat and Riverine POC Dynamics

Globally, mountain glaciers are predicted to lose 26%–41% of their 2006 volume by 2100, with a concomitant 
∼20% decrease in glacial runoff (Bliss et al., 2014; Radić et al., 2014; Rounce et al., 2023). A similar decrease in 
POCpetro export from deglacierized watersheds around the world therefore appears probable through two mecha-
nisms. The ongoing shift to smaller, slower moving alpine glaciers will likely lower bedrock erosion rates (Hallet 
et al., 1996; Koppes et al., 2015), decreasing the production of sediment and POCpetro, thereby lowering riverine 
POCpetro concentrations. At the same time, decreased glacier runoff and a switch from a glacial melt dominated 
annual hydrograph to one dominated mainly by snow or rain inputs (Bliss et al., 2014; Giesbrecht et al., 2022) 
will decrease catchment water yields and the overall riverine flux of POCpetro, particularly during midsummer 
when glacier melt and erosion peak.

If the patterns in POCbio concentration and POCpetro:POCbio ratios observed across our glacierized watersheds 
are broadly reflective of the shifts in POC provenance that can be expected as glaciers recede, future decreases 
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in glacial runoff (Bliss et  al.,  2014) may lead to lower average riverine POCpetro:POCbio ratios and a greater 
fraction of POC exported as POCbio from currently glacierized regions (e.g., the Gulf of Alaska, Patagonia, 
the Himalaya, Scandinavia, the Alps, and the high Arctic; Armstrong et al., 2005). This would mean a higher 
percentage of recently fixed carbon present in the bulk POC pool that is exported to coastal environments around 
the world. However, with lower summer discharge from glacier loss, lower overall fluxes of POCbio may be 
transported out of deglacierizing watersheds. High sediment yields are common in glacierized watersheds (Hallet 
et al., 1996) and decrease the oxidation of POC in the water column and in the sediments through higher POC 
burial (Canfield,  1994; Galy et  al.,  2015). Glacier loss is accompanied by decreasing suspended sediments, 
whose absence may thus shrink the ability of proglacial fjords to store and protect POCbio, particularly in glacier-
ized regions like Patagonia where decreasing annual precipitation and increasing extreme drought events have 
been predicted (Aguayo et al., 2019). Alternatively, in regions such as the Hindu Kush Himalaya and Southeast 
Alaska where high-intensity precipitation events are forecast to increase (Lader et al., 2022; Sabin et al., 2020), 
event-based suspended sediment export or landslide events and concomitant sediment mobilization may become 
greater as well (Guthrie et al., 2010). This could increase sediment availability for exported POCbio protection 
in downstream fjords (e.g., Glacier Bay; Walinsky et al., 2009) or deltas (e.g., the Bengal fan; Galy et al., 2007).

The shifting ratios of POCpetro and POCbio in deglacierizing rivers may also impact in-stream POC degradation. 
Kerogen dominates POCpetro and has long been viewed as recalcitrant due to its stable molecular structure and 
mineral-associated physical protection (Guillemette et  al.,  2017). The mineral associations seen with ancient 
POC of likely petrogenic origin in watersheds undergoing glacial retreat imply a high likelihood of protection 
against microbial consumption (Bröder et al., 2022), though recently OCpetro has been shown to fuel some micro-
bial production both in soils and fjord sediments (Hemingway et  al., 2018; Ruben et  al.,  2023). Its utility to 
in-stream production remains unclear and is likely relatively small given the substantial amounts of POCpetro 
that make it into coastal sediments (Cui, Bianchi, Jaeger, & Smith, 2016). In contrast, contemporary POCbio can 
undergo active degradation in the water column, including after entry into the ocean (Attermeyer et al., 2018; 
Vonk et al., 2014), though in general autochthonous POC such as algae or biofilms are more bioavailable to 
higher trophic levels than terrestrially derived POC (Brett et al., 2017; Guo et al., 2016). It appears possible that 
with glacier retreat, a higher fraction of exported POC could fuel food webs and increase in-stream POC degrada-
tion, though the overall flux of bioavailable POC could decrease during the summer melt season with diminished 
discharge. It is therefore not clear how modern biospheric POC flux and consequent burial or food web incorpo-
ration will shift global riverine carbon balances with continued watershed deglacierization.

Data Availability Statement
All data used in this study are freely available on the Open Science Framework M. I. Behnke (2023) (https://osf.
io/x4b27/; https://doi.org/10.17605/OSF.IO/X4B27).
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