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Abstract The Mackenzie River Basin (MRB) delivers large quantities of organic carbon (OC) into the
Arctic Ocean, with significant implications for the global C budgets and ocean biogeochemistry. The
amount and properties of OC in the Mackenzie River's delta have been well monitored in the last decade,
but the spatial variability in OC sources transported by its different tributaries is still unclear. Here we
present new data on the radiocarbon (14C) content of dissolved and particulate OC (Δ14C‐DOC and
Δ14C‐POC) across the mainstem and major tributaries of the MRB, comprising 19 different locations,
to identify factors controlling spatial patterns in riverine OC sources. The Δ14C‐DOC and Δ14C‐POC
varied across a large range, from −179.9‰ to 62.9‰, and −728.8‰ to −9.0‰, respectively. Our data
reveal a positive spatial coupling between the Δ14C of DOC and POC across the MRB, whereby the most
14C‐depleted waters were issued from the mountainous west bank of the MRB. This 14C‐depleted DOC
and POC likely originates from a combination of petrogenic sources, connected with the presence of
kerogens in the bedrock, and biogenic sources, mobilized by thawing permafrost. Our analysis also
reveals intriguing relationships between Δ14C of DOC and POC with turbidity, water stable isotope ratio
and catchment elevation, indicating that hydrology and geomorphology are key to understanding riverine
OC sources in this landscape. A closer examination of the specific mechanisms giving rise to these
relationships is recommended. For now, this study provides a road map of the key OC sources in this
rapidly changing river basin.

1. Introduction

The Mackenzie River Basin (MRB) is the fourth largest source of freshwater to the Arctic Ocean. Its waters
carry large quantities of organic carbon (OC), in both particulate (POC) and dissolved (DOC) forms, which
has considerable implications for global C budgets and ocean biogeochemistry (Stein & Macdonald, 2004).
The largest share of the MRB, which lies north of 50°N, has so far been only weakly affected by human
activities or infrastructure development (e.g., agriculture, mines, and dams). However, the region is now
experiencing one of the fastest rate of warming across the globe, with the Mackenzie River delta having
warmed by ~3°C (>4.5°C in winter) since the midtwentieth century (Bush & Flato, 2019). This warming is
now profoundly transforming the landscape and hydrology of the MRB through accelerated thawing of per-
mafrost, thermokarst development, riverbank slumping, greater forest fire activity and a northward migra-
tion of the tree line (Burn & Kokelj, 2009; Guay et al., 2014; St. Jacques & Sauchyn, 2009). Such
environmental changes have increased the riverine DOC export from the MRB by ~39% over the past half
century (Tank et al., 2016). Monitoring conducted near the mouth of the Mackenzie River since 2003 by
the Arctic Great Rivers Observatory (ArcticGRO; Holmes et al., 2020) has documented interannual and sea-
sonal variations in OC export from the MRB (Goñi et al., 2005; Guo et al., 2007; Raymond et al., 2007).
However, the sources of OCmobilized by its different tributaries, together with their spatial controls, remain
to be fully resolved.

The radiocarbon content (Δ14C) can provide information about the sources of OC transported in rivers. This
can be particularly useful in landscapes like the MRB, where riverine OC may originate from a mixture of
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sources that spans a large range in age. These sources comprises ancient OC, present both in the bedrock
(petrogenic C; e.g., from coal or shales) and in soils and surficial sediments (biogenic C; e.g., in
permafrost and peatlands), and also young OC, derived from terrestrial and aquatic primary production.
Warming in the MRB can potentially alter riverine OC sources through an increased export of ancient
OC, associated with rapidly growing retrogressive thaw slumps (Lacelle et al., 2015; Lantz & Kokelj, 2008;
Littlefair et al., 2017) and deepening of the active layer in ice‐rich permafrost areas (Abbott et al., 2016;
Aiken et al., 2014; Feng et al., 2013) or increase the export of younger‐OC, resulting from enhanced
terrestrial and aquatic primary production (Finstad et al., 2016; Qian et al., 2010).

TheΔ14C analysis of riverine OC, carried out on samples collected from the mouth of the Arctic Great Rivers
(Holmes et al., 2020) has revealed that the MRB exports on average the oldest POC (i.e., 14C depleted) to the
Arctic Ocean out of all Arctic Great Rivers, but also a mixture of aged and modern DOC (Holmes et al., 2020;
Raymond et al., 2007). The prevailing hypothesis explaining these age patterns is that POC is mostly derived
from petrogenic sources (Hilton et al., 2015; Horan et al., 2019) and thawing permafrost and river bank
erosion (Feng et al., 2013; Vonk et al., 2015; Wild et al., 2019), while DOC contains a comparatively larger
proportionof recent photosynthates derived from terrestrial vegetation (Guo et al., 2007;Marwick et al., 2015).
At present, the range and variability in riverineΔ14C‐OC is unknown in large parts of theMRB, partly owing
to the remoteness of the region and the limited network of roads allowing access to the rivers. This limits our
understanding of the processes regulating OC export in this river catchment and how thesemay evolve under
rapidly changing hydro‐climatic conditions in the region.

In order to better define the sources of riverine OC and their controls across theMRB, we conducted a synop-
tic survey of the Δ14C of riverine DOC and POC in 14 of its different tributaries and five different locations
along the Mackenzie River itself. In addition, we also determined the stable isotope ratio of river water
(δ18O), as well as a suite of water chemistry variables (including pH, conductivity, turbidity, nitrogen, and
major cations) at these same locations. We further compiled geospatial data to identify properties of
different sub‐basins that could explain the spatial patterns in riverine Δ14C‐OC seen in our samples.

2. Materials and Methods
2.1. The Mackenzie River Basin

TheMRB is the largest river basin in Canada. Its watershed covers an area of 1.7 × 106 km2, stretching across
three distinct geological regions; (from west to east) the Cordillera (24%), the Interior Platform (53%), and
the Canadian Shield (23%) (Figure 1). The Cordillera, comprising the Rocky Mountains, is characterized
by high elevation (mean 1,187 m.a.s.l), steep topographic gradients (mean slope 11.1°) and thin surficial

Figure 1. Maps of the Mackenzie River Basin (MRB) (a) the area of each geological regions (Cordillera [blue], Interior
Platform [orange], and Canadian Shield [green]), with elevation displayed as background shading. The symbols
indicate the river sampling location for tributaries (triangles color coded by region as in legend) and along the mainstem
of the Mackenzie River (gray circles). Tributaries have their upstream catchment area delineated with black lines
and overlaying their abbreviated names. The maps in (b) and (c) illustrates the Δ14C‐POC and Δ14C‐DOC data,
respectively. The catchment area upstream of each river sampling location was shaded according to the Δ14C. Darker
shades indicate older OC (i.e.,Δ14C‐depleted) and lighter shades indicate younger OC (i.e.,Δ14C enriched). White circles
indicate the water sampling location. Major lakes and rivers are illustrated in blue on all maps to serve as reference.
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deposits (mean depth 3 m) (Figure 1 and Table S1 in the supporting information). The Interior Platform has
a mean elevation of 459 m.a.s.l, a flat topography (mean slope 1.4°), and is often covered with thick surficial
deposits (mean depth 28 m) (Figure 1 and Table S1). The Canadian shield is also characterized by low eleva-
tions (mean 355 m.a.s.l.) and a similarly flat topography (mean slope 1.4°) but has much thinner surficial
deposits (mean depth 10 m) than the Interior Platform (Figure 1 and Table S1).

Most of the MRB lies southward of the tree line. Coniferous forest makes up the majority of the land cover,
although there are occurrences of mixed and deciduous forest in the southern part of the Interior Platform.
Lakes are most abundant in the Canadian Shield (27%), while wetlands are equally distributed between the
Canadian Shield and Interior Platform (3% each; Table S1; Latifovic et al., 2017). The Cordillera contains a
few occurrences of glaciers (1%), mostly in the headwaters of the South Nahanni River (Table S1 and
Figure S1a; Latifovic et al., 2017). Urbanization and agriculture are mostly confined to the southern part
of the Interior Platform (Peace and Athabasca sub‐basins), together comprising 2% of the MRB (Table S2;
Latifovic et al., 2017). Flow in the Peace River is regulated by hydroelectric dams, including the W. A. C.
Bennett Dam and the Peace Canyon Dam. There are three large lakes in the MRB, from south to north:
Lake Athabasca, Great Slave Lake, and Great Bear Lake (Figure 1). The Mackenzie River proper begins at
the outlet of Great Slave Lake and terminates in a broad delta on the shores of the Beaufort Sea.

All three geological regions within the MRB comprise sedimentary or metasedimentary rocks, some of
which are a source of ancient petrogenic OC, such as kerogens (Figure S1a and Table S1). The largest poten-
tial source‐areas for theMackenzie River are shale and coal deposits of Devonian to Carboniferous age in the
central Mackenzie River valley and in the Liard Basin (Interior Platform and Cordilleran foreland; Cameron
& Beaton, 2000). Coal deposits of Cretaceous age in the Peace River sub‐basin also contribute petrogenic OC
in the southernmost part of the MRB (Jautzy et al., 2015). The Canadian Shield contains large areas of gran-
itoids and gneiss containing no ancient OC, which is interspersed with Archean to Precambrian metasedi-
mentary rocks (Table S1). Glacial sediments make up the majority of the surface materials across the
MRB, but the Cordillera and Canadian Shield also contain vast areas of exposed bedrock (Table S1;
Fulton, 2014; Pelletier et al., 2016). Soil OC accumulation in the MRB has been ongoing since Late
Pleistocene deglaciation, with peatland initiation reaching its peak between 8 and 7 ka BP, and permafrost
aggradation occurring in the mid‐ to late Holocene, between ~6 and 1 ka BP (Gorham et al., 2007; Treat &
Jones, 2018). Peat‐rich soils, with an OC content >50%, comprise 18% of the Interior Platform, compared
with 0.01 and 0.07% of the Canadian Shield and Cordillera respectively (Figure S1b; Xu et al., 2018).
Continuous and discontinuous permafrost occurs mostly along the northeastern part of MRB, comprising
50% of the total catchment area (Figure S1c and Table S1). Most permafrost in the Cordillera and
Canadian Shield has a thin overburden and a low ice content, while the permafrost areas in the Interior
Platform are often under thick overburden and may contain massive ground ice, as for example in the
Mackenzie River delta (Table S1; Brown et al., 2002).

2.2. Water Sampling

Our survey was carried out between the 8th–30th of June 2018. Spring freshet typically occurs during this
period, which corresponds to peak discharge and therefore the most important period of the year in terms
of OC delivery to the Arctic Ocean (e.g., ~60% for DOC; Raymond et al., 2007). Samples were often collected
slightly before peak discharge (hydrograph for the Mackenzie, Liard, and Peace Rivers is presented in
Figure S2). Sampling was carried out from south to north, following the normal sequence of seasonal river
ice break‐up; beginning south of Great Slave Lake in early June, and ending in the Mackenzie River delta
region at the end of the month. A single depth‐integrated water sample was collected from each location.
At most locations, water samples were collected in mid‐channel off a boat's prow. When a safe access on
the river by boat was impossible, water samples were collected instead in the shallow depths a few meters
off the shore (samples offshore are marked on Figure S3 and Table S2).

The depth‐integrated water sample was collected using suspended sediment samplers models D95
(mid‐channel sampling) or D81 (nearshore sampling) developed by the U.S. Federal Interagency
Sedimentation Project (Davis, 2005). Samplers were fitted with a 1 L polytetrafluoroethylene (PTFE) bottle,
which was thoroughly rinsed with river water at each site prior to sampling. Water was collected at discrete
depth increments of ~1m (or less in shallower waters), down to just above the channel bed, or to amaximum
depth of 5 m, to obtain depth‐integrated water samples (Table S2). The deepest waters were incorporated in
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several samples, but not in others (full‐depth profile samples are marked on Figure S3). Each 1 L increment
was poured into a pre‐acid‐washed, 14‐L high‐density polyethylene (HDPE) churn (Bel‐Art Products,
Wayne, NJ, USA). Once back to shore, this composite sample was divided into sub‐samples for various water
chemistry analyses. At each location, water temperature, pH, oxygen saturation and turbidity were
measured in situ, generally at a depth ranging between 0.15 to 2 m from the surface, using a submersible
probe (YSI Instruments, Yellow Springs, OH, USA).

2.3. Carbon Isotope Analyses

For analysis of the Δ14C‐DOC and Δ14C‐POC, sub‐samples of water were filtered on site through pre‐baked
quartz microfiber filters with a diameter of 25 mm (Whatman grade QM‐A, GE Healthcare, Chicago, IL,
USA) in a closed tubing circuit using a portable peristaltic pump (Geotech Geopump™ Series II; Geotech
Environmental Equipment, Inc., Denver, CO, USA). The filter used have a reported nominal retention
efficiency of 99% for liquid suspensions of particles with diameters≥2.2 μm.Measurements of DOC in sample
water filtered through the QM‐A filters and through polyethersulfone membranes with 0.45 μm pore
diameters were in very close agreement, indicating that the QM‐A filters were highly efficient for
sub‐micron OC particles (Tables S2 and S3). The water filtered for Δ14C‐DOC was collected in sterile 1 L
Nalgene HDPE bottles, while the filters for Δ14C‐POC were placed inside sterile petri dishes and sealed in
polyethylene bags during road transport. The filters were subsequently dried overnight in an oven at 50°C
at the Taiga Environmental Laboratory in Yellowknife, or at the Western Arctic Research Center in
Inuvik. Some major tributaries of the Mackenzie River carry very turbid waters during the high flow season
(100 to >400 NTU), which made on‐site filtering challenging. At such sites, the sub‐samples were bottled
without filtration, to be later filtered two weeks later in the laboratory (samples with delayed filtration are
marked on Figure S3). This was the case for both sampling locations along the Slave River, the Arctic Red
River and the Mackenzie River in Inuvik (Table S2). Delays in filtrations could have influenced the OC con-
centrations andΔ14C content in these samples. However, measurements from theMackenzie River in Inuvik
did not differ significantly from these of other samples collected along theMackenzie River, indicating a neg-
ligeable skew in the OC concentrations and Δ14C content due to delayed filtrations (Figure S3).

The Δ14C‐DOC and Δ14C‐POC in the water samples were determined at the A. E. Lalonde Accelerator Mass
Spectrometry Laboratory of the University of Ottawa, as described in Crann et al. (2017) and St‐Jean
et al. (2017). Sample pre‐treatment to remove inorganic carbon from carbonates was done with HCl for
POC, and with H3PO4 for DOC, following a wet oxidation technique based on Zhou et al. (2015) and Lang
et al. (2016). The CO2 evolved fromDOCor POCwas then cryogenically purified on a vacuum extraction line,
and the 14C/12C ratio in CO2was determined on a 3MV tandem acceleratormass spectrometer (High Voltage
Engineering, Amersfoort, the Netherlands). Three blank quartz filters with known masses of 14C‐free aceta-
nilide were analyzed along with samples, and the released carbon mass (mC) and Δ

14C on these were used to
correct the sample Δ14C values using a mass balance method (e.g., Roberts et al., 2019) (Table S3). Total
analytical uncertainties (2σ) on individual Δ14C values ranged between 1.88–6.38‰ (median 3.95‰), which
correspond to relative uncertainties of 0.3–6.0%, with the exception of a single sample (NT18‐1; Cameron
River), in which the uncertainty was much larger (43.8%) owing to its low OC content (Table S3).

Results are reported here asΔ14C values in‰, which expresses the relative difference in 14C activity between
the absolute international standard (base year 1950) and the sample activity corrected for age and normalized
to δ13C = 25‰ (Stuiver & Polach, 1977). The measured Δ14C‐DOC and Δ14C‐POC in each sample are in
effect weighted averages for a mixture of OC components with possibly different 14C contents. Apparent
mean 14C ages expressed in calendar years were omitted from the text to avoid misinterpretation, but these
values are still listed in supplementary data together with fraction of modern carbon (F14C) (Table S3). For
simpler communication of the results, we refer to more Δ14C‐depleted samples as “Aged” or “old” and more
Δ14C enriched as “young” or “modern.” Radiocarbon age calibration was performed using OxCal v4.3
(Ramsey, 2009).

For determination of the stable carbon isotope ratio of total OC (δ13C‐TOC), unfiltered sub‐samples were
collected into TraceClean 40 mL borosilicate vials with silicon‐PTFE septa, following standard methods of
the U.S. Environmental Protection Agency (EPA). The δ13C‐TOC were determined at the Jan Veizer
Stable Isotope Laboratory of the University of Ottawa, on a OI Analytical model 1,030 wet TOC analyser
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interfaced to a Thermo Finnigan DeltaPlus XP isotope ratio mass spectrometer. Calibration was performed
using two different internal organic standards, prepared in solution three days before beginning analysis
(St‐Jean, 2003).

2.4. Basic Water Properties

Basic physical and chemical properties of the water samples were measured at Taiga Environmental
Laboratory, operated in Yellowknife by the Northwest Territories Government's Department of
Environment and Natural Resources. Among the parameters measured were; pH, specific conductivity
(SC), turbidity, total dissolved solids (TDS), total suspended solids (TSD), alkalinity, DOC, and TOC, dis-
solved and total nitrogen and the concentration of six major ionic species (Ca2+, K+, Na+, Mg2+, and
SO4

2−) (Table S2). The DOC and TOC concentrations were measured on a Shimatzu TOC/DOC analyzer,
and the major ions on a Thermo Fisher Dionex ICS 5000 ion chromatography system (Table S2). POC con-
centrations were derived by subtracting the DOC fraction from the TOC concentrations. This introduces a
fairly large uncertainty on the POC concentration measurements such that these data should be regarded
with caution. All measurements of basic water properties were performed as per standard U.S. EPAmethods
and the Standard Methods for the Examination of Water and Wastewater (Rice et al., 2017). The stable iso-
tope ratio of O and H in water (δ18O and δ2H) in filtered samples was determined at the Institute of Geology
of Tallinn's University of Technology, Estonia, by laser spectroscopy, using a Picarro model L2120‐i water
isotope analyzer (Picarro Inc., Sunnyvale, USA), which allows for the simultaneous determinations of
18O/16O and 2H/1H in H2O (Lis et al., 2008) (Table S2). Results are reported relative to the Vienna
Standard Mean Ocean Water with an analytical precision was ±0.1‰ and ±1‰ (1σ) for δ18O and δ2H,
respectively.

2.5. Geographic and Statistical Analysis

The catchment area upstream of each sampling location was determined using the hydrology toolbox on
ArcGIS 10.7. These areas were computed from the void‐filled Canadian digital elevation model (CDEM;
http://ftp.geogratis.gc.ca), with a spatial resolution of 100 m2, following aggregation of the original 20 m2

resolution data. Stream lines were drawn using a 1 km2 threshold on the derived flow accumulation raster,
with which Strahler Stream Orders were determined for each location. The CDEMwas also used for calcula-
tion of the mean elevation and slope of each sub‐catchment. Other geospatial information that were
obtained for each sub‐basin included permafrost and ground ice coverage (Brown et al., 2002), land cover
classes (Latifovic et al., 2017), bedrock type (Wheeler et al., 1996), surface material type (Fulton, 2014), soil
thickness (Pelletier et al., 2016), and peatland cover (Xu et al., 2018). All geospatial data were projected using
the Lambert Conformal Conic projection. Geospatial variables tested for significant relationships against
Δ14C‐DOC and Δ14C‐POC include: total catchment area, stream order, total stream length, mean soil
thickness, slope, and fraction for different land cover classes, bedrock geology types, surficial material types,
permafrost, and ground ice types/content.

Nonparametric pairwise comparisons were performed using Dunn's test with Bonferroni corrections to
determine statistically significant differences in Δ14C‐DOC and Δ14C‐POC between the three different geo-
logical regions. River samples were separated into three categories based on the fraction of catchment areas
within each geological region. Tributaries associated with the Canadian Shield have their full catchment
area located in that geological region. These tributaries include the Cameron, Snare, Marian, and
Yellowknife River. Tributaries were associated with the Cordillera if they have their headwaters in this
region, comprising >25% of their catchment area. These tributaries include the Peace, Liard, South
Nahanni, Arctic Red, and Peel River. Tributaries such as the Sambaa K'e, Willowlake, and Hay River, as well
as the Slave River at Fort Fitzgerald and upstream of Great Slave Lake, were associated with the Interior plat-
form, since >50% of their catchment areas drain that region. The Mackenzie River itself has its entire course
within the Interior Platform. The major axis regression model II was used to derive the function between
Δ14C‐DOC and Δ14C‐POC, since this model allows both the explanatory and response variables to be treated
as random. For all other regressions, a least squares model I was used. Relationships were considered signif-
icant when p values were <0.01. The South Nahanni river was excluded from regression models involving
Δ14C‐DOC, since this site was categorized as an outlier in three out of four models based on the analysis
of Cook's distance (i.e., >3 times the mean Cook's D). All statistical analyses were performed on RStudio
(R Core Team, 2020).
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3. Results
3.1. Isotopic Composition and Concentration of POC and DOC Across the MRB

The Δ14C‐POC ranged from −728.8‰ to −89.0‰ across different locations, while the DOC was compara-
tively more 14C enriched, with values ranging from −179.9‰ to 62.9‰ (Figures 1, 2a, and 2b). Rivers
draining the Canadian Shield carried the most 14C‐enriched DOC and POC, while 14C‐depleted DOC
and POC was more prevalent in the rivers draining the Cordillera (Figures 2a and 2b). This difference was
statistically significant for rivers classified as draining the Cordillera and Canadian Shield, while rivers

Figure 2. Boxplots summarizing the riverine (a) Δ14C‐DOC, (b) Δ14C‐POC, both in (‰), (c) DOC, and
(d) POC concentration, both in (mg C L−1) for different tributaries (n = 14) and the mainstem of the Mackenzie
(n = 5). The tributaries are grouped by their association with each geological province; Cordillera (n = 5), Interior
Platform (n = 5), and Canadian Shield (n = 4). The boxes represent the median, lower, and upper quartiles (25% and 75%)
and the whiskers show the 5th and 95th percentiles. Specific values for each groups are superimposed over the
boxplot. The letters on the top x axis report the results from the pairwise Dunn's test, whereby different letters
denote groups that were significantly different from each other. In (e) and (f ) are scatterplots of the Δ14C content of
(e) DOC and (f) POC as a function of their respective concentrations, with symbols following the same classification
system as in other figures.
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classified as draining the Interior Platform reflected a mixture of the two
neighboring geological regions (Figures 2a and 2b). These differences in
the Δ14C of DOC and POC among these different groups of rivers were
not reflected for the DOC and POC concentrations, which was compara-
tively more similar across rivers (Figures 2c and 2d). The DOC concentra-
tion across all different sampling locations ranged from 1.3 to 22.5 mg
C L−1, while the POC concentration ranged from 0 to 4.2 mg C L−1

(Figures 2c and 2d). The large majority of riverine OC was thus in DOC
form (87–100%), with the exception of the Peel river, where the DOC share
was only 58% of the total OC pool. There was no significant relationship
between POC concentrations and Δ14C‐POC (p = 0.7) or between DOC
concentrations and Δ14C‐DOC across all river samples (p = 0.2)
(Figures 2e and 2f). The δ13C values of total OC for all rivers varies from
−27.1‰ to−25.6‰, which is representative of OC derived fromC3 plants.

3.2. Controls on Δ14C‐DOC and Δ14C‐POC Spatial Variations

There was a significant positive linear relationship between theΔ14C‐POC
and Δ14C‐DOC (Figure 3 and Table 1). Both Δ14C‐DOC and Δ14C‐POC
were negatively related with turbidity, on log‐scale, the stronger relation-
ship being with Δ14C‐POC (R2 = 0.95) (for Δ14C‐DOC, R2 = 0.56;
Figures 4a and 4b and Table 1). Conversely, the relationship between tur-
bidity and POC concentration was weak (R2 = 0.3), and not significant
with DOC concentration (p = 0.2).

There was a significant positive linear relationship between the δ18O value of water and both Δ14C‐DOC and
Δ14C‐POC (Figures 4c and 4d and Table 1). The δ18O values of water ranged from −22.5‰ to −13.3‰, with
themost 18O‐depleted values found in rivers associated with the Cordillera and themost 18O‐enriched values
observed in the Canadian Shield rivers (Figures 4c and 4d). There was no significant relationship between
δ18O value of water and turbidity (R2 = 0.03, p = 0.30). There was also no significant relationship between
Δ14C‐DOC or Δ14C‐POC and dissolved or total nitrogen (DOC p = 0.3, POC = 0.03) or dissolved oxygen
(O2) saturation (DOC p = 0.3, POC = 0.03). There were significant negative linear relationships between
Δ14C‐POC and conductivity, (p = 0.001, R2 = 0.45), total alkalinity (p = 0.003, R2 = 0.37), Ca2+(p = 0.0007,
R2 = 0.48), Mg2+(p = 0.004, R2 = 0.35), and SO4

2−(p = 0.006, R2 = 0.33), albeit a lower explanatory power
than the relationships established above (Table 1). These same variables had no significant explanatory
power on the Δ14C‐DOC (p > 0.01) nor did other water chemistry variables included in this study.

Among the different geospatial variables derived for the MRB (listed in method section 2.4) the mean catch-
ment elevation was the best predictor of Δ14C‐DOC and Δ14C‐POC in water, despite having a much lower
explanatory power than relationships established with water chemistry variables (R2 = 0.27 and 0.37, respec-

tively; Figures 4e and 4f and Table 1). The δ18O value of riverwater was sig-
nificantly negatively related with the average catchment elevation as well
(R2 = 0.63, p value < 0.0001), but not turbidity (R2 = 0.02, p value = 0.29).

4. Discussion
4.1. Spatial Patterns in Riverine Δ14C of DOC and POC

Our survey confirmed the presence of aged DOC and POC (i.e., 14C
depleted) in many tributaries of the MRB during spring freshet. This aged
OC was not confined to rivers draining areas with rapidly thawing perma-
frost (e.g., Peel andArctic Red rivers) but waswidespread in the basin, irre-
spective of latitude (Figure 1). Aged OC was particularly evident among
rivers that are issued from the Cordillera (i.e., Peace, Liard, Peel, South
Nahanni, and Arctic Red Rivers) (Figures 2a and 2b). This region contains
both ancient petrogenic OC sources (e.g., kerogens) and also soils
that store Holocene peat or plant detritus preserved in permafrost

Figure 3. Scatterplot of Δ14C‐DOC against Δ14C‐POC, both in ‰, with the
full line representing the linear regression model II and the 95%
prediction intervals displayed with the gray the dotted lines. The open
triangle represents the South Nahanni River, which was excluded from the
model based on the analysis of Cook's Distance.

Table 1
Results of Pairwise Regression Analyses of Δ14C‐POC and Δ14C‐DOC
Against Other River Water or Catchment Properties

x y bm bb R2 p value n

Δ14C‐POC Δ14C‐DOC 0.1 42.8 0.54 0.0005 18
log (Turb) Δ14C‐POC −6.7 −129.3 0.95 <0.0001 19
δ18O Δ14C‐POC 81.2 1071.3 0.65 <0.0001 19
Elevation Δ14C‐POC −0.6 −40.1 0.37 0.003 19
log (Turb) Δ14C‐DOC −14.1 45 0.56 0.0002 18
δ 18O Δ14C‐DOC 10.3 187.4 0.45 0.001 18
Elevation Δ14C‐DOC −0.1 57.9 0.28 0.0001 18

Note. For all regressions, a simple linear model of the form y= bmx+ bbwas
applied, where bm and bb are estimates of the slope and intercept and the
model's p value.
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(i.e., biogenic sources) (Figure S1 and Tables S1 and S4). Highly 14C‐depleted OC of probable petrogenic
origin has already been identified in rivers of the southern part of the MRB (Peace‐Athabasca delta,
which feeds the Slave River; Jautzy et al., 2015) and in the northmost tributaries draining the Cordillera
(Liard, Peel and Arctic Red rivers; Hilton et al., 2015). Type III kerogens also make up a considerable share
of the organic fraction of riverbank sediments along the Mackenzie River (Carrie et al., 2009). While
petrogenic sources likely contribute aged‐OC in these rivers, the supply from biogenic sources may be
proportionally greater in the northmost rivers, which drain areas of ice‐rich permafrost that are subject to
rapidly growing retrogressive thaw slumps along riverbanks (Hilton et al., 2015; Kokelj et al., 2017;
Littlefair et al., 2017).

Separating potential petrogenic and biogenic sources in this catchment based on geographical information is
challenging, since they overlap considerably (Figure S1 and Tables S1 and S4). This mixture of OC sources in
the MRB, comprising modern or old and petrogenic or biogenic sources, may explain the absence of clear
connection with specific landscape variables included in our analysis (i.e., land cover class, permafrost cover,
soil thickness, surficial materials and bedrock type). This diversity of OC sources is further emphasized by
the lack of significant relationship between Δ14C and OC concentration for both DOC and POC fractions
(Figures 2e and 2f). This precludes a simple mixing of two dominant OC sources, as reported for DOC in
the Yukon River basin, where ancient DOC from glacial melt water and groundwater mixes with fresh
and more abundant DOC in surface waters (Aiken et al., 2014). The δ13C‐TOC values in our samples vary
over a narrow range of values (−27.1‰ to −26.5‰) that confirms a C3‐pant origin, from petrogenic or bio-
genic sources. The overlap between the δ13C values of these end‐members forestalls a more precise estimate
of their respective contributions (i.e., δ13Cbiogenic −35‰ to −21‰ [Coplen et al., 2010] and δ13Cpetrogenic

−28.9‰ to 28.5‰ in the region [Johnston et al., 2012]). Findings from our Δ14C determinations,

Figure 4. Riverine Δ14C‐DOC and Δ14C‐POC (both in ‰) as a function of (a and b) turbidity (NTU) on log scale,
(c and d) δ18O of river water (‰), and (e and f) average catchment elevation in meters above sea level (m.a.s.l).
Triangles represent different tributaries and are colored based on their association to each geological province and grey
circles represent the samples collected along the mainstem of the Mackenzie River. Full black lines represent the
linear regression models with a 95% prediction interval represented with the gray dashed lines. The open triangle in
(a), (c), and (e) identify the South Nahanni River, which was treated as an outlier in the regression models based
on Cook's distance. In (c) and (d) various end‐members for δ18O value of water are provided including; the
mean annual δ18O value of water in the Mackenzie river at Tsiigehtchic with standard deviation (gray vertical line the
gray rectangle respectively), the mean δ18O value of precipitation in June with standard deviation (yellow vertical line
and rectangle respectively) and the mean δ18O value of snow with standard deviation (light cyan vertical line and
rectangle, respectively) for all available measurement station in the region. The original δ18O values for these
end‐members is presented in Figure S5 and was obtained from GNIP and GNIR (Global network of Isotopes in
Precipitation and in Rivers respectively).
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nonetheless strengthen conclusions from earlier work to the effect that the old fraction of the OC exported by
the MRB likely comprises a mixture of both petrogenic and biogenic sources (Goñi et al., 2005;
Hilton et al., 2015; McClelland et al., 2016). A more detailed separation of the relative importance of petro-
genic and biogenic OC sources in the MRB will be necessary to determine the role of riverine OC export in
the contemporary C cycling.

Modern DOC (i.e., 14C‐enriched) and more recent POC was more prevalent in rivers draining the Canadian
Shield (e.g., the Yellowknife, Snare, Cameron, andMarian Rivers; Figures 1, 2a, and 2b). This may arise from
a lower input of aged‐OC, caused by the smaller coverage of sedimentary rocks and thinner organic soil
deposits in this region (Table S1 and Figure S1). Conversely, a predominant input of modern OC sources,
derived from the forest vegetation or aquatic biomass in the numerous small lakes and wetlands dotting
the region, could also contribute to these age patterns. The convergence of rivers draining the Cordillera,
generally containing older OC fractions, with these of the Canadian Shield, generally exporting more mod-
ern OC fractions, corresponded well with the range in OC‐ages observed along the Mackenzie River itself
(Figures 2a and 2b), as well as those reported at the river mouth (Holmes et al., 2020) (Figure S4a).

4.2. Coupling and Offset in the Δ14C of DOC and POC

The range of Δ14C‐DOC and Δ14C‐POC reported here was large (Δ14C‐POC −728.8‰ to −89.0‰ and
Δ14C‐DOC −179.9‰ to 62.9‰, n = 19) (Figures 2a and 2b). It spans nearly the full spectrum of values
reported at the mouth of all Arctic Great Rivers (Δ14C‐POC −674‰ to −120‰ n = 191, and Δ14C‐DOC
−185‰ to 152‰, n = 133; Holmes et al., 2020) and in other river basins worldwide (Δ14C‐POC −956‰ to
139‰ n = 532 and Δ14C‐DOC −453‰ to 336‰, n = 696; Marwick et al., 2015). Our spatial survey reveals
a direct positive relationship between the Δ14C of DOC and POC across the MRB (Figure 3 and Table 1).
This is surprising given that riverine DOC and POC are subject to important differences in transport path-
ways, reactivity and sources, thus usually resulting in considerable differences in their respective ages
(Griffith et al., 2012; Guo et al., 2007; Marwick et al., 2015). The unusual coupling between the Δ14C of
DOC and POC thus suggests some common landscape and/or hydrological control on the spatial distribu-
tion of both riverine OC sources in theMRB. To our knowledge, no similar relationships have been explicitly
reported in other river catchments, except possibly in small tributaries of the Hudson River in the eastern
USA, where ancient OC source are also present in the bedrock (Longworth et al., 2007). The relationship
between the Δ14C of DOC and POC becomes less apparent in samples collected along the Mackenzie
River itself (gray circles on Figure 3) nor is it observed in waters sampled at the mouth of the Mackenzie
or in other Arctic Great Rivers (Figure S4a). This suggest that the mixing of waters issued from different tri-
butaries could mask a broader spatial co‐variation between Δ14C‐DOC and Δ14C‐POC in the MRB and
potentially other Arctic Great Rivers as well. OC transformation along river networks, modulated by
inter‐regional differences in reactivity (Kaiser et al., 2017), may contribute to clouding these spatial
co‐variation in OC sources in larger river systems.

Besides the spatial co‐variation, there was also a large and persistent offset between the Δ14C of DOC and
POC across the MRB. The POC was systematically older (i.e., more 14C‐depleted, by up to 669‰) when com-
pared with DOC in the same waters. Similar differences have been reported in studies from rivers worldwide
(Marwick et al., 2015; Mayorga et al., 2005; Raymond & Bauer, 2001b), as well as in other Arctic Great Rivers
(Striegl et al., 2007; Wild et al., 2019). This age disparity reinforces earlier interpretations suggesting that
POC is more associated with ancient soil C stocks, mobilized via thawing permafrost, river bank erosion
and petrogenic OC sources, while DOC is derived, to a larger extent, from modern terrestrial and/or aquatic
biomass (Guo et al., 2007; Holmes et al., 2020).

The non‐conservative nature of POC and DOC during riverine transport, also imply that their Δ14C offset
could reflect differences in their reactivity or transport pathway. Long water residence time in the MRB,
extended by its many large lakes (Yi et al., 2010), provides opportunity for local transformation processes
to occur (Catalán et al., 2016). Within the DOC pool, different size classes (e.g., colloidal and low/high mole-
cular weight) can exhibit markedly different Δ14C contents suggesting potential differences in hydrody-
namic sorting and reactivity, as exemplified in the neighboring Yukon river (Guo & Macdonald, 2006). To
date, studies have not been conclusive as to the net effect of different transformation processes on the
Δ14C of riverine OC, in part because OC reactivity can vary widely across regions (Kaiser et al., 2017). For
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example, a growing body of evidence indicates that aged fractions of the DOC, of possible permafrost origin,
remains highly bio‐reactive during riverine transport (Mann et al., 2015; Vonk et al., 2013), but other studies
report opposite effects (Dean et al., 2020; Drenzek et al., 2007; Goñi et al., 2005). Similar disagreements pre-
vail in lower latitude catchments (e.g., Caraco et al., 2010; Dean et al., 2019; McCallister & del Giorgio, 2012)
as opposed to, for example, Mayorga et al. (2005) and Raymond and Bauer (2001a). The reactivity of different
POC age fraction is even more ambiguous, but binding to the abundant mineral particle load in the
Mackenzie may help preserve POC during riverine transport (Carrie et al., 2009; Goñi et al., 2005; Vonk
et al., 2010). Delayed filtration in several of our samples could have skewed the Δ14C of DOC and POC
toward older or younger factions, the effect of which remains unknown (Figure S3 and Table S2). It is, how-
ever, encouraging to note that there was no considerable differences in the Δ14C of DOC and POC, or OC
concentrations for one sample with delayed filtration collected on theMackenzie, compared with other sam-
ples along the mainstem (Figure S3).

Riverine transport also alters the fate of different age fractions of DOC and POC. Retrogressive thaw slumps,
for example, have been found to decrease the yield of soil DOC, but are suspected to increase that of POC, as
seen from total suspended solid measurements (Kokelj et al., 2005; Littlefair et al., 2017). The POC is also
notably influenced by hydrodynamic sorting. This causes finer particles to travel near the channel surface
and these tend to contain older POC fractions (Goni et al., 2006; Hilton et al., 2015; Vonk et al., 2010).
Conversely, aquatic primary production may supply fresh DOC and POC near the channel surface, where
light availability is greatest (Griffith et al., 2012; Tank et al., 2011). These various effects can cause consider-
able differences in the Δ14C content of DOC and POC with river depth. This points again to a potential
source of uncertainty in our data. Depth‐integrated sampling, not always comprising the deepest waters,
and conducted mid‐channel or sometimes offshore, could have introduced additional variability in the
Δ14C of DOC and POC among these rivers (Figure S3 and Table S2). For now, these effects on the Δ14C
remain unclear.

A considerable fraction of aged‐DOC is transported across the MRB, for example, in the Arctic Red, Peel,
Liard, Peace, and Slave Rivers. Distinctly old DOC was observed in the South Nahanni River (−179.9‰),
which drains part of the Liard River sub‐basin within the Cordillera, and stood out as an outlier in the rela-
tionship withΔ14C‐POC (Figure 3), turbidity and δ18O value of water (Figures 4a and 4c). This river is partly
fed by alpine glaciers (Table S4: 0.5%, or ~183 km2 in 2008; (Demuth et al., 2014)) (Figure S1a). Although
they cover a small part of the catchment, they could represent an important source of aged‐DOC, as demon-
strated in glaciated parts of the Yukon River Basin (Aiken et al., 2014). The South Nahanni River also drains
elevated uplands with limited forest productivity and thinner organic soils, which likely account for its par-
ticularly low DOC concentration (1.3 mg C L−1) and potentially its unusually low Δ14C (Figure 2e). How
representative are these DOC age patterns compared with the catchment's annual OC yield, and why these
singularities in DOC sources are less pronounced for the POC, remains to be determined.

4.3. Geomorphological and Hydrological Controls on Riverine OC Sources

Despite the large variability in the Δ14C of DOC and POC across the MRB, some consistent associations with
water chemistry and catchment geomorphology were identified. These may provide clues on the controls of
OC sources in the MRB. The negative relationship between turbidity and the Δ14C of both DOC and POC
points to a predominantly terrestrial origin or control on riverine OC, particularly for POC (Figures 4a
and 4b). The significant relationships between Δ14C‐POC and soil weathering products (i.e., conductivity,
alkalinity, Ca2+, Mg2+, and SO4

2−) corroborates such terrestrial origin. All of these products have been
shown to increase due to thermokarst thaw in this region (Kokelj et al., 2005). Interestingly, the turbidity
of water in these rivers did not explain the concentration of OC, but only its age property. The turbidity of
water can arise from fine sediment particles suspended in water, such as clay and silt derived from glacial
sediments. In the case of the MRB, a larger contribution from these mineral‐soil particles seems to correlate
with older OC sources (Hilton et al., 2015), rather than the amount of OC. Fine sediment particles do not
necessarily contain aged DOC and POC, but their abundance in rivers may indicate a greater physical
soil erosion, which can co‐mobilize old OC from organic soil (biogenic) or OC‐rich rocks (petrogenic).
A similar connection between sediment yield and Δ14C‐POC was reported in mountainous river
catchments at lower latitudes, where petrogenic OC sources were also present in the catchment geology
(Leithold et al., 2006). The negative relationship between average catchment elevation and the Δ14C of
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DOC and POC (Figures 4e and 4f) also points to an influence of geomorphology. Catchments of higher ele-
vation and steeper slope, hence with faster‐flowing rivers, appear more susceptible to mobilize aged OC.
Seasonal monitoring at the mouth of the Mackenzie River reveals a similar negative relationship between
Δ14C‐POC and total suspended solid, which is not apparent at the mouth of other Arctic rivers, pointing
again to the distinct character of the MRB (Figure S4e).

Alternatively, murky waters may be less productive due to light attenuation, thus decreasing the input of
young DOC and POC. The lack of significant relationship between the Δ14C of DOC and POC and nitrogen
or dissolved O2, points to a relatively small control by instream primary production. However, for rivers
heavily influenced by lakes, suspended algal material can be a proportionally greater source of POC and tur-
bidity (Osburn et al., 2019). This was likely the case of the outlet of the Great Slave Lake, where POC was
noticeably more recent (Δ14C −251‰), compared with other locations along the Mackenzie River
(Figure 2b). At a broader scale, more turbid waters would likely contain younger OC if algae‐generated tur-
bidity was predominant across the MRB, hence the opposite relationship to the one observed in our data.
More detailed studies will be needed to shed light on the underlying mechanisms giving rise to these
relationships.

The seasonality of air temperatures in the MRB causes large fluctuations in the δ18O value of precipitation,
which varies between an average of −28.2 ± 4.8‰ in winter snowfall to −17.1 ± 3.5‰ in June rainfall, with
an annual mean of−19.0‰ over all available stations in the regions (Figures 4c and 4d and S5a). On account
of this seasonality, the δ18O value of surface waters provides a tracer of water residence time at the catch-
ment scale. Short catchment water residence time are indicated by rivers with δ18O values close to that of
recent precipitation, while those supplied by well‐mixed groundwater sources with longer residence time
hold a more stable δ18O value that remains close to the mean annual precipitation value (Barnes et al., 2018;
Peralta‐Tapia et al., 2015; Tetzlaff et al., 2015). In high‐latitude rivers, large snowmelt inputs during the
spring freshet complicates this interpretation with a surge of 18O‐depleted water during peak discharge
(Lyon et al., 2010; Welp et al., 2005). In theMRB, theΔ14C of both DOC and POC increases significantly with
the riverine δ18O value, which identifies a certain hydrological control on riverine OC sources (Figures 4c
and 4d). This relationship could be explained by at least two different mechanisms: (1) a control by the catch-
ment water residence time and flow path depth (e.g., Barnes et al., 2018) or (2) an effect of rising discharge
associated with snowmelt during spring freshet (e.g., Welp et al., 2005).

Water isotope measurements in precipitation are scarce in this regions, with several measurements scattered
across the latitude gradient, but only located in the eastern lowlands (e.g., stations elevation from 27 to
241m.a.s.l; Figure S5a). This greatly complicates attempts to apportion andmodel spatial variations in snow-
melt water contribution for different rivers in the MRB. Still, general associations to major δ18O
end‐members can be distinguished in our data. Rivers issued from the Cordillera had more 18O‐depleted
waters, with values closer to the isotopic ratio of snow (blue area in Figures 4c and 4d), and generally con-
tained more Δ14C‐depleted DOC and POC. Conversely, rivers located in the Canadian Shield contained
more 18O‐enriched waters, which resembles recent precipitation (yellow area in Figures 4c and 4d), and
corresponded with moreΔ14C‐enriched DOC and POC. Other studies conducted in boreal headwater catch-
ments have reported increases in theΔ14C‐DOC during spring thaw, which is opposite to the relationship in
our data (e.g., in peatlands [Campeau et al., 2017] and in forest soils [Campeau et al., 2019]). A similar
increase in the Δ14C‐DOC with more 18O‐depleted waters occurs at the mouth of all Arctic Great Rivers,
including the Mackenzie (Barnes et al., 2018; Figure S4b), which is again opposite to our data (Figure 4b).
Glacial meltwater can export ancient DOC, as indicated in the Yukon River (Aiken et al., 2014), but these
are typically associated with lower DOC concentrations, which is again inconsistent with our data. The
relationship between river δ18O values and Δ14C‐POC for the other Arctic Great Rivers is more consistent
with ours than that for Δ14C‐DOC (Barnes et al., 2018; Figure S4d). Still, such inconsistencies indicate that
spatial variation in snowmelt water contribution is unlikely the sole driver causing the relationship between
δ18O values and Δ14C‐DOC and Δ14C‐POC in these rivers.

The particularly close negative relationship between δ18O values and Δ14C of DOC and POC for the
Canadian Shield tributaries (Δ14C‐POC: R2 = 0.96, p = 0.01 and Δ14C‐DOC: R2 = 0.99, p = 0.002;
Figures 4c and 4d), where δ18O values in rivers were closer to that of recent precipitation, is an indication
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that the hydrological control on Δ14C‐OC goes beyond just the influence of snowmelt. The relationships
between riverine δ18O values, Δ14C of DOC and POC, and catchment elevation, could account for spatial
variations in groundwater residence time and flow path depth, associated with different catchment geomor-
phology. Rivers in the Canadian Shield transport younger OC and waters with a δ18O value close to recent
precipitation, indicating short water residence time with shallow flow paths (Figures 4c and 4d). This is con-
sistent with the thin surface soil deposits in the region (Tables S1 and S4). It is possible that older riverine OC
in rivers issued from the Cordillera could be mobilized by deeper groundwater flow paths with longer resi-
dence times. The low seasonality of δ18O values in the Liard and Mackenzie rivers supports well‐mixed
groundwater sources (Figure S5b). The steep topographic gradient of these rivers could make them more
prone to riverbank erosion and may allowmore hydrological contact with petrogenic OC sources in the bed-
rock or ancient peat buried in deeper soil layers.

The range in riverine δ18O values in our spatial survey (δ18O value −22.55‰ to −13.27‰) exceeds that
measured at the mouth of the Mackenzie River (grey area on Figures 4c and 4d and S5b). Our data therefore
capture local variations in catchment hydrology among different tributaries, which may be masked at the
river mouth. Unlike in other Arctic Great Rivers, there is no consistent increase in DOC bioavailability
and decrease in Δ14C with rising discharge during the spring freshet at the mouth of the Mackenzie River
(Kaiser et al., 2017; Raymond et al., 2007). The important contrast in Δ14C of DOC and POC between the
west and east bank of the MRB (Figures 2a and 2b) represents an additional complexity for characterizing
the changes in OC sources in theMRB and how theymix during spring freshet. Finally, co‐variation between
many of the identified controls of riverine Δ14C of DOC and POC in this study highlights the need for future
research to help disentangle these effects with a more detailed examination of the hydrological controls at
play in the MRB.

5. Conclusions

This study provides a description and analysis of the spatial patterns in Δ14C of DOC and POC across large
parts of the MRB. Collectively, our results demonstrate a remarkably large variability in riverine Δ14C of
DOC and POC, but still a clear overlap in their respective sources and controls. This data reveals intriguing
relationships between the Δ14C of DOC and POC and turbidity, water stable isotopes ratio and catchment
elevation. Together, they suggest that hydrology and geomorphology are key to understanding riverine
OC sources and their spatial controls in the MRB. Aged‐OC is likely comprised of both petrogenic and bio-
genic sources, but these cannot be adequately separated and quantified here. The Δ14C patterns described
here also seem to deviate considerably from those in other Arctic Great Rivers. While changes in catchment
hydrology, in response to climate change, are anticipated across the circumpolar north (Peterson et al., 2002;
Rood et al., 2017), these will likely have different implications for shifting riverine OC sources. Much of the
underlying mechanisms giving rise to the relationships presented here are still ambiguous, thus establishing
a need for more detailed examinations of the riverine OC sources and their controls in the MRB. The exact
sources of riverine OC, their implication for the C cycle and potential to shift under further climate warming
in this region, is still highly uncertain. Meanwhile, this study provides a road map of the key OC sources and
their possible controls in this large and rapidly changing river basin.
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