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2013, the radiocarbon age of DOC exported from 
the Fraser River does not change significantly across 
seasons despite a spike in DOC concentration during 
the freshet, suggesting modulation of heterogeneous 
upstream chemical and isotopic signals during transit 
through the river basin. Dissolved inorganic carbon 
(DIC) concentrations are highest in the Rocky Moun-
tain headwater region where carbonate weathering is 
evident, but also in tributaries with high DOC con-
centrations, suggesting that DOC respiration may be 
responsible for a significant portion of DIC in this 
basin. Using an isotope and major ion mass balance 
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approach to constrain the contributions of carbon-
ate and silicate weathering and DOC respiration, we 
estimate that up to 33 ± 11% of DIC is derived from 
DOC respiration in some parts of the Fraser River 
basin. Overall, these results indicate close coupling 
between the cycling of DOC and DIC, and that car-
bon is actively processed and transformed during 
transport through the river network.

Keywords  River · Carbon isotopes · Radiocarbon · 
Weathering · Carbon cycle

Introduction

Rivers convey large quantities of dissolved organic car-
bon (DOC) and dissolved inorganic carbon (DIC) from 
terrestrial environments to the coastal ocean, with the 
global export flux of DOC from rivers (~ 0.25 Gt C 
a−1; Hedges et  al. 1997; Cai 2011) sufficient to com-
pensate for the estimated annual loss of global marine 
DOC (Eglinton and Repeta 2014). DOC carried by 
rivers undergoes rapid biological and abiotic process-
ing within terrestrial watersheds, with the majority 
subject to remineralization before it reaches the ocean 
(Catalán et al. 2016). The typically supersaturated state 
of dissolved CO2 in rivers is at least partially a conse-
quence of microbial and photochemical conversion 
of OC to  CO2, and results in significant outgassing of 
CO2 from river surfaces (Cole and Caraco 2001; But-
man and Raymond 2011; Raymond et al. 2013; Reiman 
and Xu 2018). Consequently, lateral fluxes of dissolved 
carbon are less than would occur if rivers functioned 
as simple pipes, transferring terrestrial material to 
the ocean (Raymond et  al. 2013; Butman et  al. 2016; 
Schädel et al. 2016).

Quantifying the extent of in-transit degradation 
of riverine organic matter is critical to assessing 
the role of watersheds in the consumption versus 
release of atmospheric CO2 (Perdue et  al. 1976; 
Cole and Caraco 2001; Battin et  al. 2009; Tranvik 
et  al. 2009; Aufdenkampe et  al. 2011). However, 
constraining DOC transport and transformation 
of riverine organic matter is challenging due to 
seasonal changes in temperature, hydrology, and 

biology, which affect both the amount and type of 
material mobilized in river channels over the course 
of a year, as well as its turnover and transformation 
along the aquatic continuum. Furthermore, differ-
ent portions of river basins—potentially draining 
watersheds containing different vegetation types, 
soil characteristics, and bedrock lithologies—may 
produce DOC and DIC in varying quantities and 
with different organic matter (OM) composition and 
lability. In  situ primary and secondary productiv-
ity within rivers represent additional sources (and 
sinks) of DOC and DIC. Identifying geochemical 
indicators of riverine OC provenance and labil-
ity may help elucidate the links between watershed 
characteristics and ecological behavior, and aid in 
extending conclusions drawn from process studies 
of CO2 efflux rates on small spatial scales to larger 
watersheds.

The present study aims to link spatial and temporal 
variations in the isotopic characteristics of DOC and 
DIC on the scale of a river basin in order to develop 
a holistic perspective of source materials and pro-
cesses of OM alteration during riverine transport. We 
focus on dissolved as opposed to particulate carbon 
phases, because of the ~ 3 × greater flux of the former 
(Voss et al. 2015), while acknowledging the potential 
for interaction and exchange between phases. The 
study area, the Fraser River basin in southwestern 
Canada (Fig.  1), provides a unique setting for such 
a study due to two main features: (i) its modest size 
(~ 232,000 km2) and accessibility allows for a detailed 
characterization of the majority of its tributary basins, 
while (ii) its variety of bedrock lithology (including 
carbonate outcrops in certain tributary basins) and 
spatial and temporal precipitation gradients impart 
naturally large variability in biogeoclimatic zones, 
and water geochemistry (Voss et al. 2014), and thus, 
potentially, gradients in carbon isotopes.

Previous work on the impact of bedrock diversity 
and seasonal hydrology on dissolved and particulate 
inorganic constituents in the Fraser basin (Cameron 
et  al. 1995; Cameron 1996; Cameron and Hattori 
1997; Voss et  al. 2014, 2015) has documented the 
importance of detailed basin-wide characterizations 
of source compositions and seasonal sampling to 
understand the provenance and variability of mate-
rial reaching the river mouth in this heterogene-
ous system. This study now extends this approach 
to basin-scale carbon dynamics. The use of bulk 
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concentrations and isotope compositions allows for 
the quantification of the relative influence of chemi-
cal weathering and biological processing on the 
geochemical composition of dissolved carbon pools 
exported by the Fraser River.

Methods

DIC and DOC concentrations

Samples for DIC were collected and analyzed fol-
lowing well-established procedures (e.g. Wang et al. 
2016; Song et  al. 2020). Briefly, samples were col-
lected by pumping water in-line over membrane 
filters (0.45  μm pore size used for 2009 and 2010 
samples; 0.2  μm pore size for 2011 samples) into 

pre-cleaned (with mild Liquinox soap solution and 
rinsed thoroughly with purified water) 250 mL boro-
silicate glass bottles with ground glass stoppers. Bot-
tles were overfilled with 3 × the sample volume and 
poisoned immediately with 60  μL saturated HgCl2 
solution. Glass stoppers were sealed with vacuum 
grease (Apiezon M) and secured with rubber bands. 
DIC samples preserved in this way are very stable. 
For example, one sample from this study (Fraser 
River at Vancouver sampled in July 2009) was ana-
lyzed at 12 and 21  months after collection, and the 
measured DIC concentrations were within 3%. Nearly 
all samples were analyzed within one year of collec-
tion; however, two samples (Thompson River and 
Bridge River sampled in July 2009) were analyzed 
1.7 and 2.5 years after collection, respectively.

Fig. 1   Map of the Fraser River Basin and major tributar-
ies sampled in this study. Inset map indicates the location of 
the Fraser River Basin in North America. “F” before a station 

name indicates locations on the Fraser main stem. Time series 
samples were collected at the Fraser at Fort Langley station 
(Table 2)
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DIC concentration was measured on a DIC ana-
lyzer (Apollo SciTech LLC., Model AS-C3) at 
Woods Hole Oceanographic Institution (WHOI). 
The measurements are based on acidification of 
water samples (by 10% H3PO4), followed by N2 
gas stripping of CO2 in the acidified samples and 
infrared detection of CO2 by a LiCOR® 7000 CO2 
analyzer (Wang et al. 2017). The DIC analyzer was 
calibrated by Certified Reference Materials of DIC 
provided by Dr. A.G. Dickson at the Scripps Institu-
tion of Oceanography (Dickson 2010; Sarma et  al. 
2011).

Samples for DOC concentration measurements 
were filtered in the same manner as DIC samples and 
collected in 20–60 mL low-density polyethylene bot-
tles (precleaned with 10% HCl). Although the filter 
pore size differed between some of the sampling cam-
paigns, previous studies have found such differences 
to have a minimal effect on measured DOC concen-
tration and composition (Nimptsch et al. 2014; Spen-
cer 2022, pers. comm.). Samples were acidified with 
12 N HCl to pH 2 in the field and stored refrigerated 
until analysis. DOC concentrations were analyzed by 
high temperature combustion on a Shimadzu TOC 
analyzer within 1–3  months after sample collection. 
Based on a series of duplicate measurements (n = 20 
pairs), precision is better than 10% for samples with 
DOC concentration > 200  μmol L−1 and better than 
20% for samples > 100 μmol L−1.

13C and 14C analyses of DOC and DIC

Samples for DOC and DIC isotope analyses were 
filtered in the same manner as those for concentra-
tion analyses but collected in different bottles. DOC 
isotope samples were collected in pre-combusted 
(450  °C, 5  h) 1  L amber glass bottles and acidified 
immediately with H3PO4 (Certified ACS grade) to 
pH 2. DIC isotope samples were collected in com-
busted (450  °C, 5 h) 500 mL borosilicate glass bot-
tles, poisoned immediately with 100 μL of saturated 
HgCl2 solution, and sealed with greased (Apiezon M) 
ground glass stoppers and rubber bands. DIC isotope 
samples were analyzed at the National Ocean Science 
Accelerator Mass Spectrometry (NOSAMS) facility 
in Woods Hole, USA, and DOC isotope samples were 
analyzed at either NOSAMS or the Laboratory for 
Ion Beam Physics at the Eidgenössische Technische 
Hochschule (ETH) in Zürich, Switzerland.

DOC isotope samples were analyzed by either UV 
oxidation (Beaupré et  al. 2007) or by wet chemical 
oxidation, a method which has been shown to be com-
parable to UV oxidation (Lang et  al. 2016). Briefly, 
for UV oxidation, DOC samples were sparged to 
remove DIC, then UV-irradiated for 4 h and sparged 
on an in-line vacuum line cryo-trap; evolved CO2 
was converted to graphite and analyzed for 14C by 
accelerator mass spectrometry (AMS) at NOSAMS 
(Roberts et al. 2010); a split of CO2 was collected for 
13C analysis by dual-inlet isotope ratio MS (IRMS) 
(McNichol et al. 2000). For wet chemical oxidation, 
samples were sparged in Exetainer vials containing 
potassium persulfate, then heated to 100 °C to allow 
quantitative conversion of DOC to CO2; evolved CO2 
was directly sampled from vials and injected onto 
a gas ion source AMS at ETH for 14C analysis (see 
Lang et  al. 2016, for detailed methodology). DOC 
isotope measurements were performed between 1 and 
2 years after sample collection.

DIC samples were sparged, CO2 converted to 
graphite following collection of a CO2 split for 13C 
analysis by IRMS, and analyzed for 14C by AMS at 
NOSAMS. DIC isotope measurements were per-
formed 9 months after sample collection. Combined 
sampling and absolute analytical precision for δ13C 
data generated with these methods has been pre-
viously reported as 0.03–0.05‰ (McNichol et  al. 
2000). NOSAMS DOC results have been revised 
based on the recent procedural blank correction 
assessment (Xu et  al. 2021). Absolute analytical 
precision for NOSAMS Δ14C-DOC was better than 
54‰, and for ETH Δ14C-DOC was better than 40‰. 
Absolute analytical precision for NOSAMS Δ14C-
DIC was better than 4‰.

Results

Dissolved organic and inorganic carbon distribution 
of the Fraser River

The dissolved carbon budget of the Fraser River 
is dominated by DIC. At nearly every site and 
all times of year, the concentration of DIC is the 
largest component of total dissolved carbon spe-
cies (DIC + DOC), constituting 80% on average 
(Table 1, Fig. 2A–C). Relatively high concentrations 
of DIC are found in particular tributaries (Robson, 
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McGregor, Blackwater, Willow, and Bridge rivers), 
which span a wide swath of the Fraser basin and are 
not restricted to areas draining particular bedrock 
lithologies (Wheeler et  al. 1991). Tributaries with 
relatively low DIC concentrations (Harrison and Pitt 
rivers), however, represent areas dominated by acidic 
intrusive igneous rocks and minor metamorphic units 
of the Coast Belt with presumably only finely dis-
seminated carbonate minerals, but no carbonate-rich 
sedimentary lithologies. DOC exhibits a very dif-
ferent spatial pattern (Fig.  2D–F), with the highest 
concentrations in tributaries draining the peneplain 
region upstream of Prince George (Nechako and Wil-
low rivers), and a Coast Range tributary, the Black-
water River, with especially high DOC concentrations 
(466–1479 µmol L−1) relative to all other sites under 
all flow conditions. Another group of tributaries (the 
Bridge, McGregor, Robson, Pitt, and Harrison rivers) 
is notable for its relatively low DOC concentration 
(< 212 µmol L−1). 

DIC and DOC fluxes are generally highest 
under high discharge conditions and lowest during 
low discharge conditions across tributaries of the 
Fraser River (Fig.  3). The Thompson River, which 

contributes the greatest proportion (~ 20–25%) of 
discharge to the Fraser River of all tributaries, also 
accounts for the largest proportions of DOC and DIC 
fluxes under nearly all discharge conditions. The only 
exception is that, under medium discharge condi-
tions, the Nechako River DOC flux was the greatest 
of all tributaries, on account of the relatively high 
DOC concentrations in the northern peneplain por-
tion of the basin. The eight tributaries shown in Fig. 3 
account for 45–61% of the DIC flux, and 51–82% of 
the DOC flux, of the Fraser River at Fort Langley near 
the coast under the three observed flow conditions.

Isotopic signatures of DOC and DIC

The isotope compositions of Fraser basin tributaries 
and points along the main stem were measured pri-
marily in samples collected during medium discharge 
conditions in summer 2009 (Fig.  4). The stable car-
bon isotopic composition of DIC (δ13C-DIC) ranged 
from − 8.7 to − 3.8‰, with the highest values occur-
ring in tributaries of the central portion of the basin 
(Quesnel, Chilcotin, and Thompson rivers) and the 
headwaters (Fraser River at Fitzwilliam and Robson 

Fig. 2   Concentrations (μmol L−1) of DIC (panels A-C) and DOC (panels D-F) across the Fraser basin at low discharge (left panels), 
medium discharge (center panels), and high discharge (right panels)
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River). Corresponding δ13C-DOC values spanned a 
narrower range, from − 27.5 to − 24.9‰. Inter-sam-
ple variability in δ13C-DOC samples was small rela-
tive to data precision, therefore further interpretation 
of these data is not warranted.

The Δ14C-DIC values of main stem sites are rela-
tively invariant across the basin, ranging from − 110 
to −  145‰. In contrast, tributaries of the central 

portion of the basin (Nechako, Blackwater, Quesnel, 
Chilcotin, and Thompson rivers) are more variable, 
with relatively high Δ14C-DIC (−  135 to −  4‰; 
younger 14C age) compared to a lower Δ14C-DIC 
value (older 14C age) for the sole site analyzed in 
the Rocky Mountains (Robson River, − 294‰). The 
Δ14C-DOC values of most sites in the Fraser basin 
are higher than those of DIC, corresponding to near 

Table 2   DOC time series

DOC concentrations, fluxes 
and Δ14C values throughout 
2013 near the mouth of 
the Fraser River (at Fort 
Langley). Samples with 
the same date are lab splits 
for the 14C analysis. Lab 
ID indicates ETH sample 
numbers

Date (yyyy-mm-
dd)

DOC  
(μmol L−1)

DOC Flux 
(mol C s−1)

∆14C (‰) Absolute ∆14C 
error (‰)

Lab ID

2013-01-12 257 273 − 65.0 21.9 56,995.1.1
2013-02-09 248 248 − 26.1 23.7 56,997.1.1
2013-02-09 248 248 1.5 28.8 56,998.1.1
2013-03-16 242 349 − 49.9 23.8 56,999.1.1
2013-03-30 205 270 − 9.9 29.5 56,987.1.1
2013-03-30 205 270 31.5 35.3 56,988.1.1
2013-04-07 266 608 2.8 22.1 56,989.1.1
2013-04-10 415 1132 24.1 17.5 56,991.1.1
2013-04-16 558 1599 24.8 13.3 56,993.1.1
2013-05-01 760 3480 − 29.5 10.5 57,001.1.1
2013-05-17 389 4322 28.9 17.3 57,003.1.1
2013-06-22 226 1938 5.0 26.5 57,005.1.1
2013-07-24 184 840 14.2 31.1 57,007.1.1
2013-07-24 184 840 − 25.7 31.6 57,008.1.1
2013-09-20 130 319 − 2.7 38.3 57,009.1.1
2013-10-25 − 106.1 30.6 57,011.1.1
2013-11-15 21.1 34.8 57,013.1.1
2013-12-19 − 68.7 31.4 57,015.1.1

Fig. 3   DIC (A) and DOC (B) fluxes (mol s−1) in tributaries of the Fraser River under low, medium, and high discharge conditions. 
Note the difference in scale of the axes
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modern or greater-than-modern (i.e., post-bomb) 14C 
ages. Three sites (Fraser River at Lillooet and Black-
water and Chilcotin rivers) from the high discharge 
period in 2011 were also analyzed for δ13C and Δ14C 
values of DOC. In the case of δ13C-DOC, the values 
for these sites during high discharge were 0.8–1.1‰ 
lower than those during medium discharge, while 
there were no consistent differences between high and 
medium discharge for Δ14C-DOC values. The Δ14C-
DOC value in the Fraser River at Lillooet was 37‰ 
higher during medium discharge than during high 
discharge, whereas the Δ14C-DOC value in the Black-
water River was nearly identical in medium and high 
discharge samples and the Chilcotin River was 25‰ 

lower during medium discharge than during high 
discharge.

In 2013, Δ14C-DOC samples collected near the 
mouth of the Fraser River over the course of a full 
year (Fig. 5A) ranged from − 106 to + 31‰, with a 
mean of − 13 ± 39‰ (1 s.d.). The average measure-
ment uncertainty was ± 26‰ (representing the 1σ 
measurement error propagated through the correction 
for the presence of the processing blank). DOC did 
not exhibit any clear temporal trends in Δ14C values.

Fig. 4   Isotope compositions (‰) of Fraser basin dissolved 
carbon pools in summer 2009: δ13C of DIC (A) and DOC 
(B) and ∆14C of DIC (C) and DOC (D). Note that precision 

for δ13C data is approximately 0.03–0.05‰ (McNichol et  al. 
2000), which is minor compared to inter-sample variability for 
δ13C-DIC data, but significant for δ13C-DOC data
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Discussion

Flow‑dependence and spatial patterns of DOC and 
DIC

Concentrations of DIC and DOC in the Fraser River 
main stem exhibit similar downstream trends. In gen-
eral, concentrations are relatively low in the Rocky 
Mountain headwaters, elevated in the central por-
tion of the basin, and gradually decline for roughly 
the second half of the river’s length. The tributary 

inputs of each of these pools, however, are distinct, 
contributing to spatial variability and varying in their 
response to seasonal changes in discharge.

The downstream pattern of tributary DOC con-
centrations features relatively low concentrations 
in tributaries draining the Rocky Mountains and the 
lower Coast Range, and higher concentrations in 
tributaries draining the central portion of the basin 
(Cariboo and upper Coast Range). This pattern likely 
reflects the thin and immature soils in the mountain-
ous headwaters in contrast with the more established 
soils and low-lying wetland areas of the central and 
lower portion of the basin. The main stem Fraser 
exhibits a similar spatial pattern, with rising DOC 
concentrations from the headwaters until Hansard/
Stoner (~ 500 km from the river source), followed by 
a slight decrease as the river enters the relatively arid 
central basin, which continues for the remainder of its 
course.

While this spatial pattern is consistent between 
the different flow regimes, the absolute concentra-
tions vary substantially. DOC concentrations are 
lowest in the samples collected during medium dis-
charge (summer), somewhat higher during low dis-
charge (fall), and highest during the spring freshet. 
This freshet DOC pulse is a common feature of many 
high-latitude rivers (Holmes et al. 2008; Cooper et al. 
2008; Guo et  al. 2012), and results from changing 
hydrologic flowpaths as surface soils across the basin 
become inundated (to an average depth of 0.2–0.8 m), 
releasing DOM accumulated throughout the previous 
fall and winter (Voss et al. 2015). In the Fraser basin, 
with the wide variety of biogeoclimatic zones and 
land cover (Valentine et al. 1978), the initiation of the 
spring freshet can vary by a few weeks between indi-
vidual tributary basins. Therefore, the high discharge 
samples from spring 2011 likely capture slightly dif-
ferent stages of the freshet DOC pulse in each tribu-
tary sub-basin.

The seasonal variations in DIC concentrations are 
notably decoupled from those of DOC, suggesting the 
influence of additional drivers (other than DOC rem-
ineralization). DIC is the single largest component 
of the dissolved load of the Fraser River and its con-
centration at most sites varies only modestly between 
high, medium, and low discharge conditions, suggest-
ing DIC fluxes are primarily driven by the amount 
of discharge (Table  3). In contrast, the variability 
in DOC concentrations across different discharge 

Fig. 5   The 2013 time series record of (A) DOC concentra-
tion and (B) DOC flux exhibit a pronounced pulse in the early 
stages of the spring freshet followed by a rapid decay. In con-
trast, the Δ14C-DOC during this period (C) is relatively con-
stant and nearly modern throughout the year. Fraser River dis-
charge is shown on each panel as a dashed line
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conditions supports the assertion that the sources 
of DOC change in nature throughout the year (Voss 
et al. 2015).

Sources of DOC

The relatively 14C-depleted values of DOC in head-
water areas of the Fraser basin indicate the mobi-
lization of aged organic material, which may derive 
from soil, bedrock, and/or anthropogenic sources 
(i.e., products of fossil fuel utilization). Combustion-
derived aerosols are a significant source of ancient 
OC in surface waters and soils globally (Jaffé et  al. 
2013). In the lower Fraser River downstream of the 
major tributaries, black carbon, with a ∆14C value 
of ~ − 570‰, constitutes 6.9 ± 0.5% of the POC pool 
(Coppola et al. 2018), and on a global basis dissolved 
black carbon is estimated to account for ~ 10% of the 
global riverine flux of DOC (Jaffé et al. 2013). DOC 
in streams draining coastal and mountainous glaciers 
of western North America in particular have been 

shown to contain a significant aged component, most 
likely from aerosols derived from fossil fuel com-
bustion (Hood et al. 2009; Stubbins et al. 2012), and 
there is evidence of combustion-derived OM in the 
Fraser basin dating back to the early Holocene (Hal-
lett et  al. 2003). Though less directly impacted by 
air masses originating from east Asia (the predomi-
nant source for aerosols to the North American west 
coast), some fossil fuel combustion-derived aerosols 
may be deposited on mountain glaciers of the Fraser 
basin. However, if this is the case, it is not clear why 
relatively old DOC would be restricted only to these 
headwater basins, given that most major tributar-
ies of the Fraser River have headwaters fed by gla-
ciers (Thorne and Woo 2011). It may be that glacial-
derived DOC is relatively bio-labile and is rapidly 
degraded, as has been observed in other streams and 
rivers (Hood et  al. 2009; Hemingway et  al. 2019), 
leaving little 14C evidence in downstream DOC sam-
ples. The importance of glacial influence may be 
obscured by differences in residence time between 
tributaries given that the tributaries carrying rela-
tively aged DOC are smaller than most of the oth-
ers analyzed. It is currently not possible to exclude 
contributions of fossil combustion residues to the 
14C-depleted DOC signals given current uncertainties 
concerning the reactivity of dissolved combustion-
derived components (Stubbins et  al. 2012; Wagner 
et al. 2021), but the lack of coherence in values across 
tributaries suggests that aged DOC in the Fraser sys-
tem is driven by processes other than deposition of 
anthropogenic combustion-derived aerosols on gla-
ciers. Instead, we speculate that 14C-depleted DOC 
in the Fraser River and its tributaries is primarily 
derived from mobilization and dissolution of pyro-
genic fossil carbon and pre-aged biogenic OM in 
soils and glacial debris. Further information on DOM 
composition and dynamics is needed to fully address 
the question of DOC provenance in the Fraser basin.

As a test of the above hypothesis that DOC respira-
tion is an important source of DIC in the Fraser River, 
it might be expected that DIC δ13C values would 
reflect isotopic signatures associated with DOC con-
sumption. DIC derived from respiration of C3 plant 
material (with a δ13C value of ~ −  27‰) would be 
expected to have a δ13C value of ~ − 18‰ (Clark and 
Fritz 1997), while DIC derived from weathering of 
carbonate or silicate rocks would be expected to have 
δ13C values of approximately − 8.25‰ and − 17‰, 

Table 3   DIC time series

DIC concentrations and fluxes near the mouth of the Fraser 
River (at Fort Langley)

Date (yyyy-mm-dd) DIC (μmol L−1) DIC Flux 
(mol C 
s−1)

2009-07-30 824 3870
2009-08-13 798 2725
2010-10-25 1015 2222
2011-05-25 913 7841
2011-06-07 893 9351
2011-06-26 800 7886
2011-06-28 794 7955
2011-07-08 770 7458
2011-07-15 877 8553
2011-07-19 839 8098
2011-10-14 782 2124
2011-10-25 892 2012
2011-10-26 864 1931
2011-10-31 900 1940
2011-11-15 1011 1972
2011-12-12 1003 1281
2012-01-11 937 1646
2012-02-10 1073 1300
2012-07-05 798 8308
2012-07-13 765 7425
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respectively (Spence and Telmer 2005). In  situ pri-
mary production may also influence δ13C values, 
resulting in a residual DIC pool with higher δ13C val-
ues. The δ13C values of DIC (− 3.8 to − 8.7‰) and 
DOC (− 24.9 to − 27.5‰) in the Fraser River likely 
reflect the interplay of leaching and respiration of 
C3 plant material and mineral weathering and possi-
bly aquatic autotrophic biomass (although the Fraser 
basin is on the whole heterotrophic; Raymond et  al. 
2013). The data from this study cannot fully disentan-
gle the impact of these sources on bulk DIC and DOC 
δ13C values. Future studies which specifically inves-
tigate the magnitude and spatial and temporal varia-
tion of autotrophic production in the Fraser River and 
the distribution of carbonate-bearing soils would shed 
light on the relative importance of these sources as 
an independent comparison with the contribution of 
respired DOC to the DIC pool estimated here.

Weathering and respiration controls on load and 
composition of DIC and DOC

The inorganic geochemical composition of dissolved 
material provides multiple indicators of the influence 
of carbonate weathering in certain portions of the 
Fraser basin (Voss et  al. 2014). The relatively high 
DIC concentrations in certain tributaries also suggest 
a contribution from carbonate-rich lithologies; how-
ever, other weathering reactions also produce DIC 
(Blattmann et al. 2019; Hilton and West 2020), while 
biological consumption or production of DIC may 
also affect riverine DIC loads (Voss et al. 2017). The 
dissolved inorganic load of the Fraser River (exclud-
ing carbonate species) is essentially a binary mixture 
of carbonate- and silicate-derived weathering prod-
ucts (Voss et  al. 2014), although sulfide weathering 
also occurs in certain regions (Cameron et  al. 1995; 
Spence and Telmer 2005). The major cation composi-
tion (Ca/Na and Mg/Na) of the Robson River in par-
ticular resembles that of runoff from carbonate-dom-
inated lithologies (Meybeck 1986; Gaillardet et  al. 
1999), and therefore its composition likely reflects 
major element contributions due almost entirely 
to carbonate weathering. Sites in other parts of the 

basin, however, reflect a more complex combination 
of biogeochemical processes impacting the dissolved 
load.

To quantify the importance of carbonate weathering, 
silicate weathering, and OM respiration to the DIC load 
of the Fraser, we used the concentrations of dissolved 
major elements, DIC, and DOC, and corresponding car-
bon isotopic compositions, in a series of mass balance 
relationships. Dissolved major element data for these 
samples were previously reported by Voss et al. (2014). 
We applied these calculations to the eight sites from the 
medium discharge sampling campaign in 2009 for which 
we have complete concentration and isotopic composi-
tion data (i.e., the main stem Fraser River at Fitzwilliam, 
Stoner, and Vancouver shallow; and tributaries Nechako, 
Blackwater, Quesnel, Chilcotin, and Thompson rivers). 
First, carbonate- and non-carbonate-derived DIC frac-
tions are constrained by their 13C and 14C values:

where δ and Δ represent the stable and radiocarbon 
isotope compositions, respectively, of DIC from car-
bonate weathering (carb), non-carbonate-weathering 
processes (NC), and measured samples (meas). The 
proportions of carbonate-weathering-derived DIC 
(fcarb) and non-carbonate-weathering-derived DIC 
(fNC) can be approximated from dissolved major ion 
composition, after correction for sea salt aerosols. As 
dissolved chloride is almost entirely derived from sea 
salt aerosols in the Fraser River (Voss et al. 2014), we 
correct other major ion concentrations as follows:

where X is any major ion, nss indicates non-sea-salt-
derived, and ss is sea-salt-derived. The Robson River, 
with major ion ratios very similar to a pure carbon-
ate weathering endmember (Gaillardet et  al. 1999), 
is used to estimate the non-carbonate-weathering-
derived fraction of DIC in other sites as follows:

(1)fcarb + fNC = 1

(2)fcarb�carb + fNC�NC = �meas

(3)fcarbΔcarb + fNCΔNC = Δmeas

(4)[X]nss = [X]meas − [Cl]meas

(

X

Cl

)

ss

(5)fNC =
[DIC]NC

[DIC]meas
=

1

[DIC]meas

[

DICmeas −

(

Ca +Mg

Na

)

nss

×

(

DIC

(Ca +Mg)∕Na

)

Robson

]
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The sea salt aerosol correction is complicated 
for the Robson River medium discharge sample as 
the dissolved Cl value of 43  μmol L−1 reported by 
Voss et  al. (2014) is very high compared to corre-
sponding values at low and high discharge (4.6 and 
5.7  μmol L−1, respectively), suggesting that it is 
likely influenced by sources other than atmospheric 
aerosols. Given that this sample has a Na concentra-
tion of 9.5 μmol L−1 (Voss et al. 2014), if this sam-
ple contained Na exclusively from sea salt aerosols, it 
would be expected to have a Cl concentration of only 
11 μmol L−1 (based on a sea salt Na/Cl composition 
of 0.86). As silicate weathering must also contribute 
some Na to the dissolved load, such an elevated Cl 
concentration cannot represent natural processes. Fur-
thermore, Cl concentrations for other Rocky Moun-
tain tributaries, i.e. McGregor, Holmes, and Small 
rivers, under all discharge conditions range from 1.9 
to 5.5  μmol L−1, and all other Fraser basin samples 
under medium discharge conditions do not exceed 
18.5 μmol L−1 (Voss et al. 2014). We therefore chose 
to correct the sea salt contribution to the medium dis-
charge Robson River sample using a Cl concentration 
of 3 μmol L−1, which represents the lower range of Cl 
concentrations for Rocky Mountain tributaries during 
this sampling time, and therefore yields a lower-limit 
estimate of non-carbonate DIC in other Fraser basin 
samples. The choice of Cl concentration estimate for 
this sample is clearly important; however, within rea-
sonable bounds, the exact value does not substantially 
alter the result and interpretation of the estimate of 
non-carbonate DIC. The quantitative impact of the 
choice of this value is evaluated later in this section.

The isotope composition of DIC derived from 
carbonate weathering contains signatures from both 
carbonic acid weathering and sulfuric acid weather-
ing of carbonate minerals. The impact of sulfuric 
acid weathering can be estimated with a similar mass 
balance:

where C and S indicate carbonic acid weathering of 
carbonates and sulfuric acid weathering of carbon-
ates, respectively. Since carbonic acid weathering 

(6)fC + fS = 1

(7)fC�C + fS�S = �carb

(8)fCΔC + fSΔS = Δcarb

of carbonates produces one mole of carbon derived 
from soil CO2 (a mixture of atmospheric CO2 and 
soil organic matter respiration) and one mole from 
the carbonate mineral being dissolved, δC is the aver-
age of the δ13C composition of soil CO2 adjusted for 
the fractionation effect of dissolution (predominantly 
as HCO3

− at typical Fraser River pH), or ~ −  17‰, 
and mineral CaCO3, ~ 0.5‰, i.e., ~ − 8.25‰ (Spence 
and Telmer 2005). Likewise, ΔC is the average Δ14C 
of modern atmospheric CO2 at the time of sampling 
(~ 48‰; Graven et  al. 2012) and mineral CaCO3 
(−1000‰, assuming any secondary soil carbonate is 
negligible), or ~ − 476‰. Sulfuric acid weathering of 
carbonates produces DIC derived only from mineral 
CaCO3, therefore δS =  ~ 0.5‰ (Spence and Telmer 
2005) and ΔS = − 1000‰.

In principle, the sulfuric acid contribution to car-
bonate weathering (fS) can be approximated based 
on patterns of SO4

2− concentrations and stable sul-
fur isotope values  of sulfate. Practically, however, 
this requires careful consideration of a range of 
endmembers (e.g., evaporites, atmospheric deposi-
tion) as well as potential alterations of the values 
via microbial sulfate reduction along the course 
of the river (e.g., Calmels et  al. 2007; Torres 
et  al. 2016; Hemingway et  al. 2020). Yet, the low 
SO4

2− concentrations and high values in the Fraser 
basin reported in the literature (Cameron et  al. 
1995; Spence and Telmer 2005; Voss et  al. 2014; 
Burke et al. 2018) allow for rough constraints on the 
relative contribution of sulfuric acid to carbonate 
weathering. Spence and Telmer (2005) estimated 
DIC fluxes for carbonate weathering by carbonic 
acid and carbonate weathering by sulfuric acid for 
a range of sites across the basin, demonstrating that 
sulfuric acid-based carbonate weathering is 1–30% 
of the total carbonate weathering DIC flux at most 
sites (with the exception of the headwaters of the 
Lillooet River, which drains an area with active 
hydrothermal activity and unaccounted-for cation 
fluxes). The sulfuric acid contribution to DIC fluxes 
reported for the main stem and the largest tributary 
(Thompson River) are 5% and 8%, respectively, 
while higher sulfuric acid weathering contributions 
(Chilcotin and Cayoosh rivers) are associated with 
Coast Range tributaries which also likely capture 
hydrothermically active areas. Therefore, we assert 
that the average fS value of the Fraser basin lies in 
the range of 5–10%, and we estimate fS is ~ 0.08. We 
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further note that the exact value of fS within reason-
able bounds does not significantly impact our iso-
tope mass balance, as will be described later. Using 
these values, we solve Eqs.  6–8 for fC, δcarb, and 
Δcarb, and subsequently Eqs. 1–3 can be solved for 
δNC and ΔNC.

Next, we construct a mass balance for non-car-
bonate-weathering-derived DIC, which is derived 
from silicate weathering, OM respiration, and 
atmospheric CO2 invasion:

where atm refers to atmospheric CO2 and SWOM to 
the combination of organic matter respiration and sili-
cate weathering. We group OM respiration and sili-
cate weathering together because the isotopic signa-
tures of DIC produced by each of these processes are 
practically indistinguishable, and the DIC contribu-
tion from silicate weathering is quantified separately 
below. The values of δSWOM and δatm are estimated as 
the measured δ13C values of DOC (as an approxima-
tion of soil CO2 composition) and modern atmos-
pheric CO2, respectively, both adjusted for a ~ 9.6‰ 
fractionation effect due to speciation from CO2(g) to 
HCO3

−(aq), which assumes all DIC is HCO3
−, and 

an average Fraser River water temperature of 10 °C. 
Similarly, the values of ΔSWOM and Δatm are estimated 
as the measured Δ14C values of DOC and modern 
atmospheric CO2, respectively. Based on these val-
ues, Eqs. 9–11 can be solved for fSWOM and fatm.

Next, we construct a mass balance for DIC, com-
posed of contributions from carbonate weathering, 
atmospheric CO2 invasion, and OM respiration + sili-
cate weathering:

and a second mass balance to isolate the silicate-
weathering-derived portion of fSWOM:

(9)fSWOM + fatm = 1

(10)fSWOM�SWOM + fatm�atm = �NC

(11)fSWOMΔSWOM + fatmΔatm = ΔNC

(12)fcarb + fatmfNC + fSWOMfNC = 1

(13)
[DIC] = fcarb[DIC] + fatmfNC[DIC] + fSWOMfNC[DIC]

(14)
fSWOMfNC[DIC] = [DIC]sil + [DIC]DOC = [DIC]

(

fsil + fDOC
)

where fsil is the portion of DIC produced by silicate 
weathering and fDOC is the portion produced by OM 
respiration, which is assumed to be entirely derived 
from DOC, either in soil pore waters, groundwater, or 
in the river. By doing so, we implicitly neglect con-
tributions from respiration of old soil organic carbon 
and weathering of petrogenic carbon. The former is 
consistent with observations that soil organic carbon 
respiration is dominated by young organic carbon 
from the soil organic horizon (Trumbore 2000). The 
latter is likely reasonable considering the low petro-
genic C concentrations in most bedrocks in the Fraser 
River catchment as well as in Fraser River suspended 
sediments (Voss et  al. 2014; Galy et  al. 2015). The 
silicate weathering contribution can be estimated 
based on the major ion composition of each site in 
comparison to carbonate and silicate end-members as 
follows:

where (Ca/Na)carb and (Ca/Na)sil represent the 
molar Ca/Na composition of carbonate and silicate 
weathering end-members. Long-term observations 
of molar Mg/Na vs. Ca/Na in the main stem Fraser 
River (e.g. Voss et  al. 2014) exhibit a correlation 
of approximately (Mg/Na) = 0.21*(Ca/Na) + 0.42 
(n = 111, r2 = 0.93). We therefore applied a silicate 
end-member composition of 0.2, which is at the low 
end of the range defined by Gaillardet et  al. (1999), 
and used this value to solve the above correlation for 
Mg/Na, yielding a value of 0.46. For the carbonate 
end-member, we used the Robson River composition 
(Ca/Na = 75, rather than 50 as suggested by Gaillardet 
et al. 1999) to better match the lithology of the Fraser 
basin. These values are also comparable to carbon-
ate and silicate weathering Ca/Na end-member com-
positions reported by Négrel et al. (1993) of 60 ± 30 
and 0.35 ± 0.25, respectively. The silicate- and non-
silicate-weathering-derived portions of each major 
element can then be calculated as follows, applying 
Ca/Na (as defined above) and HCO3/Na end-member 
compositions from Gaillardet et al. (1999):

(15)fsil =
(Ca∕Na)meas − (Ca∕Na)carb

(Ca∕Na)sil − (Ca∕Na)carb

(16)[Na]sil = f sil[Na]nss

(17)[Na]non−sil = [Na]nss − [Na]sil
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Assuming that [HCO3]sil is equivalent to [DIC]sil, 
this quantity can be used in Eq.  14 to solve for 
[DIC]DOC, the portion of DIC directly derived 
from OM respiration, either in soil pore waters, 

(18)[Ca]non−sil = [Na]non−sil ×
(

Ca

Na

)

carb

(19)[Ca]sil = [Ca]nss − [Ca]non−sil

(20)
[

HCO
3

]

sil
= [Na]sil ×

(

HCO
3

Na

)

sil

groundwaters, or during river transit. Based on this 
calculation, we estimate that DOC respiration can 
contribute up to 33% of the DIC load at some loca-
tions in the Fraser River (Table 4). Certain sites have 
a very low proportion of DOC respiration-derived 
DIC, such as the Fraser at Fitzwilliam in the Rocky 
Mountain headwaters (1%) and the Chilcotin River 
in the dry central basin (4%). The proportion of DOC 
respiration-derived DIC correlates strongly with DOC 
concentration (r2 = 0.53; Fig. 6), which provides sup-
port for this approach to estimating the significance of 
DOC respiration.

To quantify the potential error due to the substitu-
tion of the Robson River Cl concentration described 
above, we performed a sensitivity analysis using Rob-
son River Cl concentrations ranging from 2–6 μmol 
L−1, representing the full range in observed Cl con-
centrations for Rocky Mountain tributaries reported 
in Voss et  al. (2014). The chosen Cl concentration 
was positively correlated with the fraction of total 
DIC derived from OM respiration (fDOC) and sites 
with relatively low fDOC (Fraser River at Fitzwilliam, 
Chilcotin River) were most sensitive to the choice 
of Robson River Cl concentration. The site with the 
highest estimated fDOC value (Fraser River at Stoner) 
ranged from 32–35% for this range of Robson River 
Cl concentrations. Therefore, our estimated upper 
bound on the contribution of DOC respiration to the 
DIC load (33%) has a very small error (± 1.5%) due 
to uncertainty in the Robson River Cl concentration.

We likewise performed a sensitivity analysis to 
quantify the impact of the proportion of carbonate 
weathering due to sulfuric acid weathering (fS) on 
fDOC. Considering a range of fS values from 0.01 to 
0.30, the calculated values of fDOC were positively 
correlated with the value of fS, and the site most 
sensitive to the choice of fS was that with the lowest 
estimated fDOC (Fraser River at Fitzwilliam). The 
highest calculated fDOC value (corresponding to the 
Fraser River at Stoner) ranged from 33 to 34% over 
this range of fS values, thus the exact value chosen 
for fS is not critically important to this estimate of 
OM respiration-derived DIC.

To characterize the cumulative effect of uncertain-
ties in the measured and estimated values used in the 
calculation of DOC respiration-derived DIC, we per-
formed a Monte Carlo simulation based on known or 
approximated uncertainties in the input parameters of 

Table 4   Estimates of DIC derived from DOC respiration

The portion of DIC derived from DOC respiration, expressed 
as a concentration ([DIC]DOC) and as a fraction of total DIC 
(fDOC), demonstrates that DOC respiration can constitute a sig-
nificant portion of the total DIC load

Site [DIC]DOC (μmol 
L−1)

fDOC

Fraser at Fitzwilliam 3 0.01
Fraser at Stoner 326 0.33
Fraser at Vancouver shallow 108 0.16
Nechako River 142 0.19
Blackwater River 434 0.27
Quesnel River 209 0.21
Chilcotin River 23 0.04
Thompson River 96 0.16

Fig. 6   The correlation between the estimated contribution of 
DOC respiration to the DIC load (DICDOC; r2 = 0.53) supports 
the isotope mass balance approach to this calculation
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Eqs.  1–20. For parameters with analytically quanti-
fied uncertainty, we used these values for the standard 
deviation; for parameters with unknown uncertainty, 
we applied a standard deviation of 20% (Table  S5). 
The only exception is the Robson River Cl concen-
tration, for which we applied a standard deviation of 
80% to reflect the range of potential values described 
above. We assumed normal distributions for all 
parameters and generated 10,000 simulated values 
for each parameter for the site with the highest cal-
culated DOC respiration-derived DIC fraction, the 
Fraser River at Stoner. Based on this exercise, we 
estimate that the maximum fDOC in the Fraser River 
is 0.33 ± 0.11.

The assumption that carbonate and silicate weath-
ering, DOC respiration, and atmospheric CO2 inva-
sion are the sole sources of DIC is imperfect. For 
instance, potential DIC contributions from sulfuric 
acid carbonate weathering are not fully character-
ized by our data. Additionally, we neglected potential 
losses from mineral precipitation, CO2 efflux, abiotic 
DOC mineralization (i.e., photo-oxidation), or in situ 
autotrophic uptake, and their associated stable iso-
tope fractionations. Nevertheless, the strong correla-
tion between DOC-respiration-derived DIC and DOC 
concentration clearly points to DOC as an important 
source of DIC in this fluvial system. We also empha-
size that our estimates are based on a single sampling 
campaign. Given the significant seasonal variability 

in DOC concentrations in the Fraser River, the DIC 
contribution from DOC respiration likely also varies 
seasonally. As our study relies on samples collected 
along the main steam and near the outlets of major 
tributaries, we also cannot decipher whether the 
majority of DOC respiration occurs in soil porewa-
ters, in groundwater, or in the stream and river net-
work itself. Further study is also needed to evaluate to 
what extent the controls on aquatic microbial respira-
tion are physiological (Raymond et al. 2016; Catalán 
et al. 2016) or biochemical (i.e., the chemical nature 
of DOC inhibits complete metabolism or seasonal 
changes in water temperature affect bacterial respira-
tion rates).

Placing carbon cycling in the Fraser Basin within a 
global context

There is growing recognition that rivers do not sim-
ply serve as pipelines that transfer carbon exported 
from terrestrial landscapes to the ocean, but rather 
function as reactors where carbon is supplied, pro-
cessed, and remineralized by myriad biological and 
physicochemical processes during transit from source 
to sink (Ward et al. 2017). Dissolved organic matter 
appears to play an important role along the aquatic 
continuum, both as a major mode of carbon input, but 
also as a key vector in the cycling of carbon between 
the biosphere, hydrosphere, and atmosphere. In the 

Fig. 7   Radiocarbon (∆14C, ‰) and stable carbon isotope 
(δ13C, ‰) compositions of DOC and DIC in the Fraser River 
in the context of global river variability (after Marwick et  al. 
2015). Hypothetical end-members are shown both in their nat-

ural form (dashed outlines) and as “HCO3
− equivalents” (solid 

outlines and * labels) accounting for a fractionation effect 
between CO2(g) and HCO3

−(aq) of 9.6‰, assuming a temper-
ature of 10 °C (Clark and Fritz 1997)
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Fraser Basin, we find a strong coupling between DOC 
and the portion of DIC that originates from DOC 
respiration.

The carbon isotopic signatures of Fraser River 
DOC and DIC are consistent with many large rivers 
globally (Fig. 7; Marwick et al. 2015), implying that 
the sources and underlying processes contributing to 
dissolved carbon carried by the river are representa-
tive of many major fluvial systems. In the case of 
DOC, the Fraser River falls well within the range of 
values exhibited by rivers globally for δ13C compo-
sition and 14C age; all of our observed Fraser River 
Δ14C-DOC values are near the center of the global 
distribution (median 46‰; Marwick et  al. 2015), 
with the exception of the relatively aged samples 
from the Rocky Mountain region, indicating some 
contribution from deep soil or anthropogenic com-
bustion-derived OM. The range of δ13C-DIC values 
in the Fraser River is on the more positive end of the 
full global range, and roughly in the middle between 
atmospheric CO2 and carbonate weathering, with 
some samples trending towards the silicate weather-
ing/organic matter end-members. The 14C composi-
tion of Fraser River DIC is average compared to riv-
ers globally, being slightly more aged than modern 
atmospheric CO2.

Together, the 13C and 14C composition of Fraser 
River DIC support the interpretation of a mixture 
between weathering of mineral carbonate and mod-
ern sources such as atmospheric CO2 (precipitation, 
gas exchange), as well as respiration of biogenic 
OM. The modest DOC concentrations of the Fraser 
River and most of its tributaries (mean of the basin-
wide dataset in this study = 3  mg L−1) and the gen-
erally modern Δ14C-DOC values we observed do not 
indicate significant anthropogenic disturbance of the 
river’s DOC load. As a consequence of anthropogenic 
climate change, the Fraser watershed is experienc-
ing rising temperatures (which may mobilize aged 
OM in mountainous areas) and more severe wildfires 
(which may deposit a mixture of modern vegetation-
derived and aged soil-derived OM on the landscape). 
Future studies which characterize the impacts of these 
changes on the age of DOC and DIC in the Fraser 
River may further elucidate the sources of carbon 
to these pools and the magnitude of DIC production 
from OM mineralization.

Conclusions

The sources of DIC and DOC in the Fraser basin are 
spatially decoupled, yet their downstream dynamics 
appear to be intertwined. Carbonate weathering as 
a source of DIC is pronounced in certain headwater 
basins (Robson and McGregor rivers), as indicated 
by high DIC concentrations, relatively low ∆14C-DIC 
values, and high ratios of dissolved Ca/Na and Mg/
Na. Downstream of these basins, tributaries carry-
ing a disproportionately high DOC load (Blackwater, 
Nechako, and Willow rivers) enter the Fraser. Despite 
this spatial variability, DIC and DOC concentrations 
broadly parallel one another along the course of the 
Fraser main stem. Using a mass balance approach 
based on major ion ratios and carbon isotope com-
positions, we estimate that DOC respiration accounts 
for up to 33 ± 11% of the DIC load in some parts of 
the Fraser basin, while in others the DOC contribu-
tion to DIC is insignificant. The Fraser River is an 
ideal setting for this type of investigation on account 
of its wide natural variability in lithology and biogeo-
climatic zones, and its limited anthropogenic distur-
bance. To better constrain estimates of carbon sources 
and fluxes, future studies would benefit from seasonal 
sampling and the addition of other carbon pools (par-
ticulate organic and inorganic carbon, soil carbonates, 
groundwater, and hot springs in the Coast Range), as 
well as simultaneous stable sulfur and oxygen isotope 
analysis of dissolved sulfate to refine the estimate 
of sulfuric acid weathering. Estimations of petro-
genic carbon weathering fluxes, for instance based 
on the dissolved rhenium proxy (Hilton et al. 2014), 
would also help to better constrain the dissolved car-
bon budget of the Fraser River. Studies like this are 
important to assess the relative importance of min-
eral weathering and OC respiration in the terrestrial 
aquatic continuum, and to predict future carbon cycle 
changes in aquatic ecosystems in the face of regional 
and global environmental change.
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