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d Université Paris-Saclay, CNRS, GEOPS, 91405, Orsay, France 
e Environnements DYnamiques et TErritoires de la Montagne (EDYTEM), CNRS, Université Savoie Mont-Blanc, 73370 Le Bourget-Du-Lac, France   
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A B S T R A C T   

Barium and its isotopes are receiving growing interest in their capacity to record the variation of the oceanic 
biological pump through geological timescales. Nonetheless, only little is known about the continental sources 
and processes that can drive the Ba flux and isotope composition to the ocean. Whereas the role of processes such 
as secondary phase formation, sorption and biological uptake on Ba isotopes has been recently investigated, the 
potential of various rock sources in producing a range of Ba isotope compositions remains poorly known. In 
particular, black shales often exhibit enrichment in Ba that might potentially be associated with various Ba 
isotope signatures. 

In this study, we report the isotope composition of Ba in rivers with different relative contribution of black 
shale rocks in their catchments, located in the Mackenzie Basin (Northwest Canada). Both the dissolved and solid 
loads of the Mackenzie tributaries are enriched in heavy Ba isotopes with respect to the continental crust, which 
is consistent with an additional source to the weathering of igneous and siliciclastic rocks. Although the dissolved 
Ba abundance is partially driven by weathering processes, the river dissolved Ba isotope composition rather 
reflects a binary mixing between 1) a “classical” siliciclastic source (with a Ba isotope composition close to that of 
the upper continental crust δ138Ba ~ 0.15 ± 0.05‰) and 2) an isotopically heavier source especially present in 
the Mackenzie Mountains (with a δ138Ba ~ 0.40‰). The positive relationships between dissolved δ138Ba and 
radiogenic osmium isotope ratios, as well as with sulphuric acid production, indicate that the heavy Ba source is 
tightly linked to the weathering of black shale. Although the exact reason for such heavy Ba isotope signatures 
remains elusive, this study emphasises the potential of black shale weathering in shifting the Ba isotope 
composition of the dissolved flux to the ocean towards heavier values.   

1. Introduction 

The study of barium (Ba) stable isotope fractionation at the Earth 
surface has recently gained momentum. The isotope composition of Ba 
(δ138Ba) in the ocean tracks barite precipitation in the water column 
(Horner et al., 2015; Cao et al., 2016; Bates et al., 2017; Bridgestock 
et al., 2018), a process that has been in turn suggested to be strongly 
linked to organic matter production, and thus to the oceanic biological 
CO2 pump (Paytan and Griffith, 2007). As a result, Ba isotope signatures 
recorded in sedimentary archives are a possible tracer of the palaeo- 
biological productivity of the ocean (Bridgestock et al., 2019). Howev-
er, continental sources and processes also potentially control the isotope 

composition of Ba in the ocean, and yet remain poorly constrained. Gong 
et al. (2019) have shown that chemical weathering, i.e. the dissolution of 
rock-forming minerals and the formation of secondary phases in soils, 
entails Ba isotope fractionation: light Ba isotopes are preferentially 
scavenged from the solutions, leaving soil and river waters enriched in 
heavy Ba isotopes. Beside Ba isotope fractionation occurring in soils, Ba 
isotopes can be fractionated by adsorption onto particles in rivers, as 
suggested by Gou et al. (2019), Bridgestock et al. (2021b) and Cao et al. 
(2021). In addition to these seemingly abiotic processes, biological up-
take has been shown to significantly fractionate Ba isotope at the scales 
of soils (Bullen and Chadwick, 2016) and catchments (Charbonnier 
et al., 2020). 
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Despite the large variety of processes that can produce Ba isotope 
variation in rivers, the data yet available for global rivers display limited 
range of dissolved Ba isotope composition (from 0.11 to 0.46‰; Hsieh 
and Henderson, 2017; Gou et al., 2019; Charbonnier et al., 2020; Cao 
et al., 2020, 2021; Bridgestock et al., 2021a). As this dataset remains 
very small (N = 15 rivers), it leaves open the question of the existence of 
other, potentially well-fractionated Ba sources to the ocean. In that 
respect, Tieman et al. (2020) report a wide variability of dissolved Ba 
isotope composition for brine waters associated with black shales, i.e. 
organic- and sulphide-rich, fine-grained, sedimentary rocks, with δ138Ba 
values ranging from − 0.80 to +1.50‰. Additionally, black shales have 
been shown to display a strongly fractionated Ba isotope composition 
(1.19‰; N = 1; Tian et al., 2020) compared to other rocks (0.00 ±
0.04‰; N = 71; Nan et al., 2018). From these limited data, it can thus be 
hypothesized that continental regions underlain by black shales - and 
possibly other sedimentary rocks - might contribute with both light or 
heavy Ba isotope signature to the ocean. A significant influence of black 
shale weathering on riverine dissolved Ba fluxes is also supported by the 
observed positive relationships between dissolved Ba, sulphate ions, and 
the trace element rhenium (Re) in the Yamuna Basin rivers (Dalai et al., 
2002a). Indeed, oxidative weathering of black shales tends to deliver 
appreciable amounts of dissolved sulphate and Re to rivers (Dalai et al., 
2002b; Calmels et al., 2007; Horan et al., 2019), suggesting that a large 
fraction of river dissolved Ba on Earth could be delivered from the 
weathering of black shales. 

In this study we explore the following hypothesis: black shale 
weathering results in large dissolved Ba fluxes to the ocean, with a Ba 
isotope composition that differs from that of the weathering of igneous 
and other siliciclastic rocks. A corollary of this hypothesis would be that 
past global variations in black shale weathering may have partially 

control the evolution of the oceanic Ba isotope composition. The 
Mackenzie river Basin (Canada) is a perfect natural laboratory to explore 
this hypothesis as weathering of black shale has been shown to have a 
salient impact on river chemistry in the Mackenzie Basin (Huh et al., 
2004; Calmels et al., 2007; Horan et al., 2019). More specifically, a high 
dissolved Ba abundance has been reported for the Mackenzie River 
compared to other Arctic rivers (Guay and Falkner, 1998; Cooper et al., 
2008) and to large rivers in general (Gaillardet et al., 2014). Such 
enrichment was attributed to the presence of specific rock sources, e.g. 
barite-rich sedimentary formations that could well be associated with 
black shales (Fraser and Hutchison, 2017), delivering dissolved Ba to the 
Mackenzie tributaries (Guay and Falkner, 1998). 

To test for the role of black shale weathering on riverine Ba, we 
report new Ba isotope data on the dissolved load, suspended particulate 
matter, and river bed load of the main tributaries of the Mackenzie 
River. We use these data to discuss the sources of Ba in the Mackenzie 
Basin and show that there the weathering of black shales delivers a 
significant proportion of dissolved Ba with a heavy isotope composition. 

2. Materials and methods 

2.1. Geographical and geological setting 

The Mackenzie Basin (Fig. 1), with a drainage area of 1.78 × 106 

km2, is one of the major Arctic river systems: the fourth largest in terms 
of water discharge (308 km3/yr), second in terms of dissolved material 
flux, and first in terms of sediment discharge (Holmes et al., 2002; Millot 
et al., 2003). As the Mackenzie River drains northern latitudes, the 
average climate is cold (mean temperature of − 4 ◦C). 

Rainfall in the Mackenzie Basin is low and differs between the 

Fig. 1. Map of the Mackenzie Basin and location of the sampling sites, modified from Dellinger et al. (2014).  
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Mackenzie Mountains located in the western part of the basin (approx-
imately 1000 to 1500 mm/yr) and the more arid lowlands located in the 
central and eastern parts (250 to 400 mm/yr) (Millot et al., 2003). 

The Mackenzie Basin can be divided into three main geological units 
described in the following from West to East:  

• The North American Cordillera (Rocky mountains) is the result of 
plate convergence at a tectonically active margin, where elevation 
ranges from 1000 to 2500 m. Most of the major tributaries of the 
Mackenzie River have their headwaters in this part of the basin. The 
dominant lithologies are Proterozoic to Mesozoic sedimentary rocks 
(carbonates, dolomites, shales, and black shales) (Reeder et al., 1972; 
Millot et al., 2003). The presence of carbonate and black shale, 
together with high erosion rates, results in weathering fluxes that are 
overwhelmed by carbonate weathering by sulphuric acid (Calmels 
et al., 2007) and petrogenic carbon oxidation (Horan et al., 2019), 
whereas silicate weathering is hampered by the cold climate (Millot 
et al., 2003). Igneous rocks are mostly present in the Western part of 
the Cordillera draining to the Pacific, for example drained by the 
Stikine and the Nass rivers (Gaillardet et al., 2003). Therefore, the 
contribution of igneous rock weathering to the Mackenzie river 
chemistry is limited. In this study, we report data from two rivers 
draining only the Cordillera: the Racing and the Toad rivers.  

• The Interior Platform with a mean elevation of about 500 m, is 
underlain exclusively by sedimentary rocks such as shale, black 
shale, limestone, and evaporite. These rocks have Cambrian to 
Cretaceous ages (Millot et al., 2003). River solute fluxes are slightly 
more influenced by silicate weathering there than in the Rocky 
Mountains, likely because of 1) longer residence times of solid ma-
terial in the weathering zone (due to lower erosion rates) and/or 2) 
production of dissolved organic matter in soils, which enhances sil-
icate dissolution (Millot et al., 2003). Here we report and discuss 
data from three rivers draining only the Interior Platform: the Hay, 
Smocky, and Doig rivers.  

• The Canadian Shield is an old craton dating from the Precambrian 
with a granitic to granodioritic chemical composition (Reeder et al., 
1972; Gower et al., 1992; Millot et al., 2002, 2003). We do not report 
data from rivers draining the Canadian shield in the present study, as 
their overall contribution to the Mackenzie Basin dissolved load is 
low, and as their lithology is virtually free of sedimentary rocks 
(Gower et al., 1992; Millot et al., 2003). 

The major tributaries of the Mackenzie Basin considered in the 
present study (Athabasca, Peace, Slave, Liard, Red Arctic and Peel) drain 
the Rocky Mountains and the Interior Platform, and join to form the 
main channel of the Mackenzie river. 

In the Mackenzie Basin, river solute fluxes are strongly influenced by 
carbonate weathering (Millot et al., 2003). The main acid involved in 
rock weathering reactions differs between rivers, from a dominance of 
sulphuric acid for the rivers characterized by the highest erosion rates (e. 
g., Red Arctic and Peel rivers) to a dominance of carbonic acid for the 
regions with the lowest erosion rates (e.g., Slave and Peace rivers; 
Calmels et al., 2007). 

2.2. Sampling and chemical composition of river water and sediments 

The samples used in this study are from the Institut de physique du 
globe de Paris (IPGP) repository and have been collected during 
different sampling campaigns performed from 1996 to 2011 (Millot 
et al., 2003; Lemarchand and Gaillardet, 2006; Calmels et al., 2007; 
Millot et al., 2010; Tipper et al., 2012; Dellinger et al., 2014; Hilton 
et al., 2015). River waters were collected in acid-washed polypropylene 
containers and were filtered on site using Teflon filtration units (0.2− μm 
porosity). Water samples were acidified to pH ≈ 2 with ultra pure HNO3 
and placed in a cold room at 4 ◦C. Major anion and cation concentrations 
were measured using ion chromatography, dissolved silica 

concentrations by UV-VIS spectrophotometry, and trace elements by 
quadrupole ICP-MS (Inductively coupled plasma mass spectrometer) at 
IPGP. 

River sediments were collected from the channel bottom to the sur-
face along depth profiles, providing access to the whole spectrum of 
sediment grain size. Details about sampling procedures are given in 
Dellinger et al. (2014). Measurements for major and trace element 
concentration were carried out at the SARM (Service d’analyse des 
Roches et des Minéraux, INSU facility, Vandoeuvre-les-Nancy, France). 
Major element concentrations were measured using ICP-OES (Optical 
emission spectrometer), and trace element concentrations were 
measured using ICP-MS, with uncertainty typically around 10%. 

2.3. Barium chemical separation and isotope measurements 

The analytical procedure used for Ba separation is detailed in 
Charbonnier et al. (2020). Analyses were performed at the High- 
Resolution Analytical Platform PARI of IPGP. Before separation, the 
river water samples were evaporated to dryness and re-dissolved in 0.5 
mL of 2.5 N HCl, while solid samples were digested in a HNO3/HF 
mixture. Barium separation from its chemical matrix was perform by ion 
chromatography, using columns packed with the cation resin AG50-X8. 
In this protocol, the matrix is eluted using 13 mL of 2.5 N HCl, following 
which Ba is eluted in 15 mL of 6 N HCl. Eluate purity as well as yields 
were evaluated by quadrupole ICP-MS to ensure a total recovery and 
proper purification of Ba from the sample (recovery and purification 
results are presented in Table S1). The total procedure blank was lower 
than 0.2 ng of Ba, for a minimum of 400 ng for each sample. The isotope 
ratios of Ba were measured by MC-ICP-MS (Multi-collector ICP-MS 
Neptune, Thermo Fisher Scientific) using a quartz, double spray cham-
ber as an introduction system. All concentrations of standard and sample 
solutions were adjusted to 100 μg/L. The instrumental mass fraction-
ation was corrected for using the sample-standard bracketing method. 
Mass dependent fractionation was checked by plotting the 137Ba/135Ba 
vs. 137Ba/134Ba ratios (see Charbonnier et al., 2020). The isotope ratios 
of Ba are reported as δ13xBa: 

δ13xBasmp

(

‰

)

=

(
13xBa/134Basmp
13xBa/134Bastd

− 1

)

× 1000 (1)  

with x = 7 or 8, smp the sample isotope ratios and std the standard 
isotope ratios (NIST SRM3104a). We do not use directly the 138Ba signal 
because of the presence of Ce and La in the chromatography eluates of 
sediment samples, and thus only rely on 137Ba/134Ba ratios. However, 
for the sake of consistency with the literature data, we converted our 
data to δ138Ba using the mass-dependent relationship: δ138Ba ≈ 1.33 ×
δ137Ba. 

Uncertainties on δ138Ba values are reported as 95%-confidence in-
tervals, calculated as follows: 

CI95% = tn− 1 ×
S.D.
̅̅̅
n

√ (2)  

with S. D. the standard deviation over the n measurements of the sample 
(typically n = 3), and tn− 1 the Student’s law factor with n-1 degrees of 
freedom, at 95%-confidence level. 

The long-term reproducibility and accuracy (over one year and a 
half) of the measurements were checked using our separation protocol 
on the reference materials JB-2 (− 0.02 ± 0.14‰ 2 S.D.; 0.17 CI 95%; N 
= 3), BaBe27 (− 0.80 ± 0.18‰ 2 S.D.; 0.04 CI 95%; N = 18), BCR-2 
(0.05 ± 0.08‰ 2 S.D.; 0.04 CI 95%; N = 6) and AGV-2 (0.05 ± 0.12‰ 
2 S.D.; 0.05 CI 95% N = 8), matching well the values reported by Van 
Zuilen et al. (2016) and Charbonnier et al. (2018). 
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3. Results 

The data for river dissolved and particulate loads in the Mackenzie 
Basin are reported in Tables 1 and 2, respectively. 

3.1. River dissolved Ba abundance and isotope composition 

The dissolved Ba concentration in the Mackenzie Basin ranges from 
0.20 to 0.56 μmol/L, which is significantly higher than for other large 
rivers (between 0.07 and 0.20 μmol/L on average; Guay and Falkner, 
1998; Gaillardet et al., 2014; Cao et al., 2016), except for the Huanghe 
Basin (Gou et al., 2019). In the following, we do not perform any 
correction for rain inputs on dissolved Ba concentrations, and consider 
raw dissolved Ba concentrations as being representative of water-rock 
interactions. Indeed, the abundance of Ba in sea water is low with 
respect to that generally observed in rivers (Dehairs et al., 1980), 
making the contribution of sea salt to river dissolved Ba likely negligible. 
As a matter of fact, even assuming that the entirety of the dissolved 
chlorine in the rivers of the Mackenzie derives from sea salt, the 
contribution of Ba from the rain water contribution is less than 1% 
across our dataset. 

As dissolved Ba concentrations in the Mackenzie rivers might be 
influenced by dilution depending on the amount of available water 
(Cooper et al., 2008), we normalise dissolved Ba concentration by that of 
a soluble element, here sodium (Na), corrected from sea-salt and halite 
dissolution (hereafter called Na*; Millot et al., 2003). The Rocky tribu-
taries are enriched in Ba (with respect to Na), whereas Interior Platform 
tributaries are characterized by the lowest (Ba/Na*)diss ratios and the 
Mackenzie main tributaries show intermediate values (Table 1). 

The isotope composition of dissolved Ba in the Mackenzie Basin 
ranges from 0.13‰ to 0.61‰ (Table 1), which is higher than most values 
reported hitherto for other rivers (Hsieh and Henderson, 2017; Gou 
et al., 2019; Cao et al., 2020; Charbonnier et al., 2020; Bridgestock et al. 
2021a, 2021b). Like for the Ba/Na ratio, the δ138Ba values of the 
Mackenzie dissolved load displays a gradient with high values for Rocky 
tributaries, lowest values for Interior Platform tributaries and interme-
diate values for Mackenzie main tributaries. 

3.2. River solid Ba abundance and isotope composition 

Mackenzie river sediments display a strong enrichment in Ba 
compared to the Upper Continental Crust (UCC), with Ba concentrations 
ranging from 455 to 1542 mg/kg (against around 600 mg/kg for the 
UCC; Rudnick and Gao, 2003). As for the dissolved load, Ba abundance 
in river sediments can directly be interpreted without taking into ac-
count carbonate or evaporite, since Ba is not significantly hosted by 
these mineral types (Gou et al., 2019; Charbonnier et al., 2020). The 
ratio Ba/Al of river sediments (Al being an insoluble element used to 
correct for potential “dilution” effects of Ba concentration by Ba-free 
material such as quartz or organic matter) ranges from 0.01 to 0.045 
(in ppm/ppm ratio). This corresponds to a two- to five-fold enrichment 
relative to the UCC ((Ba/Al)UCC ~ 0.007; Rudnick and Gao, 2003). This 
significant enrichment in Ba is accompanied with an overall heavier Ba 
isotope composition (δ138Based values ranging from − 0.02 to 0.35‰), 
compared to the UCC (δ138BaUCC ≈ 0.00‰; Nan et al., 2018). The δ138Ba 
values of the suspended particulate matter do not show any correlation 
with the Al/Si ratio (not shown), commonly used as a tracer of sediment 
grain size (Bouchez et al., 2011). 

3.3. The partitioning of Ba and its isotopes amongst the river dissolved 
and solid loads 

Quantification of how Ba and its isotopes are partitioned between the 
various compartments of the river load (dissolved matter, suspended 
matter, and bed sands) is informative to identify source and process 
controls on river Ba fluxes (e.g., Dellinger et al., 2021 for rhenium Ta
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fluxes). First, this examination can be performed on a flux basis, where 
the partitioning of Ba between the dissolved and solid loads is calculated 
as follows: 

wBa =
[Ba]diss

[Ba]diss + [Ba]spm × [spm]
(3)  

with [Ba]diss the dissolved concentration of Ba in μg/L, [Ba]spm the Ba 
concentration in river suspended sediments in mg/kg, and [spm] the 
long-term suspended particulate matter concentration in g/L (Carson 
et al., 1998). The fraction of riverine Ba that is transported as dissolved 
species ranges from 2% for the Red Arctic river, to 23% for the Racing 

river. On average, dissolved Ba represents only 14% of the total Ba. 
These numbers suggest that in the Mackenzie Basin the riverine Ba 
export is dominated by the transport of unweathered, Ba-bearing min-
erals, or of Ba-bearing secondary weathering solid phases. 

Second, the partitioning can also be examined using elemental and 
isotope ratios. In the Mackenzie Basin, dissolved Ba/Na ratios are sys-
tematically lower than their solid counterparts, be they suspended 
matter or bed sands (Fig. 2a). Again, this comparison suggests that a 
minor fraction of Ba is mobilised through rock dissolution during 
weathering in the Mackenzie Basin, and/or that processes scavenge 
dissolved Ba, as previously suggested (Gong et al., 2019; Gou et al., 

Table 2 
Chemical and Ba isotope data of solid load of the Mackenzie Basin.  

Sample Date Latitude 
(N) 

Longitude 
(W) 

River Sample [spm] 
mg/L 

Al Ba Al/ 
Si 

δ138Ba Uncertainty 
(IC95%) 

δ7Li Li 

CAN09_49 22-7- 
2009 

67.429 133.782 Red Arctic Bank material  43,372 977 0.15 0.26 0.07 0.27 37 

CAN09_51 
22-7- 
2009 67.429 133.782 Red Arctic Suspended sed. 417 79,022 1125 0.31 0.35 0.07 − 2.41 78 

CAN09_02 
15-7- 
2009 

61.838 121.284 Liard Suspended sed. 191 63,896 873 0.23 0.05 0.19 − 1.10 49 

CAN09_11 16-7- 
2009 

61.842 121.296 Liard Bank material- 
(sandbar)  

28,744 688 0.08 0.00 0.18 4.01 16 

CAN10_49 13-9- 
2010 

61.823 121.298 Liard Suspended sed. 79 73,830 954 0.28 0.23 0.16  64 

CAN09_54 
22-7- 
2009 67.454 133.707 Mackenzie Bank material  40,244 796 0.13 0.28 0.08 0.79 27 

CAN09_47 
22-7- 
2009 

67.458 133.723 Mackenzie Suspended sed. 505 76,477 924 0.30 0.28 0.20 − 1.66 68 

CAN10_32 9-9- 
2010 

68.409 134.080 Mackenzie Suspended sed. 162 90,608 940 0.38 0.13 0.02 − 1.69 79 

CAN10_38 
9-9- 
2010   Mackenzie Bedload  32,258 687 0.10 0.14 0.02  21 

CAN09_38 
21-7- 
2009 67.332 134.869 Peel Suspended sed. 150 72,364 1086 0.26 0.22 0.05 − 2.24 71 

CAN09_40 
21-7- 
2009 

67.332 134.869 Peel Suspended sed. 113 80,981 1190 0.30 0.06 0.11 − 2.06 82 

CAN09_41 21-7- 
2009 

67.332 134.869 Peel Bedload  40,620 1233 0.12 0.35 0.16 − 0.32 34 

CAN10_04 
7-9- 
2010 67.330 134.865 Peel Suspended sed. 121 72,401 1190 0.26 − 0.02 0.12 − 2.53 69 

CAN10_07 
7-9- 
2010 67.330 134.865 Peel Bedload  34,205 1542 0.09 0.25 0.08 0.09 28 

CAN99_60    Toad Suspended sed. 365 71,206 818 0.30 0.20 0.07   
CAN99_60    Toad Bedload  50,284 559 0.21 0.26 0.12   
CAN99_64    Racing Bedload  41,188 455 0.15 0.28 0.08   

Al, Si, Li abundances and Li isotopes are from Dellinger et al. (2014). 
All abundances are in mg/kg. 

Fig. 2. Comparison between river dissolved, suspended particulate matter, and bed sands a) Ba/Na ratios and b) δ138Ba signatures. Amazon Basin data from 
Charbonnier et al. (2020) and silicate rock data from Taylor and McLennan (1995), Rudnick and Gao (2003) and Nan et al. (2018) have been added for comparison. 

Q. Charbonnier et al.                                                                                                                                                                                                                           



Chemical Geology 594 (2022) 120741

6

2019; Charbonnier et al., 2020; Bridgestock et al., 2021b). The dissolved 
δ138Ba is significantly heavier than those of the river suspended and bed 
sediments (Fig. 2b). 

4. Discussion 

As explained above, distinct Ba/Na ratios and δ138Ba between the 
dissolved and solid loads suggest that during weathering in the Mack-
enzie Basin some processes affect Ba and fractionate its isotopes. 
Nevertheless, the overall heavy δ138Ba signatures in both the dissolved 
and solid loads - compared to other river systems and to most rocks 
analyzed hitherto (δ138Ba = 0.00 ± 0.04‰; Nan et al., 2018)- also 
suggest the role of additional heavy δ138Ba sources. In the following 
discussion, we first investigate whether or not the observed heavy dis-
solved Ba isotope compositions derive from the presence of specific river 
Ba sources in the Mackenzie, rather than from processes fractionating Ba 
isotopes during weathering. Then we determine the nature of these 
potential additional sources. 

4.1. A high-δ138Ba lithological component in the Mackenzie basin 
bedrock inferred by river sediments 

The overall low silicate weathering rates in the Mackenzie Basin 
suggests that the composition of the silicates in river sediments are 
mostly controlled by provenance rather than modern weathering pro-
cesses (Millot et al., 2003; Dellinger et al., 2014). Below, we use the 
elemental and isotope composition of river sediments to constrain the Ba 
isotope composition of potential sources of river Ba in the Mackenzie 
Basin. 

Shale erosion and subsequent weathering are likely to be a signifi-
cant contributor to the Ba river budget of the Mackenzie. Indeed, lithium 
(Li) and its isotopes in river sediments reveal the significant contribution 
of fine-grained meta-sedimentary formations (i.e. shales) to the river 
solid loads across the Mackenzie Basin (Dellinger et al., 2014). In Fig. 3a, 
b, we report the Ba isotope composition of river sediments against their 
Li/Al ratio and Li isotope composition (δ7Li; Fig. 3). These mixing dia-
grams suggest that Mackenzie river sediments can be interpreted as 
derived from a mixture between (1) a component of relatively low Li/Al 
ratio and high δ7Li with an UCC-like δ138Ba (0.00‰; Nan et al., 2018; 
grey rectangle in Fig. 3a,b), that can be attributed to the erosion of 
igneous rocks; and (2) a component characterized by higher Li/Al ratio 
and lower δ7Li values, that is typical of shale material (Dellinger et al., 
2014, brown and yellow rectangles in Fig. 3a,b). This observation is 
consistent with the prominent erosion of fine-grained sedimentary 
rocks, driving the Ba abundance and isotope composition of river sedi-
ments in the Mackenzie Basin. 

Fig. 3c shows that Mackenzie river sediments are enriched in Ba 
compared to shale and igneous rocks that are thought to have similar 
Ba/Al ratios (Taylor and McLennan, 1995; Rudnick and Gao, 2003), 
suggesting that a specific rock component, enriched in heavy Ba iso-
topes, is needed to explain the overall high Ba abundance observed in 
our sediment dataset. 

We note that suspended sediments are less enriched in Ba than river 
bed sands, with (Ba/Al)spm/(Ba/Al)rbs ratios between 0.4 and 0.6 
(Fig. 3d,e). Given the low weathering intensity experienced by river 
sediments in the Mackenzie Basin (Millot et al., 2003; Dellinger et al., 
2014) such Ba depletion in fine sediments is unlikely to derive from 
chemical weathering. Suspended sediments that are the most Ba- 

Fig. 3. River sediment δ138Ba (rbs = river bed sediments, spm = suspended particulate matter) values vs. (a) Li/Al ratios; (b) δ7Li values; (c) Ba/Al ratios; vs. (d) (Ba/ 
Al)spm/(Ba/Al)rbs; (e) δ138Baspm − δ138Barbs vs. (Ba/Al)spm/(Ba/Al)rbs; and (f) δ138Barbs vs. Petrogenic organic carbon (OCpetrogenic)/Al. OCpetrogenic data are from Hilton 
et al. (2015). 
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depleted compared to the corresponding river bed sands are also char-
acterized by the lightest Ba isotope composition (Fig. 3d,e), close to that 
of siliciclastic rocks (Nan et al., 2018). We thus propose that this rela-
tively low-Ba end member represents the fine phase eroded from sedi-
mentary rocks such as “recycled” clays (Dellinger et al., 2014). This fine 
component would not be present in appreciable amount in river bed 
sands, but would be characterized by high Li/Al ratios and low δ7Li 
values (Fig. 3a,b). 

The Ba-richest samples, which also tend to display the heaviest Ba 
isotope composition (Fig. 3c), are from rivers hosting a significant pro-
portion of black shale in their drainage basin, such as the Peel or Red 
Arctic (Millot et al., 2003; Huh et al., 2004). Recent studies reveal that 
black shales are characterized by a wide range of Ba isotope signatures, 
although the exact reason for such broad range of Ba isotope variations 
remains unclear (Tian et al., 2020; Tieman et al., 2020). As black shales 
contain significant amounts of petrogenic organic carbon (e.g., Hilton 
et al., 2015; Horan et al., 2019), we can test for the role of black shale 
erosion in driving the Ba isotope composition of Mackenzie river sedi-
ments by examining the relationship between river bed sediment δ138Ba 
vs. the abundance of petrogenic-derived particulate organic carbon over 
Al ratio (OCpetrogenic/Al; Fig. 3f) (data from Hilton et al., 2015). In this 
particular analysis, we do not use river suspended sediments as the 
contribution of petrogenic organic carbon (obtained from radiocarbon) 
tends to be overestimated in fine-grained sediments in the Mackenzie 
River because of the presence of pre-aged biospheric organic carbon, 
while bed sediments are almost free of biogenic organic carbon (Hilton 
et al., 2015). The δ138Ba values of river bed sediments show a broad 
positive relationship with their OCpetrogenic/Al ratios. The relationship of 
Fig. 3f shows that the heavy Ba isotope signatures observed in some of 
the river sediments of the Mackenzie Basin are typically associated with 
high contents of petrogenic organic carbon, hinting at a possible role of 
black shale erosion in setting river Ba isotope composition there. 

From this array of evidence, we contend that in the Mackenzie river 
basin, black shale might play a role in setting the wide range of observed 
Ba isotope composition of river sediment. By construction, the presence 
of rocks with a particularly high δ138Ba should also drive the resulting 
dissolved δ138Ba. We test for this hypothesis below. 

4.2. Source vs. process controls on river Ba dissolved abundance 

Variations in river dissolved chemistry are controlled by the mixing 
of different sources (e.g., silicate vs. carbonate rock weathering; Gail-
lardet et al., 1999), and/or various Earth surface processes (e.g., for-
mation of secondary phases such as clays or oxides, adsorption onto 
mineral or organic surfaces, biological uptake; Bullen and Chadwick, 
2016; Gong et al., 2019; Gou et al., 2019). In the following section, we 
assess the relative role of different sources and processes in setting dis-
solved Ba isotope signatures in rivers of the Mackenzie Basin. 

4.2.1. A minor role of secondary processes in driving river Ba isotope 
composition variability across the Mackenzie Basin 

The positive relationship between δ138Badiss values and Ba/Na*diss 
(Fig. 4) in the Mackenzie Basin indicates that the strongest dissolved Ba 
enrichment is related to a heavy Ba isotope composition. This trend can 
be interpreted as either the mixture of two different Ba sources, or a 
process which preferentially scavenges the heavy isotopes of Ba from 
soil solutions or from river waters. 

Previous studies have addressed the influence of secondary processes 
on Ba isotopes, such as clay or oxide (Gong et al., 2019), biological 
uptake (Bullen and Chadwick, 2016; Charbonnier et al., 2020), and 
sorption onto river particles (Coffey et al., 1997; Samanta and Dalai, 
2016; Gou et al., 2019; Bridgestock et al., 2021b). Generally speaking, 
all the aforementioned secondary processes are known to leave a re-
sidual dissolved Ba component that is enriched in heavy Ba isotopes. 
Considering that Na is a conservative element (meaning not significantly 
incorporated into secondary solids, sorbed onto particles, nor taken up 

by the biota), in this scenario an inverse relationship would be expected 
between Ba/Na*diss ratios and δ138Badiss values. An opposite trend is 
observed (Fig. 4), indicating that these processes cannot be the main 
drivers of δ138Badiss variations at the scale of the Mackenzie River 
system. 

As the formation of secondary soil phases such as clays or oxides 
exerts a strong control on the isotope signature of Li and Mg in the 
Mackenzie Basin (Millot et al., 2010; Tipper et al., 2012), it could be 
expected that such processes affect river dissolved Ba abundance and 
isotope composition. Nonetheless, the estimated fractionation factor for 
secondary phase formation is relatively low (Δdiss− solid = 0.007 to 0.13‰; 
Gong et al., 2019), such that this process can hardly account for the 
observed high dissolved δ138Badiss values in the Mackenzie Basin (around 
0.40‰). Only the tributaries presenting the lowest δ138Badiss values 
(Interior Platform, Fig. 4) are compatible with the fractionation ex-
pected for secondary phase formation. This is consistent with previous 
findings based on boron isotopes (Lemarchand and Gaillardet, 2006) 
showing that scavenging of weathering-derived element in soils or 
aquifers by mineral surfaces can be a significant process in the context of 
the Interior Platform. 

Biological uptake could entail isotope fractionation raising δ138Badiss 
towards higher values for some tributaries (Δdiss− bio = 0.25 to 0.75‰; 
Bullen and Chadwick, 2016). To date, such an influence of the biota on 
river Ba loads has been reported only for tropical environments (Char-
bonnier et al., 2020). Hence, we expect that the cold climate of the 
Mackenzie Basin poses a limit to the role of biological productivity on 
river dissolved Ba abundance and isotope composition there. 

The typical range of sediment concentrations in the Mackenzie Basin 
tributaries is in principle high enough to enable a significant effect of 
sorption of river dissolved Ba onto the river sediments (Gou et al., 2019; 
Bridgestock et al., 2021b). Consistently, leaching experiments per-
formed on river sediments of the Mackenzie have revealed the adsorp-
tion of Ba (Larkin et al., 2021; Dellinger et al., 2021). Nevertheless, Ba 
released by desorption should be characterized by higher Ba/Na ratios 
together with a lighter Ba isotope composition (Gou et al., 2019; 
Bridgestock et al., 2021b), which is opposite to the relationship 
observed. 

Fig. 4. Dissolved δ138Ba values vs. Ba/Na* molar ratios in the Mackenzie Basin 
("*" refers to the dissolved Na river content corrected for rain inputs). The 
stippled curve corresponds to a mixing hyperbola between the two inferred end 
members, shown as coloured boxes. 
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As a consequence, we propose that the mixing of different litholog-
ical weathering sources is the major driver of the relationship between 
Ba abundance and isotope composition in the Mackenzie Basin (Fig. 4). 
However, it is important to understand that processes can still act to 
define the composition of the dissolved mixing end members 
themselves. 

On the one hand, we note that for most Mackenzie tributaries the 
dissolved Ba/Na* ratio - which is mostly influenced by silicate weath-
ering, given the quasi-absence of Ba and Na in carbonate rocks - is lower 
than the range defined for sedimentary rocks, which represent the 
largest fraction of the Mackenzie Basin lithology (Millot et al., 2003; 
Dellinger et al., 2014). The depletion of Ba in rivers with respect to 
silicate rocks (Fig. 4) suggests that Ba is released incongruently with 
respect to Na, and/or that Ba released from silicate weathering is 
scavenged by processes after its release by mineral dissolution. As 
explained above, such depletion should be accompanied by Ba isotope 
fractionation. Consequently, the low-(Ba/Na*)diss, low-δ138Badiss end 
member (yellow rectangle in Fig. 4), reflective of Mackenzie tributaries 
draining the Interior Platform, is most likely resulting from Ba scav-
enging by sorption onto particles or secondary phase formation after 
silicate rock dissolution, shifting the composition of the silicate rock 
dissolution end member towards lower Ba/Na ratios and higher δ138Ba 
values (grey arrows in Fig. 4). 

On the other hand, the high-(Ba/Na*)diss and δ138Badiss end member 
(red rectangle in Fig. 4) requires the contribution of a Ba-rich rock 
source with a heavy Ba isotope signature (> 0.40‰), that would be 
particularly prominent in the Rocky mountains and for some of the main 
tributaries (Red Arctic, Liard and Peel). Again, it is possible that the 
composition of this dissolved end member, inferred by the trend be-
tween (Ba/Na*)diss and δ138Badiss, is different from that of the source rock 
composition itself, due to some secondary processes affecting the rock 
dissolution. 

Therefore, we propose that the overall offset in Ba/Na* ratio and 
δ138Ba values between the dissolved load and typical siliciclastic rocks is 
likely to derive from sorption onto solids, either in soils or in rivers, or 
secondary phase formation. Of course, such secondary processes might 
influence dissolved Ba abundance and isotope composition to a different 
extent in each river, but the strong relationship observed in Fig. 4 sug-
gests a limited variation of the extent of Ba scavenging across the 
Mackenzie Basin. Therefore, our findings emphasise the role of source 
mixing as the main driver of the relationship between dissolved Ba and 
its isotopes across the Mackenzie Basin, as inferred from the 

examination of sediment data in Section 4.1. In particular, this mixing 
explanation requires the existence of an isotopically-heavy Ba source, 
for which we discuss potential candidates in the next section. 

4.2.2. Black shale weathering as a source of heavy Ba in the Mackenzie 
River 

In an attempt to identify the source of heavy Ba in river of the 
Mackenzie Basin, we first examine the relationship between δ138Badiss 
and (87Sr/86Sr)diss. Indeed, “radiogenic” 87Sr/86Sr ratios are not frac-
tionated by weathering processes and therefore are particularly useful 
for discriminating the relative contribution of various lithological 
sources (e.g., Palmer and Edmond, 1992). 

The positive trend displayed in Fig. 5a between δ138Badiss and 
(87Sr/86Sr)diss is indicative of a lithological control on the abundance and 
isotope composition of dissolved Ba in the Mackenzie Basin. This trend 
further suggests that the source of heavy Ba isotope is not associated 
with the weathering of igneous rocks (expected to be characterized by 
relatively low 87Sr/86Sr ratios; Gaillardet et al., 1999). Higher δ138Badiss 
values are in fact associated with more radiogenic Sr signatures 
(Fig. 5a), suggesting that the source of heavy Ba are old sedimentary 
silicate rocks, as inferred in Section 4.1 from the composition of river 
sediments. However, the available data on siliciclastic rocks does not 
show significantly different Ba isotope composition compared to typical 
UCC rocks (Nan et al., 2018; Charbonnier et al., 2020). In that respect, 
we note that the δ138Ba values of fine river suspended sediments in the 
Mackenzie Basin are indistinguishable from the siliciclastic rocks. 
Therefore, the trend of Fig. 5a suggests that the source of heavy Ba 
isotope in the Mackenzie river dissolved load is not the weathering of 
silicate sedimentary rocks itself, but derives from the weathering and 
erosion of a specific phase (possibly several specific phases) within the 
same sedimentary units. As a consequence, the river dissolved Sr isotope 
composition indicates that the source of heavy Ba in the Mackenzie 
Basin is most likely old siliciclastic rocks. 

Interestingly, the rivers with higher 87Sr/86Sr and δ138Badiss (such as 
the Racing, Toad, Peel, and Red Arctic) are tributaries for which black 
shales are thought to have a major influence on the river chemistry. The 
positive relationships observed between δ138Badiss on the one hand and 
the dissolved SO4pyr/Na* (a proxy for sulphide-derived river dissolved 
sulphate; Calmels et al., 2007) and 187Os/188Os ratios (a proxy for black 
shale weathering; Huh et al., 2004; Georg et al., 2013) on the other hand 
(Fig. 5b,c) show that the high δ138Badiss of the Rocky Mountain regions 
are associated with black shale weathering, in line with inferences based 
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Fig. 5. Dissolved δ138Ba values vs. (a) 87Sr/86Sr ratios; (b) SO4 pyr/Na* ratios, where SO4 pyr refers to the concentration of river dissolved SO4
2− deriving from 

sulphide oxidation only (as constrained by Calmels et al., 2007); (c) 187Os/188Os ratios, where high 187Os/188Os ratios are associated with Os release from black shale 
weathering and low 187Os/188Os ratios are associated with the release of dissolved Os from the weathering of other types of silicate rock. The stippled curve cor-
responds to a mixing hyperbola between the two inferred end members, represented as coloured boxes. 
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on the composition of river sediments (Section 4.1). 
As for the weathering of other types of siliciclastic rocks, the range of 

Ba/Na ratio for black shales is much higher than for the Mackenzie 
dissolved load (e.g., (Ba/Na)blackshale ~ 1, while the highest (Ba/Na*)diss 
of the Mackenzie is around 0.03; Fig. 4; Fraser and Hutchison, 2017), 
suggesting that Ba released from black shale weathering is also affected 
by processes such as sorption or secondary phase formation (Gou et al., 
2019; Gong et al., 2019; Bridgestock et al., 2021b). Despite such strong 
depletion in dissolved Ba abundance compared to the source rock, the 
heaviest δ138Badiss is higher by only ~ 0.2‰ compared to the heaviest 
δ138Based. This again suggests that secondary weathering processes have 
a limited influence on Ba isotopes in the Mackenzie River, although their 
influence on Ba abundance cannot be dismissed. 

The exact reason for black shale weathering producing such high 
δ138Badiss and Ba concentration values (Fig. 4) remains relatively elusive. 
Only one δ138Ba value has been reported for black shale rocks (Tian 
et al., 2020), which is insufficient to ascertain a pervasive heavy δ138Ba 
signature for black shale. Alternatively, a broad range of δ138Ba for 
water reservoirs associated with (and potentially trapped within) black 
shale formations has been reported by Tieman et al. (2020). Nonethe-
less, we acknowledge that significant differences exist between our 
study and that of Tieman et al. (2020) as: 1) the waters analyzed by 
Tieman et al. (2020) derive from rock fracking in the context of shale gas 
extraction; and 2) the Marcellus shale formation studied by Tieman et al. 
(2020) is not reported to be present in the Rocky Mountains. Conse-
quently, in the next section, we seek to discuss which reasons could lead 
to the heavy δ138Ba signature found in the black shales of the Mackenzie 
Basin. 

4.3. What is the origin of the Ba-rich, heavy-Ba component released by 
black shale weathering? 

Black shales usually consist in a complex assembly of different 
mineralogical phases (e.g., Fraser and Hutchison, 2017). Several of these 
phases are unlikely to host significant amounts of Ba. As explained 
above, carbonate minerals usually associated with black shale forma-
tions are not known to contain significant amounts of Ba (Dehairs et al., 
1980). In addition, leaching experiments and sequential extractions 
performed on Mackenzie river sediments (Larkin et al., 2021; Dellinger 
et al., 2021) reveal that Ba is mostly hosted in phases only digested by 
Aqua Regia and HF - thus ruling out the role of carbonate or other 
readily-dissolved phases as major Ba hosting phases. 

Given the low affinity of Ba for -II-valence anions, sulphide are 
thought to be poor in Ba. The abundance of Ba in organic-poor shales 
does not differ from that of igneous rocks (Rudnick and Gao, 2003), 
suggesting that the clay component of black shales is not the most likely 
candidate for a Ba-rich reservoir. In addition, the clay-rich (high Li/Al 
ratio) component of the Mackenzie Basin river sediments displays low 
δ138Ba values (Fig. 3), which makes the clay mineral component of black 
shales an unlikely contributor to their heavy Ba signature. The organic 
matter present in black shales could in principle contain significant 
amounts of Ba, as suggested by the positive relationship between dis-
solved Os isotope ratios and Ba isotope composition (Fig. 5c). The 
elevated sediment Ba abundance observed for some rivers in the 
Mackenzie River (around 1000–1500 mg/kg; Table 2) can hardly be 
explained by the Ba content usually measured in fresh organic matter 
(Li, 2000) - although we acknowledge that Ba abundance in oceanic 
organic matter could increase during diagenesis, a yet-unquantified ef-
fect. As a consequence, the elevated sediment Ba abundance measured 
for some tributaries of the Mackenzie can only be reached through the 
contribution of “pure” Ba-bearing phases. The partial dissolution of 
these phases would then results in the heavy dissolved Ba signatures 
observed in river waters (Fig. 4). 

Therefore, a possible candidate for this Ba-rich mineralogical 
component present in marine sedimentary rocks, especially in black 
shales, is barite. Black shale formations can indeed be associated with 

barite layers (Fraser and Hutchison, 2017). However, two observations 
challenge this interpretation. 

First, the river sediment Ba/Al ratio (which can be used as a proxy for 
the abundance of barite vs. silicate minerals in sediments; Bridgestock 
et al., 2018) does not show any positive relation with sediment δ138Ba 
values (Fig. 3c). For example, the Toad and Racing rivers show the 
highest contribution from black shale weathering (high dissolved Os 
signature and SO4pyr/Na*; Fig. 5) and the highest dissolved Ba/Na* ra-
tios and δ138Ba values (Fig. 4), whereas their sediments do not show 
significant Ba excess compared to typical crustal rocks (less than 800 
mg/kg; Table 2). However, we note that rivers draining the Rocky 
Mountains are typically exporting solids and dissolved matter that are 
not “in equilibrium”, meaning that they do not reflect weathering pro-
cesses over the same time scales (Vigier et al., 2001). For example, a 
recent change in erosion rate should typically entail a modification in 
weathering rates, but such modification could take some time, possibly 
resulting in changes in sediment fluxes but not yet in solute fluxes. 

Second, a compilation of marine barite δ138Ba values results in an 
average Ba isotope composition of 0.00‰ (Crockford et al., 2019), 
which does not offer an explanation for the high δ138Ba values observed 
in this study (around 0.20‰ in average). However, it could first be 
hypothesized that the black shale formations underlying the Mackenzie 
Basin host high-δ138Ba barite, with values outside of the range reported 
by Crockford et al. (2019), e.g. due to different depositional age (hence 
different Ba isotope composition of seawater) or to post-depositional 
processes. This would be needed to explain the δ138Ba values of ~ 
0.20–0.40‰ observed in some river sediments of the Mackenzie Basin 
(this study) and for muds extracted from the Marcellus shale formation 
(Tieman et al., 2020). Alternatively, fractionating processes during (or 
following) barite dissolution could account for the high δ138Badiss values 
(~ 0.80–1.00‰) observed in the Mackenzie Basin and in waters 
extracted from the Marcellus shale formation (Tieman et al., 2020). 

Clearly, more research is needed to pinpoint the exact mineralogical 
sources and chemical processes that can account for the observed heavy 
δ138Ba values in river materials of the Mackenzie Basin. However, in any 
case our findings challenge the common assumption previously made 
that weathering of “classical” silicate rocks is the only source of river 
dissolved Ba (Bullen and Chadwick, 2016; Gong et al., 2019; Gou et al., 
2019; Charbonnier et al., 2020). Our analysis emphasises how Ba 
sourced from black shale weathering can display a specific δ138Ba 
signature and thus may affect the Earth surface Ba isotope cycle. In 
particular, although the river Ba flux downstream from estuaries is 
thought to have an isotope composition close to that of the UCC 
(Bridgestock et al., 2021b), an enhanced contribution of black shale 
weathering having a distinct isotope signature might be able to shift the 
dissolved Ba flux to the ocean, that can in turn affect the isotope 
signature recorded in sedimentary archives. Such effect could obscure 
potential past changes in ocean Ba isotope composition due to shifts in 
palaeo-productivity alone. 

5. Conclusion 

The δ138Ba values of river material in the Mackenzie Basin (ranging 
from 0.13 to 0.61‰ for the dissolved load, and from − 0.02 to 0.35‰ for 
the solid load) span a much higher range than reported in previous work 
(Cao et al., 2016; Gong et al., 2019; Gou et al., 2019; Charbonnier et al., 
2020; Bridgestock et al., 2021a, 2021b). 

In river sediments, the highest δ138Ba are found in river bed sedi-
ments deriving preferentially from the erosion of black shales. In the 
dissolved load, δ138Ba values result from a binary mixing between two 
distinct weathering sources. The first end member, characterized by low 
Ba abundance and light Ba isotope composition corresponds to Ba inputs 
from the weathering of igneous and siliciclastic rocks. We note that the 
composition of this end member is not strictly the composition of the 
source silicate minerals, but is also most likely partly controlled by 
secondary phase formation and/or adsorption onto river or soil 
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particles. The second weathering end member, enriched in Ba and in 
particular in heavy Ba isotopes, and sourced from weathering in the 
Rocky Mountains, is more difficult to constrain. We suggest that it cor-
responds to black shale weathering based on relationships between Ba 
elemental and isotope signatures and the “radiogenic” isotope systems of 
Sr and Os. 

Altogether, our study emphasises the significant supply of Ba from 
black shale weathering at the scale of a large river catchment. Although 
previous findings have suggested the role of processes in setting the Ba 
isotope composition in the weathering environment, the weathering of 
black shale is able to deliver a dissolved Ba isotope signature that is 
different from that of the weathering of other silicate rocks. Conse-
quently, addressing the modern as well as past riverine Ba flux to the 
ocean requires to take into account the black shale as a prominent supply 
of Ba to rivers. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemgeo.2022.120741. 
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Huh, Y., Birck, J.-L., Allègre, C.J., 2004. Osmium isotope geochemistry in the Mackenzie 
River Basin. Earth Planet. Sci. Lett. 222 (1), 115–129. 

Larkin, C.S., Piotrowski, A.M., Hindshaw, R.S., Bayon, G., Hilton, R.G., Baronas, J.J., 
Dellinger, M., Wang, R., Tipper, E.T., 2021. Constraints on the source of reactive 
phases in sediment from a major arctic river using neodymium isotopes. Earth 
Planet. Sci. Lett. 565, 116933. 

Lemarchand, D., Gaillardet, J., 2006. Transient features of the erosion of shales in the 
Mackenzie Basin (Canada), evidences from boron isotopes. Earth Planet. Sci. Lett. 
245 (1–2), 174–189. 

Li, Y.H., 2000. A Compendium of Geochemistry: From Solar Nebula to the Human Brain. 
Princeton University Press. 
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