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Rhenium (Re) is a trace element whose redox chemistry makes it an ideal candidate to trace a range
of geochemical processes. Here, we report the first rhenium isotopic measurements (§'87Re) from river-
borne materials to assess the influence of chemical weathering on Re isotopes at continental scale. The
5187Re was measured in water, suspended sediments and bedloads from the Mackenzie River and its
main Arctic tributaries in Northwestern Canada. We find that the §8Re (relative to NIST SRM 989) of
river waters ranges from —0.05%o to +0.07%o, which is generally higher than the corresponding river
sediment (—0.25%0 to +0.01%c). We show that the range of §'8’Re in river sediments (~0.30%o) is
controlled by a combination of source bedrock isotopic variability (provenance) and modern oxidative
weathering processes. After correcting for bedrock variability, the 5§'87Re of solids appear to be positively
correlated with the amount of Re depletion related to oxidative weathering. This correlation, and the
offset in 8'8’Re between river water and sediment, can be explained by preferential oxidation of
reactive phases with high §187Re (i.e. rock organic carbon, sulfide minerals), but could also result from
fractionation during oxidation or the influence of secondary weathering processes. Overall, we find that
both basin-average bedrock §'87Re (~—0.05%) and dissolved §'87Re (~—0.01%y) in the Mackenzie River
are lower than the 5'87Re of Atlantic seawater (+0.12%o). These observations provide impetus for future
work to constrain the Re isotope mass balance of seawater, and assess the potential for secular shifts in
its 8187Re values over time, which could provide an additional isotopic proxy to trace current and past

redox processes at Earth’s Surface.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords:

rhenium isotopes
Mackenzie River
oxidative weathering
organic matter

1. Introduction enriched in black shales (Colodner et al., 1993) and strongly as-

sociated with OCpetro (Selby et al., 2007). During OW of OCpetro,

Oxidative weathering (OW) of sulfide minerals and petrogenic
organic carbon (OCpetro) influences the long-term carbon and oxy-
gen cycles that have governed the evolution of Earth’s environment
over geologic time (Derry, 2014; Torres et al., 2014). Despite the
recognition that OW of OCpetro is a source of COp to the atmo-
sphere, there is still only limited constraint on how these fluxes
vary in the present-day (Hilton and West, 2020) and how they
have changed in the past (Derry, 2014; Lyons et al., 2019; Petsch,
2014). During OW, CO; is released but is difficult to quantify due
to other CO; sources from the modern biosphere and/or carbon-
ate minerals (Soulet et al., 2018). Soluble trace elements that are
bound to organic matter (or sulfides) in rocks are also released
during OW. Rhenium (Re) has promise as a proxy for tracing the
OW flux of OCpetro because it is a redox sensitive trace element
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rhenium is lost from the solid phase (Jaffe et al., 2002) and forms
the soluble anion ReO, which enters the dissolved load of rivers
(Colodner et al., 1993; Miller et al., 2011). Hence, Re has been used
as a proxy to quantify OW fluxes in present day river catchments
(Dalai et al., 2002; Hilton et al., 2014; Horan et al., 2019).

The ratio of rhenium isotopes in river waters, 137Re (62.6%) and
185Re (37.4%), has the potential to improve our understanding of
redox reactions during chemical weathering in the present-day,
while also leaving a record of such processes in the geological
archive. Theoretical calculations (Miller et al., 2015) suggest the
potential for significant Re isotope fractionation of ~1%o during
both redox and thiolation processes. However, very few measure-
ments of stable Re isotope composition (reported here as §'87Re =
[(("®Re/"®>Re)sampie/('®"Re/ '3 Re)srmoge ~ 1) x 1000]) have been
made, mostly because of analytical limitations and the low Re con-
centrations of geological samples (Dellinger et al., 2020; Dickson
et al,, 2020a; Liu et al.,, 2017; Miller et al., 2015, 2009). The few
studies that exist report a larger range of §'87Re values in shales
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Fig. 1. Sample collection in the Mackenzie River basin, adapted from Horan et al. (2019), where circles show the location of samples and individual sample codes are provided
(sample code for bedloads is in italic, for suspended sediments in plain text, and for dissolved load in bold). A) Topography (GDEM 30 Arc Second) showing the main drainage
areas (black lines). B) Simplified geological map (Wheeler et al., 1996). C) Detail of topography and sample location in the Mackenzie delta region, the Peel and Arctic Red
catchments, and the samples collected from James Creek, the Ogilvie River and Engineer Creek.

(~—0.3 to +0.2%0) compared to igneous standard reference mate-
rials (~ — 0.1 to 0.0%o). A study of black shale weathering (Miller
et al,, 2015) documented a §187Re decrease of ~0.3%o in soils com-
pared to unweathered bedrock. This was attributed to either frac-
tionation of Re isotopes during OW, or loss of non-silicate phases
with distinct §187Re leaving behind residual silicate minerals.

Until now, there have been no §87Re measurements of river
water, despite the fact that rivers represent the largest input flux
of dissolved Re to the oceans (Miller et al., 2011). Understanding
what controls the §'87Re values of river loads could help better
constraint modern OW processes, and be crucial for reconstruction
of past seawater composition. For instance, the §'87Re of Atlantic
seawater appears to be higher (§'8’Re ~ + 0.12%, relative to SRM
989) than mafic igneous rocks (Dickson et al., 2020a), but we do
not know the composition of the inputs. Here, for the first time, we
investigate the Re isotopic composition of water and sediment car-
ried by the Mackenzie River and its major tributaries. The Macken-
zie River basin has been chosen because it has been extensively
studied for erosion and weathering (and OW) processes (Carson et
al., 1998; Hilton et al., 2015; Millot et al., 2003; Horan et al., 2019)
and the behavior of other isotope systems have been explored (e.g.,
Calmels et al., 2007; Dellinger et al., 2014; Larkin et al.,, 2021).
Here, we find that the §'87Re of water is generally higher than the
8'87Re of sediments in each studied river catchment. We discuss
the various possible mechanisms that could explain this isotopic
difference and explore the implications of these findings for the
reconstruction of past OW and ocean redox conditions using Re
isotopes.

2. The Mackenzie River basin

The Mackenzie river basin (Fig. 1), Canada, is one of the largest
rivers on Earth with a total basin area of 1.78 x 10% km?, a
mean annual discharge of 9700 m3s~! and a sediment flux of
130 Mtyr—! (Carson et al, 1998), making it the largest source of
sediment to the Arctic Ocean (Holmes et al., 2002). The Macken-
zie River has cold sub-Arctic to Arctic climate with a mean annual
temperature ~—4°C and extensive permafrost cover (Millot et al.,
2003). The highest discharge and sediment flux occurs at the end
of the spring and early summer when the river ice breaks up
(Holmes et al., 2002). The Mackenzie River basin can be divided
into three main geological units (Millot et al., 2003). In the west,
the relief is high and outcropping rocks are dominated by sedi-
mentary rocks (shales, limestones) of the Canadian Cordillera, with

some intruded granitic rocks. The central part of the basin is com-
posed of sedimentary rocks (mostly shales) and glacial deposits.
The eastern part of the basin is composed of weakly weathered,
metamorphic rocks of the Canadian Shield, whose contribution to
the suspended sediment load is negligible (Millot et al., 2003).
Most sedimentary rocks are of Palaeozoic age, particularly from the
late Devonian (Garzione et al., 1997), and were deposited under
various redox conditions (Kabanov, 2019; Ross and Bustin, 2009).
The main tributaries are the Liard River draining the Canadian
Rockies and the Peel and Arctic Red draining the Mackenzie and
Richardson mountains in the northern part of the basin. The aver-
age OCpetro in bedrocks across the catchment have been previously
estimated to be between 0.1% to 0.3% in the Mackenzie River main-
stream, but higher (~0.6%) in the Peel catchment (Hilton et al.,
2015).

3. Sample collection and analytical methods
3.1. Sample collection and processing

Samples analyzed in this study (Fig. 1) were collected from
field campaigns focused on sampling near the peak water dis-
charge in May-June (in 2011, 2017 and 2018), in July (2009, 2013)
and during the falling stage in September (2010). For the Macken-
zie main stem, the sampling locations include the Environment
Canada gauging stations at Tsiigehtchic and at the Delta Middle
channel near Inuvik (Fig. 1). The Peel and Arctic Red rivers, which
are the major tributaries that join close to the delta, were sampled
at Fort McPherson and Tsiigehtchic respectively. We also sampled
some smaller tributaries of the western part of the Peel River basin
in 2013 and 2018 (Ogilvie, Upper Engineer Creek and James Creek
rivers) that are partly underlain by Devonian OCpetro-rich black
shales (Kwong et al., 2009).

The sample collection methods were the same for each trip.
Suspended sediment depth-profiles and bedloads were collected to
characterize the whole range of erosion products carried by large
rivers (see details in Dellinger et al., 2014; Hilton et al., 2015; Ho-
ran et al., 2019). Briefly, a 5 to 7 L sampler was used to collect wa-
ter and sediment at a discrete depth in the channel and the sample
was then transferred into a sterilized and sealable polyethylene
bags. Samples were filtered within 24 h through 0.2 pum polyether-
sulfone (PES) filters using pre-cleaned filter units and stored in
acid cleaned LDPE bottles. Suspended sediments were immediately
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rinsed from the filters using filtered river water into clean amber-
glass vials.

For the majority of river water samples for Re isotopic anal-
yses (collected in 2017 and 2018), we use a recently developed
method of Dellinger et al. (2020) to pre-concentrate the dissolved
Re from river water shortly after filtration in the field. In summary,
a known volume of filtered river water of between 1 and 10 L was
collected in a new sterile polythene bag and then passed through a
BioRad Econo-Pac® 20 mL column containing 2-4 mL of resin AG1-
X8 (Dellinger et al., 2020). For rivers which had high dissolved Re
concentrations, we were also able to make measurements on pre-
viously filtered samples (0.3 to 1 L) which had been stored at 4°C
in the dark.

Overall, we measured the §!87Re of 10 river water samples
from 7 different rivers. For the sediment samples, we mea-
sured 9 bedload samples for the same rivers for which we mea-
sured the dissolved §187Re, and 9 suspended sediments for the
main rivers (Arctic Red, Peel, Mackenzie) attempting to capture
surface and deep suspended sediments that have contrasts in
their grain size and geochemical composition (Dellinger et al.,
2014).

3.2. Rhenium concentration measurements

For solid samples, the method for measuring Re concentrations
has been described in detail by Dellinger et al. (2020) and is sum-
marized here. All acids were sub-boiling Teflon distilled. A known
mass (~0.5 g) of sediment was digested (3 mL 29M HF+3 mL 16M
HNO3) for 24 to 48 h, followed by one to several steps of aqua re-
gia and 16M HNOj3 reflux at 150°C to digest rock organic matter.
Care was taken to ensure complete dissolution. The final digestion
step was dried down and residue re-dissolved in 20-40 mL of 1 M
HCI. Samples were then processed through a column (1 mL of AG1-
X8 resin) to isolate Re from the sample matrix, with Re collected
with 12.5 mL of 4 M HNOs3 (Dellinger et al., 2020). The Re fraction
was evaporated and re-dissolved in 5 mL 0.5 M HNOs. A 0.1 mL
aliquot was taken (the remaining solution was retained for Re iso-
tope measurement) and diluted up to 0.4 mL, including 0.2 mL of
200 ppb tungsten solution as an internal standard. The Re concen-
tration was measured by multicollector inductively coupled plasma
mass spectrometry (MC-ICP-MS - Thermo Fisher Scientic Neptune)
using calibrating standards and correcting for matrix suppression
and instrumental drift using tungsten (W). The standard reference
materials measured were reported in Dellinger et al. (2020) and
agree well with previous studies. For a few samples, we measured
the Re concentration on separate 0.5 g aliquots (between 2 and 9
separate aliquots). The standard deviation on this replicates mea-
surement is better than 8% (1sd). In addition, the Re concentration
of some of the samples was also measured by isotope dilution
method by Horan et al. (2019), with good agreement between the
two methods (see Table S3).

3.3. Rhenium isotopic measurements

Re isotopes were measured at the Arthur Holmes Isotope Geol-
ogy Laboratory, Durham, following the methods described in de-
tail by Dellinger et al. (2020). In summary, a solid mass of 0.5
to 5 g, depending upon the Re concentration, was necessary for
accurate Re isotopic measurements (Dellinger et al., 2020). Solid
samples were digested and processed through columns as for Re
concentration measurements (Section 3.2). However, contrary to
Re concentrations, for measuring Re isotopes, this column proce-
dure was repeated two more times (three column passes in total)
to ensure removal of residual matrix. Between each column pass,
the Re elution fraction was evaporated and treated for 24 h with
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concentrated HNO3 at 130°C to destroy any residual organic mat-
ter. The Re yield of the column procedure was always greater than
80%. Previous method development revealed no measureable frac-
tionation of Re isotopes for column yields >75% (Dellinger et al.,
2020).

The Re in dissolved load samples collected in 2017 and 2018
was pre-concentrated on resin in econopack columns immediately
after filtration while in the field. On return to Durham 50 mL of
1 M HCl was passed through the resin to remove some matrix,
and Re was eluted with 30 to 40 mL of 8 M HNO;3 (Dellinger
et al.,, 2020). The eluted Re fraction was further purified through
three column passes (see details in Dellinger et al., 2020). Dupli-
cate measurements of sediment sample CAN17-39 returned §'87Re
values of —0.09 + 0.06%: and —0.16 + 0.07%¢, and values of
+0.01 £ 0.05%0 and —0.04 + 0.04%. for sample CAN10-20. Repeat
measurements of standard Re solution HReO4 processed through
1 to 3 columns yielded §'87Re = +0.22 4 0.05%0 (2sd, n = 16;
5 ng of Re for each analysis) identical non-processed standard
solution (Dellinger et al., 2020). Several standard reference ma-
terials were repeatedly measured in Dellinger et al. (2020) and
during the current study (Table S4), including USGS basalt BCR-2
(8187Re = —0.01£0.03%0, 2sd, n = 5; [Re] = 12 ppb), USGS marine
mud MAG-1 (8'87Re = —0.02 + 0.08%, 2sd, n = 4; [Re] = 3.7 ppb)
and Atlantic seawater OSIL (§'87Re = 40.10 =+ 0.04%0, 2sd, n = 4;
[Re] =7.5 ppt).

3.4. Sequential extractions

We conducted a 6-step sequential extraction on three bedload
samples (CAN10-16, CAN10-20 and CAN13-31) to investigate the
Re content and §'87Re of solid phases that contribute to the bulk
sample. A mass of 0.5 g of finely crushed sediment was leached
sequentially with: 1) 10 mL of distilled water for 2-3 hours. This
water-soluble fraction probably contains free ions and ions com-
plexed with soluble organic matter. It might also contain residual
salts from the drying process of the sediments; 2) 5 mL of am-
monium acetate 1 M for 2 hours in order to remove exchangeable
ions. Note that it may also partly dissolve carbonates; 3) 10 mL
0.05 N HCI for leaching residual exchangeable ions and to partly
dissolve carbonates (especially calcite); 4) 10 mL 1 M HCI for 2-3
hours to dissolve remaining carbonates (dolomites, siderite) and
potentially some non-pyritic sulfides and iron oxides; 5) strong
acid leach (16 M HNOs followed by Aqua regia) at 130-150°C for
48 h to oxidize OCpetro and sulfides. This may also partly leach/dis-
solve some silicate minerals; 6) 29 M HF-16 M HNO3 digestion
for dissolving residual silicate minerals. Following each step, sam-
ples were centrifuged for 10 minutes and the supernatant was
removed. Samples were diluted and measured for Re and other
trace element concentrations by quadrupole ICP-MS (See results in
Table S2).

4. Results
4.1. Reisotopes in water and bulk sediments

The §'87Re values of river water in the Mackenzie basin (n = 10
samples) span 0.12%qo (Table 1, Fig. 2), ranging from —0.05 +
0.04%0 (Upper Engineer creek) to +0.07 + 0.03%o (Arctic Red
River). For the Mackenzie mainstream, Peel and Arctic Red tribu-
taries, the 8'87Re value was measured in two different years (2017
and 2018). The difference between the two years (Fig. 2) is 0.11%c
for the Arctic Red River, and within analytical uncertainty for the
Peel River (0.04%o) and for the Mackenzie in the Middle channel
(0.03%0). The 8'87Re of suspended sediments (n = 8) is lower than
the dissolved load, ranging from —0.20 & 0.07%o (Peel River, 8 m
deep) to —0.04 & 0.05%o (Arctic Red River). The §'8’Re value of



Table 1
Element concentration and §'87Re data from the Mackenzie dissolved, suspended (SPM) and bedload
Sample name Collection River Location Latitude Longitude Depth  Type 5187Resrmosg 5187Renist3141 Overall Re Al Na S
Date (m) (%0) (%0) uncert. on  (ppt) (ppm)  (ppm)  (ppm)
5187Re
(%o; 2 SD)
Bedloads
CAN10-20 9/7/2010 Red Arctic Tsiigehtchic 67.43948 —133.75296 Bedload 0.01 —0.27 0.05 4161 47146 3539 1800
CAN10-20 duplicate —0.04 —0.32 0.04
CAN17-31 6/5/2017 Red Arctic Tsiigehtchic 6743076 —133.78197 Bedload 0.01 —-0.27 0.04 5593 53264 3769
CAN10-16 9/7/2010 Mackenzie Tsiigehtchic 67.45302 —133.74054 Bedload —0.24 —0.52 0.05 794 27913 6766 200
CAN10-27 9/8/2010 Mackenzie Middle Channel 68.44568 —134.21349 Bedload —0.15 —0.43 0.06 1522 32290 4740 700
CANO09-41 7/21/2009 Peel Fort McPherson 67.33189 —134.86912 Bedload —0.08 —0.36 0.04 4021 40620 2708 1265
CAN17-40 6/7/2017 Peel Fort McPherson 67.32826 —134.86761 Bedload —0.19 —-047 0.04 4537 33361 2797 894
CAN13-10 7/20/2013 Ogilvie River Along Dempster 65.56789 —138.17824 Bedload —0.10 —0.38 0.04 9453 33075 2463 1509
CAN13-31 7/22/2013 Upper Engineer Dempster 65.17129 —138.36353 Bedload —0.24 —0.52 0.04 10881 32816 1996 1055
Creek
CAN13-48 7/23/2013 James Creek Dempster 67.13862 —136.00302 Bedload —0.18 —0.46 0.04 2838 77544 3420 624
Suspended Particulate Matter (SPM)
CAN17-26 6/5/2017 Red Arctic Tsiigehtchic 67.42979 —133.77841 4 SPM —0.04 —0.32 0.06 7175 68902 3331 3128
CAN17-30 6/5/2017 Red Arctic Tsiigehtchic 67.42986 —133.77878 0 SPM —0.04 —0.32 0.05 7665 76485 3272 3220
CAN17-16 6/5/2017 Mackenzie Tsiigehtchic 6745313 —133.73657 0 SPM —0.13 —0.41 0.08 3098 73167 3650 2013
CAN11-87 6/13/2011 Mackenzie Middle Channel 20 SPM —0.12 —0.40 0.05 3039 43895 4440 1078
CAN11-88 6/13/2011 Mackenzie Middle Channel 15 SPM —0.16 —0.44 0.06 1869 42214 4662 810
CAN17-53 6/10/2017 Mackenzie Middle Channel 68.41538 —134.11734 0 SPM —0.14 —0.42 0.08 3112 77104 3806 1765
CAN17-33 6/7/2017 Peel Fort McPherson 67.32890 —134.86618 7 SPM —0.20 —0.48 0.07 4563 47183 3287 1905
CAN17-39 6/7/2017 Peel Fort McPherson 6732815 —134.86639 0 SPM —0.09 —0.37 0.06 4514 68521 3850 2238
CAN17-39 duplicate —0.16 —0.44 0.07
Dissolved load
CAN17-30 6/5/2017 Arctic Red Tsiigehtchic 67.42986 —133.77878 Dissolved =~ —0.04 —0.32 0.07 219 3.7 221
CAN18-38 6/9/2018 Arctic Red Tsiigehtchic 6742645 —133.77895 Dissolved 0.07 —0.21 0.03 3.19 3.8 38.2
CAN18-31 6/9/2018 Mackenzie Tsiigehtchic 67.45624 —133.72339 Dissolved 0.00 —0.28 0.03 2.98 6.7 124
CAN17-04 6/3/2017 Mackenzie Middle Channel 68.41781 —134.11600 Dissolved —0.03 —0.31 0.04 312 6.9 131
CAN18-02 6/6/2018 Mackenzie Middle Channel 68.41781 —134.11160 Dissolved 0.00 —0.28 0.03 3.14 6.5 131
CAN17-36 6/7/2017 Peel Fort MacPherson 67.32868 —134.86607 Dissolved 0.03 —0.25 0.05 3.15 4.0 26.1
CAN18-54 6/12/2018 Peel Fort MacPherson 67.32598 —134.86403 Dissolved 0.07 —0.21 0.03 3.36 4.1 284
CAN13-09 7/20/2013 Ogilvie River First Demptser 65.71532 —137.99249 Dissolved —0.02 —0.31 0.06 6.51 113 33.7
sight
CAN13-29 7/22/2013 Upper Engineer Dempster 65.10129 —138.35582 Dissolved —0.05 —0.33 0.04 18.68 2.8 60.2
Creek
CAN18-39 6/11/2018 James Creek Dempster 6713897 —135.99503 Dissolved 0.03 —0.25 0.05 0.25 21.0 132.7
Highway
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Fig. 2. The rhenium isotopic composition (§'8"Re relative to SMR989) of river water (blue circles), suspended load (grey diamond) and bedload (black square) from the
Mackenzie River basin, for each tributary. For comparison, published measurements from the New Albany black shale weathering profile are shown (Miller et al., 2015). (For
interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

bedloads (n =9) spans 0.24%, ranging from —0.24 4 0.04%. (Up-
per Engineer Creek) to +0.01 £ 0.04% (Arctic Red River; Fig. 2).
Thus, overall, the bedload and suspended load §!87Re values are
broadly similar.

The §87Re values of the dissolved load are higher than the
solid load for each river, with the exception of one water sam-
ple from the Arctic Red River (Fig. 2). The §'8Re difference be-
tween the dissolved and solid load is minimal for the Arctic Red,
but more than 0.20%. for the Upper Engineer Creek. When com-
pared to published data (Fig. 3), the average §'8’Re of Macken-
zie River waters is lower than the §'87Re of Atlantic seawater
(Dellinger et al., 2020; Dickson et al., 2020a), although there is
partial overlap of §'87Re values at the heavier end of the Macken-
zie River range (Fig. 3). The 5'87Re of Mackenzie river sediments
(—0.24%0 to 4+0.01%o) is within the range of unweathered rock
and higher than the weathered New Albany shale (Miller et al.,
2015).

4.2. Sequential extractions

The highest proportion of Re was measured in the organic-
sulfide fraction of the extraction, where between 62% and 69%
of total Re resided (Table S2). This confirms a strong association
between Re and reduced phases (OCpetro and sulfides). The Re con-
centration of the water-soluble fraction was between 9% and 15%
of total Re. Most other elements have negligible fractions (<5%)
in the water-soluble fraction except for Sulfur (8-10%). A similar
water-soluble Re proportion has been reported for initial leaching
(<3 hours) of shale rocks (Scheingross et al., 2019). This could re-
late to leaching of Re complexed with the soluble organic matter,
exchangeable Re, or Re from previously oxidized layer in the sedi-
ments. A low proportion of Re was measured in the exchangeable
fraction (<6%), calcite fraction (<6%) and dolomite-oxides fraction
(5% to 9%). In the silicate fraction, the amount of Re relative to the
total sample Re was low (3% to 7%), the lowest of any measured
chemical element (see range of measured elements in the Ta-
ble S2). We note that the proportion of Al in the organics-sulfides
fraction is between 27% and 37%, which implies some silicates may
have been leached or dissolved during this step. The Re/Al mass ra-
tio of the silicate fraction is between 0.003 and 0.004 x 1076, The
difference in concentration between the bulk and the sum of all
sequential extraction fractions is less than 5%.

The measured §'87Re for water-soluble, organic-sulfide and sil-
icate fractions are presented in Table S2. The §'87Re of the water-
soluble fraction is slightly lower than the bulk §'87Re by 0.03 to
0.11%0. The 5'87Re of the organic-sulfide is similar to the bulk for
the Mackenzie bedload, but lower by 0.08%c for the Arctic Red
bedload. Finally, the §187Re of the silicate fraction is much lower
than that of the bulk, with §87Re with values of —0.22 + 0.20%
for the Arctic Red bedload and -0.654+0.26% for the Mackenzie
bedload. These measurements have large uncertainty due to the
very low Re content in the silicates.

4.3. Partitioning of Re during chemical weathering

To characterize the behavior of Re during weathering processes,
we use the dissolved and suspended Re concentration ([Re]gjss
and [Re]seq) and the annual average suspended particulate mat-
ter concentration ([SPM] in gL~!) to calculate the proportion of
Re transported in the dissolved load (noted wX€, in %) relative to
the total rhenium flux (dissolved + suspended sediments; Sup-
plementary Materials). Rhenium is dominantly transported by the
dissolved load in the Mackenzie River (wR€ =77 &+ 3%), while be-
ing equally partitioned between the dissolved and solid load in the
Peel (wR€ =47 + 7%) and mostly transported in the solid load in
the Arctic Red (wR® = 25 + 6%). Rhenium appears to be more sol-
uble than the majority of other elements in the Mackenzie River,
with the exception of sulfur and carbonate-bearing elements (Ca,
Mg and Sr), confirming that Re is strongly influenced by chemical
weathering processes.

5. Discussion

The first measurements of the Re isotopic composition of rivers
reveal a large range in the §'8Re of river sediments (8'8"Regeq)
and show that composition of dissolved Re (8'8Regiss) is al-
most always higher than the corresponding §'87Regeq of each river
(Fig. 2). In this discussion, we first show that this large §187Re vari-
ability reflects a combination of variations in the bedrock §!87Re
composition (8'87Reoc) and a shift in isotopic composition during
modern weathering processes. We then discuss the implications
for the global Re isotope cycle and for whether §'87Re could act as
a tracer of oxidative weathering.
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5.1. The §'87Re and Re composition of bedrocks in the Mackenzie River
basin

5.1.1. Variability of bedrock lithological sources of Re and §187Re

To understand the controls on §'87Re values and the influence
of weathering, we must first determine the extent to which the
5187Regiss and 8'87Reseq may be controlled by mixture between
different bedrocks and/or mineralogical phases with distinct 5187 Re
and Re concentrations. This has been noted before for Li and Mo
isotopes in the Mackenzie River (Dellinger et al., 2014; Horan et al.,
2020). Indeed, the large range of reported 5'87Re values for shales
(—=0.35%0 to +0.21%0; Miller et al., 2015), suggests that lithologi-
cal variability could be important. While the Mackenzie River basin
is dominated by sedimentary rocks, these vary in lithology and
depositional age, meaning that they could carry distinct §'8Re
values and Re concentrations, depending on the redox state and
detrital input of the depositional environment (Dubin and Peucker-
Ehrenbrink, 2015; Miller et al., 2015; Sheen et al., 2018).

To assess whether differences in lithology could cause shifts in
8187Regiss and 8187 Regeq, we first need to characterize the sediment
sources (Supplementary Materials). To do this, the element mass
ratios V/Al and Cs/Al are used as provenance tracers, where we
combine our measurements with additional bedrock values from
the Mackenzie basin (Crawford et al., 2019; Kabanov, 2019; Ross
and Bustin, 2009). We identify three main rock types with distinct
OCpetro and Re content: i) “grey shales” mostly from the Paleo-
zoic, with OCpetro/Al mass ratio of 0.03-0.3 and Re/Al values of
0.02-0.40 x 10~5; ii) late Devonian organic-rich shales with high
OCpetro/Al ~0.9 and high Re/Al of 0.4-3.0 x 1076, referred here-
after as “black shale”; and iii) granitic-type igneous rocks with no
OCpetro and low Re/Al (<0.012 x 1076). We note that the Late De-
vonian black shale in the Mackenzie river basin is of similar age
and depositional setting as the New Albany Shale studied by Miller
et al. (2015), and has similar Re content and Re/Al value. To then
quantify the contributions of these three lithological sources, we
use V/Al and Cs/Al ratios and a mass-balance calculation (see Sup-
plementary Materials). These show that the majority of Mackenzie
River sediments (n = 10 samples) are derived from the grey shales,
with a small proportion of igneous rock (<30%) and negligible con-
tribution from black shales (<5%). Exceptions are two bedloads
from the Mackenzie main channel, with >50% contribution from
igneous rocks, and four sediment samples from the Peel, Ogilvie
and Upper Engineer Creek with 8-65% contribution from black
shales (Table S7). This assessment also highlights that coarse and
fine materials can be sourced from different rocks in large rivers.

In terms of the §'87Re values of these lithological sources, we
explore this using the (Re/Al)seq ratios (Fig. 4). River sediments
sourced partly from the erosion of black shales (Upper Engineer
creek and Ogilvie River) have higher (Re/Al)seq ratios and lower
§187Re (Fig. 4), which are most similar to the unweathered New
Albany black shale (Miller et al., 2015). In contrast, river sediments
mainly sourced from the erosion of grey shales, which dominate
in the basin overall, have higher §'87Re and lower Re/Al. Based on
these observations (Fig. 4b), we consider the grey shale to have
a 8'87Re value of ~ — 0.05%0 which is higher than the §'87Re of
black shales (§'87Re ~ — 0.30%y). The value for grey shales should
also be considered a minimum value if weathering leads to a de-
crease of §'87Re as discussed in Section 5.2. To assess the 5'87Re
of the igneous rock input, we use the composition of the sili-
cate fraction of the sequential extraction. The Re/Al ratio of the
silicate fraction of the sequential extraction of Mackenzie River
bedloads is ~0.004 x 1076, with a §'87Re of —0.65 % 0.25%o and
—0.2240.20%0, suggesting a low §187Re and Re/Al of silicates. This
Re/Al value is similar to the values inferred for the Upper Conti-
nental Crust (Dubin and Peucker-Ehrenbrink, 2015).

5.1.2. Average composition of the unweathered bedrock

It is possible to estimate the average composition of the un-
weathered bedrock (8187Rejok and [Relrocc; the hyphen above
the parameters indicate “average” unweathered bedrock) in the
Mackenzie, Peel and Arctic Red river basins using the calculated
wRe values and a steady-state mass-balance assessment of dis-
solved and solid samples (Bouchez et al, 2013). This assumes
that the measured present-day suspended sediment flux is simi-
lar to the long-term erosion rate (over 103-10* yr timescale). In
the Peel River, the 1°Be-based denudation rate that integrates over
10% timescales (Wittmann et al., 2020) is the same as present-day
suspended sediment flux (Carson et al., 1998). For the Macken-
zie main channel, the °Be-based erosion rate is slightly higher
(by a factor ~1.5) compared to the present-day sediment flux
(Wittmann et al., 2020), possibly due to the paraglacial Mackenzie
region landscape still responding to the last glaciation (Church and
Slaymaker, 1989). Nevertheless, we assume that denudation in the
Mackenzie River is operating at steady-state, and use the steady-
state mass-balance approach (Supplementary Materials). We cal-
culate a §187Re;oc value that is similar between the three rivers
(Table S5) of between —0.06%0 and —0.03%o, and a (Re/Al) q
value between 0.12 x 1078 and 0.18 x 10~6. These values are in
the range of the estimated composition of the grey shales, the
main rock source, as discussed above. These §187Re;ock, [Relrock and
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(Re/Al) ok values allow us to explore the influence of weathering
processes on the Re isotopic composition of the river loads (see
section 5.3).

5.2. Influence of weathering processes on the §187Re of river water and
sediments

Having accounted for lithological variability, we find that the
8187Regeq values derived from the same shale lithology (grey shale)
are positively correlated with the Re/Al ratio (Fig. 4). The most
Re-depleted samples have the lowest 5!87Re. The same trend is
observed in the New Albany black shale weathering profile. To ex-
plain these patterns and the higher §'87Reg;ss values compared to
8187Reqeq, we explore three possible mechanisms (Fig. 5); 1) frac-
tionation of Re isotopes during oxidative weathering, with prefer-
ential release of 87Re into the water (section 5.2.1); 2) secondary
removal of dissolved Re in iron oxides or clays with preferential
incorporation of 18°Re (section 5.2.2); 3) preferential oxidation of
mobile phase(s) with high §'8’Re values (section 5.2.3). We ar-
gue that the preferential oxidation of mobile phase(s) with high
8187Re composition is the most likely hypothesis (hypothesis 3),
to explain the higher '87Re values in the dissolved load of the
Mackenzie. However, we note that based on the limited available
measurements, it is not possible to completely exclude the other
hypotheses, as explained below.

5.2.1. Isotope fractionation during oxidation

Rhenium isotopes may be fractionated during OW processes. An
ab-initio calculation (Miller et al., 2015) suggests a positive isotope
fractionation (of up to 1.5%¢) during oxidation of Re' to Re'"0,
with the latter thought to dominate the dissolved Re pool of rivers
(Brookins, 1986; Colodner et al., 1993). Isotopic fractionation dur-
ing initial dissolution stage is possible if a solid surface layer
develops (Bouchez et al., 2013; Brantley et al., 2004; Druhan et
al,, 2015). Eventually, a steady-state is reached where the isotopic
composition of the leachate matches the isotopic composition of
the dissolving mineral. In most experimental studies, the leachate
is enriched in the light isotope due to kinetic effects (Druhan et
al., 2015), but fractionation of isotopes associated with redox re-
actions, such as oxidative weathering, has also been associated
with preferential release of the heavy isotope. For example, the
first 1% to 10% of leached Fe and Cu from sulfide oxidation exper-
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Fig. 5. Schematic (inspired from Bouchez et al., 2013) indicating the three possible
mechanisms that could explain the higher §'87Regjss compared to §'87Regeq: 1) iso-
topic fractionation during oxidation (fractionation factor between Re! and Re'!:
agev-revit = (87Re/'85Re)gerv/(187Re/185Re)gev < 1) with preferential release of
187Re over '85Re into the dissolved load; 2) isotopic fractionation (fractionation

factor between Re in secondary minerals and ReV!: orgesec-revii < 1) during Re

incorporation into secondary weathering minerals; 3) preferential oxidation of mo-
bile phases with high §'87Re relative to less-mobile phases (“residual”) with lower
8187Re. The boxes represent the various Re reservoirs in the weathering zone and
bedrock. The arrows represent the Re fluxes.

iments have a heavier isotope composition (Fernandez and Borrok,
2009; Kimball et al., 2009). Isotope fractionation was explained by
a change in the oxidation state, combined with the formation of
a solid surface layer. A similar process could be considered for Re,
i.e. preferential oxidation of '87Re to the soluble anion ReV'04, and
formation and leaching of an oxidized layer. This situation could
come about due to a high rate of supply of fresh mineral surfaces
(i.e. at high erosion rate, and low w®¢) and occur where there is
cyclic exposure of rocks to OW (Fernandez and Borrok, 2009) and
subsequent flushing by fluids that deliver the oxidized products to
rivers. The isotopic fractionation can only be expressed if the de-
velopment of the leached layer is transient, and not at steady-state
(Brantley et al., 2004).
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The water leach step of the sequential extraction (water-soluble
fraction) can provide a constraint on this potential mechanism.
Water leaches of Mackenzie River bedload released ~10-15% of
the bulk solid Re and have §187Re values that are equal or slightly
lower than the bulk sediment (8'8"Repporeach < 8'87Resgeq). This
suggests that no resolvable fractionation takes place for leach-
ing of >10-15% of rhenium. The fraction of Re in the dissolved
load (wR€) in Mackenzie main tributaries is >25% (wR€ =25 to
78%). This makes it unlikely that §87Reg;ss values would be in-
fluenced by this mechanism. Nevertheless, this could still occur
upstream in the weathering zone, under the conditions described
above (high erosion rate, cyclic exposure of rocks to air oxida-
tion, transient conditions). Dissolution experiments with a lower
fraction of rhenium-released (<5-10%) could test this mechanism.
Although we cannot completely rule out this mechanism, we con-
clude that it is unlikely to explain the relative 13’Re enrichment in
the Mackenzie river waters.

5.2.2. Influence of secondary processes

Dissolved Re may be removed from solution by secondary pro-
cesses in soils or rivers that include adsorption on clays or Fe-
oxides (e.g. Horan et al,, 2020 for Mo; Larkin et al., 2021 for Nd)
and/or in secondary reduced phases (e.g. secondary sulfides). For
this to explain the data, it would be necessary for 185Re to be pref-
erentially incorporated into secondary products. However, we note
that the ion ReO, is generally considered stable and soluble under
oxic conditions and over an extended pH range (Brookins, 1986;
Colodner et al., 1993), although some Re sorption on organic mat-
ter (Kim et al, 2004) and clays (Danish et al., 2021) could take
place under specific conditions. In the Mackenzie, the relatively
high proportion of Re in the dissolved load (wR€) confirms its sol-
uble behavior and so overall, this mechanism seems unlikely.

5.2.3. Preferential weathering of high 8187 Re phase(s)

Preferential weathering of mobile phase(s) (also frequently re-
ferred as “reactive” or “labile” in the literature) within rocks may
lead to a distinct isotopic composition in waters compared to
solids, as shown for several isotopic systems (Bouchez et al., 2013).
Indeed, Re is mostly hosted in rock organic matter and sulfides
relative to silicates (Jaffe et al, 2002; Miller et al., 2011; Selby
et al,, 2007), as also shown by our sequential extractions. In the
laboratory, the kinetics of sulfide oxidation are faster than those
of rock organic matter oxidation (Chang and Berner, 1999), and
both are faster than the dissolution of most silicate minerals. Since
isotope fractionation during oxidation and/or secondary phase for-
mation are unlikely to be the main fractionating mechanism in
the Mackenzie, we suggest that preferential weathering of mobile
phase(s) with high 5187Re is the most likely mechanism explaining
the enrichment in '37Re in the dissolved load. Below we explore
which mobile and residual phases might represent the best candi-
dates to explain the data in Figs. 2 & 4.

Miller et al. (2015) proposed that preferential weathering of
OCpetro and sulfides (mobile phases) over silicates (residual phase)
could lead to depletion of '8Re in the rock residues, if silicates
have lower §'87Re relative to the non-silicate phases (Fig. 4) (or to
put the other way, mobile phases have higher relative §187Re val-
ues). This process would explain why the dissolved load 5'87Regiss
values are higher than sediments (Fig. 2). It could also explain why
the 8187Re.eq of sediments are positively correlated to the Re/Al ra-
tio, with a lower Re/Al ratio resulting from a higher proportion of
silicate that could reflect partially weathered materials (Fig. 4).

To explore whether a mobile phase (sulfides and/or OCpetro)
could have a higher §'87Re than the bulk rock, and that prefer-
ential OW of this mobile phase could explain the data, we ex-
amine the 5'87Re versus the molar Re/S ratio (Fig. 6). The river
waters have lower Re/S ratios than the sediments, which is con-
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sistent with preferential weathering of a S-rich phase. Therefore,
a simple explanation could be that the higher §87Re composition
of the waters thus reflects the sulfide phase. However, there are
two lines of evidence to suggest this is not the case. First, pre-
vious work has suggested that dissolved Re in the James Creek
River is mostly sourced from sulfides (Horan et al., 2019), based
on the high SO4 and low Re concentrations (i.e. very low Re/SO4
~ 3 x 10~* pmol/umol close to the median Re/SO4 of compiled
sulfides; Miller et al., 2011). The dissolved 5'87Re of James Creek
is +0.03%o, slightly lower than the highest dissolved §'87Re of the
Arctic Red Rivers (40.07%o), where more than 85% of the dissolved
Re is derived from oxidation of OCpetro (Horan et al., 2019). Second,
in the New Albany weathering profile (Jaffe et al., 2002; Miller et
al.,, 2015), some samples have near complete loss of sulfides while
the OCpetro remains (the “partly weathered” samples on Fig. 4 and
6). These show no change in the bulk §87Re values. This suggests
that sulfide oxidation does not influence the §'87Re of the New Al-
bany shale profile. Hence, it appears that the preferential oxidation
of sulfides alone cannot explain the higher §'87Re in the dissolved
load compared to the sediments.

Alternatively, the high 6'8"Re phase could be OCpetro, Or there
may be different pools of OCpetro With different reactivity that have
distinct 8'8"Re values. It has been shown that Re is associated
with a variety of organic compounds, functional groups and bound
types in shale organic matter, and is particularly enriched in the
high-molecular weight asphaltene fraction of organic matter (Selby
et al., 2007). Variability in §'87Re between these different pools
could arise from various depositional conditions and/or later-stage
thermal maturation (e.g. for Zn isotopes; Dickson et al., 2020b)
and metamorphic processes. Selective oxidation of different OCpetro
pools has been proposed at the soil profile scale (Longbottom and
Hockaday, 2019; Petsch, 2014) and at river catchment scale dur-
ing sediment transport through large river floodplains (e.g. Galy
et al,, 2008). Indeed, the river water samples reveal a trajectory
towards higher §87Re values while the Re/SO4 ratio remains rel-
atively constant (Fig. 6). This could suggest preferential OW of a
reactive OCperro phase with higher §'87Re (mobile phase) relative
to less reactive OCpetro phases (residual phase). This would also be
consistent with the patterns in the solid samples: these do not plot
on the mixing zone between the average bedrock and the silicate
sequential leaching fraction (Fig. 4B), which would be expected if
loss of a mobile phase resulted in only a silicate residue. While
we have only two leachate-based estimates of the silicate residue,
this discrepancy could be explained if there was an additional host
of residual Re in the solids in un-weathered OCpetro. We call for
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future work to assess the potential role of multiple pools of Re as-
sociated with OCpetro and its release during oxidative weathering.

5.3. Implications for reconstructing oxidative weathering using Re
isotopes

Regardless of the mechanisms responsible for Re isotopic frac-
tionation, the observed decrease of 5'87Re in solid weathered ma-
terials is correlated with the depletion in Re relative to Al for a
given rock type (Fig. 4). Taking into account the bedrock variabil-
ity, we can calculate the isotopic shift related to weathering and
the Re-specific mass-transfer coefficient of the solids (Chadwick et
al., 1990), i.e. the fractional Re mass loss, T*¢, using:

187 187 187
A ®"Resed_rock =98~ Résed — 8 ° " Reyock

and

Re _ (Re/Al)sed
(Re/Al)rock

To assess the (Re/Al)rock and 8'87Rejoq value, it would be prefer-
able to re-calculate the Re/Al and the §'87Re values of each sedi-
ment sample to reflect that prior to weathering. However, the large
variability in the Re/Al ratio of the grey shale component, likely
due to a variable proportion of OCpetro, makes this difficult (see
supplementary materials). Instead, we use the Mackenzie basin
bedrock average (Re/Al);oc and 8187Reoq values (0.13 x 107 and
—0.05%0; the yellow star in Fig. 4) defined by steady-state mass-
balance (Section 5.2.2) as a single estimate of the unweathered
solid composition for all rivers. Using these values is only justi-
fied for Mackenzie River sediments predominantly derived from
the grey shale lithology, and for which the contribution of black
shales is negligible (<5%). Due to the high Re content in black
shale, even a small contribution can significantly shift the aver-
age basin-average bedrock (Re/Al),ocx toward higher values and
the 8187Re;, toward lower values. Hence, we do not attempt to
interpret the Mackenzie river samples with >8% black shale contri-
bution in the discussion below because estimating their (Re/Al);ock
and §'87Re, is not possible.

The A'87Regeq.rock iS positively correlated with the TR¢ (r2 =
0.67; Fig. 7). Both the Mackenzie River sediments and the New
Albany shale (Miller et al., 2015) plot on the same trend, which
indicates that Re depletion results in a larger isotopic shift
(A187Reged.rock). Thus, after correcting for §'87Re bedrock differ-
ences, the 5187Re values of river sediments and soils can be ex-
plained in the same way, i.e. lowering of §87Re of solids controlled
by the proportion of Re depletion during OW. While further work
is needed, this indicates that the §'8’Re of continental sediments
could used as a proxy for past and present fractional mass loss of
OCpetro during oxidation.

5.4. Implications for the global Re isotopic cycle

We report the first measurements of §'8’Re of weathering
products in rivers. The supply of Re by rivers is the major source
of Re to the ocean, with the sinks being the burial of Re in marine
sediments in oxic, suboxic and anoxic settings (Miller et al., 2011;
Sheen et al., 2018). The Mackenzie River represents ~1.1% of the
total pre-anthropogenic dissolved Re flux and ~0.8% of the total
present-day flux to the ocean (Miller et al., 2011). The Macken-
zie river §187Reg;ss values are lower than Atlantic seawater, with a
difference between the 5!87Re of the Mackenzie outlet and seawa-
ter (A'87Rejnpyt-sw) Of ~ — 0.12%o. This confirms the prediction of
Dickson et al. (2020a) that the §'8’Re of continental input should
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be lower than seawater, because Re sinks should favor the incor-
poration of the 18°Re isotope into marine sediments according to
ab-initio calculations (Miller et al., 2015).

To explore these new measurements in the context of the
ocean’s Re isotopic composition, we revisit the simple Re iso-
tope mass-balance approach of Dickson et al. (2020a). Marine
ReO, (VII) (residence time of 1.3 x 10° yr; Miller et al,, 2011) is
assumed to be scavenged onto sediments through reduction to
Re!, with a A8 Rege(yy-sw Of up to —1.52%, and/or through thi-
olation to Re""03S (with a A8 Repervinoss-sw Of —0.33%o). The
A7 Reinput-sw Value (—0.12%o) is lower than the both the redox
and thiolation fractionation factors: the isotope mass balance can-
not be made. There are several possible explanations for this. First,
some Re sinks are quantitative (i.e. no fractionation), as it is the
case for anoxic or euxinic settings in the modern ocean for other
redox sensitive elements (Dickson et al., 2020a). To close the iso-
topic mass balance, we estimate a minimum proportion of Re re-
moved without fractionation of 8% (if the other sink is reduction
to Re(IV)) and a maximum of 33% (with thiolation to Re(VII)OsS).
Interestingly, this minimum value of 8% for the proportion of quan-
titative Re removal is close to the proportion of anoxic Re sink in
the modern ocean (6-7%) as determined by Sheen et al. (2018).
However, there are three other possible explanations which future
work needs to assess: 1) there are unaccounted Re sinks (e.g. Dan-
ish et al., 2021) with distinct fractionation factor values; 2) the
current Re cycle is not at steady-state; and 3) the Mackenzie River
is not representative of the average global riverine §!87Regjs. Our
study highlights the importance of assessing whether §'87Rey;ss is
higher than rocks in other settings, and determining the variability
of the 8187Reg;ss values of continental inputs. Only with this infor-
mation can we begin to probe how the Re isotopic composition of
seawater could serve as a measure of past changes in ocean redox
and/or OW on the continents through Earth’s history.

6. Conclusions

We present the first measurements of Re isotopic compositions
(5187Re) in river water and sediments from the Mackenzie River
basin (Northwest Canada). The 5!87Re values of river water range
between —0.05 and +0.07%o and from —0.27 to +0.01%o in river
sediments. The range of §'8’Re values in solids (suspended sedi-
ments and bedloads) can be explained by a combination of source
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variability and the influence of oxidative weathering. The §'87Re
of the dissolved Re is generally higher (by up to 0.2%o) than the
8187Re of river sediments. This indicates that oxidative weathering
processes lead to an enrichment of 187Re in the dissolved load (the
product of oxidative weathering) and we observe a depletion of
187Re in river sediments (the residue of oxidative weathering) rel-
ative to the source bedrock. This result is consistent with Miller et
al. (2015) showing decrease of 5§'87Re in weathered material from
a soil profile.

The possible mechanisms that can explain this isotopic shift
include preferential oxidation of high §'8’Re phases (e.g. OCpetro
and/or sulfides) and/or fractionation during oxidation and/or influ-
ence of secondary processes. Sequential extraction measurements
and mass-balance mixing suggest that preferential weathering of
OCpetro could explain the data, but fractionation during oxidation
or secondary processes could also play a role. Regardless of the
mechanisms behind the observed patterns, the difference between
the §'87Re of sediments and 8!87Re of the bedrock appears to
be positively correlated with the Re weathering intensity of sed-
iments. This suggests that §'8/Re could be a promising proxy for
tracing past and present oxidative weathering processes.
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