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Abstract

The Yukon River drains a large catchment underlain by a range of geological units
characterized by diverse topography, environmental conditions, and land cover. The Yukon
River catchment also displays a permafrost cover gradient and has active alpine glaciers in its
headwaters. With ongoing warming, permafrost degradation, glaciers retreat, and land cover
changes, the hydrochemistry of the Yukon River will likely change with risks for water quality
and ecosystem sustainability. Here, we report elemental and isotopic data across the Yukon
River to unravel the processes controlling the geochemistry of the dissolved load across the

watershed and investigate the sensitivity of hydrochemistry to climate conditions.

We analyze 102 samples from most major tributaries of the Yukon River for major and
trace elements, strontium isotope ratio (87Sr/2Sr) and lithium isotope composition (6Li).
Elemental and isotopic geochemistry displays strong spatial patterns that primarily correlate with
lithological, topographic and climatic characteristics over the watershed. In the glacial and
mountainous headwaters, we observe low Li/Na ratio and low ¢’Li values (<15%o). We suggest
that glaciated headwaters are characterized by a very high denudation rate and low secondary
mineral formation rate explaining the low §’Li values. In most of the permafrost-covered
lowlands, we observe relatively constant Li/Na ratio and #’Li values suggesting that weathering
intensity is at a steady state. Conversely, in the non-permafrost-covered lowlands, we observe
higher and more variable Li/Na ratio and ¢’Li values suggesting increased weathering intensity
when permafrost is absent. In the lowlands, glaciated or not, 8’Sr/2¢Sr ratios remain within a tight
range of values (0.709-0.715) and reflect the variable contribution of carbonate and silicate units
throughout the basin. We found an interesting relationship between 6’Li values and &'Sr/8Sr
ratios, suggesting a strong geology influence on weathering processes. When &7Sr/%Sr are low or
very high, 6’Li values tend to be high (>25%o), whereas when 8Sr/8éSr are intermediate &'Li
values are low. We argue that the presence of igneous rock units within the catchment is an
important control of weathering intensity as igneous rock units can contribute fresh primary
minerals for weathering reactions. Weathering intensity is also strongly associated with
temperature and permafrost cover across the Yukon River. As temperature increases and
permafrost thaws, the weathering intensity increases, modifying the flux of elements to rivers. As
the climate continues to warm in the future, the Yukon River hydrochemistry will continue to

evolve, reflecting the increased contribution of soils and clays to river water chemistry.
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1. Introduction

Permafrost covers about a quarter of the land surface in the northern hemisphere and
exerts an essential control on the hydrochemistry of northern rivers. Permafrost often acts as a
semi-impermeable barrier between the soil layers, limiting weathering reactions in soils and
interactions between groundwater and surface water (Kokelj & Burn, 2005; Douglas et al.,
2013). Permafrost also stores large quantities of organic carbon and nutrient (Douglas et al.,
2013). The ongoing global warming could drive a large-scale permafrost degradation in high
latitudes, thereby significantly changing the hydrochemistry of northern rivers (Frey &
McClelland, 2009; Toohey et al., 2016), as well as land cover and ecosystems (Brabets et al.,
2000).

The Yukon watershed lies within the permafrost zone with a varying range of extent and
depth (Fig.1), which provides an ideal setting to study permafrost and weathering interactions at
the regional scale. A large increase in solute concentrations has been observed at the Yukon
River mouth (Toohey et al., 2016); however, the influence of permafrost degradation on these
hydrochemical changes is not well-established because river chemistry can be influenced by
many variables (Toohey et al., 2016). The objective of this thesis is to understand better the
interactions of permafrost cover and weathering processes across the Yukon River watershed. It
is hypothesized that catchments with low permafrost cover will show increased weathering
intensity than those with continuous permafrost cover. This increase in weathering intensity will
lead to a higher contribution of surface weathering fluxes to river hydrochemistry in an area
without permafrost cover. Changes in the hydrochemistry of the Yukon River (Toohey et al.,
2016) would undoubtedly have some impacts on terrestrial and aquatic ecosystems and impact
the Yukon River watershed residents who often directly depend on river resources (Holder &
Senecal-Albrecht, 1998; Brabets et al., 2000).



| Generally underlain by continuous permafrost

| Generally underlain by discontinuous permafrost

*] Generally underlain by moderately thick to thin permafrost
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- Glaciers

e Spatial sampling sites

*  Temporal sampling sites

Figure 1: The Yukon River Watershed, permafrost cover and sample locations.

I will test this hypothesis by substituting space for the time scenario. The method consists
of

1. sampling the Yukon River and its tributaries along a gradient of permafrost conditions

(Fig.1),

2. comparing the changes in elemental and isotopic values of these samples, and
3. using geostatistics and machine-learning to disentangle the role of permafrost in
controlling spatiotemporal geochemical variations.

My work uses a combination of isotopic tracers, including strontium (Sr) and lithium (Li)
isotopes, to assess weathering processes and sources in different permafrost cover conditions.
The Sr isotope ratios (8Sr/%Sr) in rivers track the lithology exposed in the catchment. This tracer
will be used in combination with elemental chemistry to assess spatiotemporal variations in
weathering sources in different watersheds (Keller et al., 2010; Douglas et al., 2013). Li isotopes,

which fractionate with secondary mineral formation, will be used to track the weathering



intensity of the active layer (Hindshaw et al., 2018). An increase in weathering intensity of the
active layer in the catchment with lower permafrost cover should lead to an increase in the Li
isotope ratio (6°Li) in rivers (Hindshaw et al., 2018). However, as topography, geology, climate
and land cover can also influence weathering processes, these factors will have to be

disentangled from the hydrochemical signals to isolate the role of permafrost.

This thesis is organized as a traditional monograph. First, I will review the literature
detailing the current understanding of weathering processes in a permafrost-covered
environment. Second, | will introduce the studied catchment detailing the hydrology and
hydrochemistry of the Yukon River. Third, I will detail the sampling collection and analytical
procedure, including the development of a new lithium isotope chromatography procedure.
Fourth, 1 will describe the numerical and statistical approaches. Last, | will describe and discuss

the results.



2. Literature Review

Chemical weathering by exporting alkalinity to the ocean regulates the long-term carbon
cycle and long-term climate (Lawrence et al., 2012). When the climate warms, weathering
intensifies, exporting more calcium to the ocean and favouring atmospheric CO2 drawdown and
climate cooling. Simple numerical models predict that the strength of this climate-weathering
feedback is a function of erosion rates (Hijmans et al., 2005) with stronger feedback in rapidly
eroding mountainous regions relative to low-relief areas. However, this model does not account
for the role of glacial processes in controlling weathering rates. In particular, permafrost-covered
areas (17% of the globe (Gruber, 2012; Biskaborn et al., 2019)) have very different hydrology
and erosion regimes than other catchments from warmer climate zones. It has long been
hypothesized that the presence of ice and permafrost could play a strong role in controlling the
long-term climate by influencing both erosion and weathering (Zolkos et al., 2018). However,
little is known about the impact of permafrost and glacial cover on weathering processes in high

latitude catchments.

Weathering processes are strongly dependent on climate conditions. Temperature
controls the kinetics of mineral dissolution reactions (Casey & Cheney, 1993; Hellmann, 1994;
Chen & Brantley, 1997; Rosso & Rimstidt, 2000), and hydrology controls the rate of weathering
and erosion (Berner, 1978; Lasaga et al., 1994; Steefel & Méher, 2009; Maher, 2010). Climate
change is exacerbated in northern regions, and as a result, weathering processes in northern
regions are changing (Vincent et al., 2012). Arctic and boreal regions have experienced the
fastest warming rates over the last decades (Post et al., 2019). The air temperature of northern
latitudes increased by approximately ~0.05°C annually over the past three decades (Serreze et
al., 2000; Striegl et al., 2005; Sturm et al., 2005), and the water discharge from the many major
Awrctic rivers is also increasing (Peterson et al., 2002; Striegl et al., 2005). Land cover changes
are also happening with the Arctic shrubification, which increases soil acidity due to plant root
respiration. These changes have broad consequences for weathering processes and hence on river
water quality, ocean composition and carbon cycle dynamics. In this context, there is an urgent
need to study the interactions of weathering processes in northern watersheds, particularly the

impact of permafrost thawing.



2.1 Permafrost cover in high latitudes

One particularity of arctic and high-latitude landscapes is the presence of a permanently
glaciated soil layer, called permafrost (Woo, 2012). Permafrost is a layer of rock, sediment or
any other Earth material that has been frozen (below 0°C) for two or more years (Woo, 2012).
Permafrost covers about a quarter of the northern hemisphere (Brown et al., 1997; Woo, 2012)
and is increasingly present closer to the poles (Obu et al., 2019; Fig.2). Permafrost in the
northern hemisphere presents a great variation in extent and depth (Zhang et al., 1999).
Continuous permafrost occupies about half of the permafrost-covered land, with the remainder
almost equally divided between discontinuous, sporadic and isolated patches (Obu et al., 2019).
Only continuous permafrost is present around the north pole, and discontinuous permafrost,
including sporadic and isolated patches, mostly occurs south of the Arctic circle. Permafrost
distribution is directly associated with the mean annual ground and surface temperature. The
average ground temperatures at the boundaries at continuous/discontinuous, at
discontinuous/sporadic, and at sporadic/isolated-patches are -1.71 + 0.48°C, -0.01 £ 0.37°C and
1.46 + 0.44°C, respectively (Obu et al., 2019).

As warming accelerates in the northern latitudes, this permafrost layer has been
progressively thawing over the past 30 years (Hinzman et al., 2005; Osterkamp, 2007;
Romanovsky et al., 2010; Jorgenson et al., 2013) with considerable implications for terrestrial,

wetland and freshwater ecosystems in northern watersheds.
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Figure 2: Calculated permafrost probability based on the fraction of the model run with mean
annual ground temperature below 0°C (Obu et al., 2019). The permafrost probability is
classified into continuous permafrost (>0.9), discontinuous permafrost (0.5-0.9), sporadic
permafrost (0.1-0.5) and isolated patches (0.005-0.1).

2.2 Weathering processes in watersheds

Two weathering regimes endmembers exist on the Earth's surface: a transport-limited
regime and a weathering-limited regime. In the transport-limited regime characteristic of flat
areas of the Earth, erosion rates are low, allowing the formation of deep soils with high
weathering intensity. In this weathering regime, the primary mineral availability is limited due to
the low erosion rate. Primary minerals can dissolve and form secondary minerals (Sparks, 2003).
If erosion rates become low enough, secondary mineral complete dissolution becomes the main

contributor to weathering reactions, as is observed in some flat floodplains in tropical areas



(West et al., 2005). Conversely, in the weathering-limited regime more typical of mountain
zones, high erosion rates remove weathered material rapidly downstream, preventing the
accumulation of secondary minerals, resulting in lower secondary mineral formation rate relative
to primary mineral dissolution (Stallard & Edmond, 1983; West et al., 2005). Between these two
endmembers, weathering and erosion interactions lead to variable soil thickness and
development (Stallard & Edmond, 1983; West et al., 2005; Murphy et al., 2019).

2.3 Weathering in northern watersheds

However, weathering and erosion processes in cold-climate regions and high-latitude
watersheds differ from those of warm and wet watersheds in tropical and temperate regions. In
northern latitude, physiographic characteristics of catchments depend on the permafrost
distribution, permafrost thickness, and depth of the active layer, and these may play a primary
role in controlling the hydrologic cycle, weathering and erosion processes (Hinzman et al., 2005;
Lyon & Destouni, 2010). The hydrologic regimes in northern rivers are highly seasonal. In
northern areas, most of the water falling on the catchment during the winter is accumulated as
snow and ice (Derksen et al., 2012). In the winter, the river discharge and water-rock interactions
are dominated by subsurface processes (i.e., baseflow). Baseflows of rivers underlined by
continuous permafrost are low during the winter because continuous permafrost limits
groundwater and surface water connectivity (Crites et al., 2020). Groundwater inputs usually
occur at taliks, unfrozen zones in the permafrost, which provides a pathway between
groundwater and surface water (Burn, 2002; Kokelj & Burn, 2005). In the spring, the stored
water is discharged during the snowmelt creating a spike on the hydrograph called "Freshet." A
large portion of freshet water is sourced from snowmelt and stored pre-melt water displaced
through the organic layer to the stream during the melting season. Most of the runoff in northern
rivers usually occurs from May to September, but the exact runoff timing differs depending on
basins' characteristics (Ge et al., 2013). As the summer progresses, ice and snow continue to
melt, and the layer above the permafrost progressively thaws (i.e., the active layer), allowing
deeper infiltration of surface water (Woo, 2012). In the summer, deeper flow paths within the
active layer combined with increased connectivity between surface and subsurface waters, lead

to increase water-rock interactions. The river discharge becomes a combination of groundwater



inputs, surface runoff and shallow groundwater discharge. However, even during the summer,
permafrost often acts as a semi-impermeable barrier between the active layer and deeper
aquifers, limiting groundwater contribution (Xiao et al., 2020). Consequently, the majority of
surface weathering processes in permafrost-dominated regions occur during summer within the
seasonally thawed active layer until the water gets refrozen with decreasing air temperatures in
the Fall.

2.4 Permafrost thawing and weathering in northern watersheds

With the accelerated warming of northern regions, permafrost cover is predicted to shrink
rapidly over the next decades. Accelerated permafrost degradation due to climate warming will
modify flow-paths and weathering processes in the north, thereby influencing the
hydrochemistry of northern rivers (Frey & McClelland, 2009). Thawing of permafrost deepens
the active layer and expose fresh primary minerals to weathering (Frey & McClelland, 2009).
This increase in primary mineral availability could increase the silicate weathering rate with
greater infiltration and water interactions with the freshly exposed primary minerals (Hilley &
Porder, 2008). However, permafrost-covered soils are also regularly submitted to seasonal freeze
and thaw cycles that promote high denudation rates (Murphy et al., 2019). These freeze and thaw
cycles can enhance the availability of primary minerals favouring a higher weathering rate while
preventing soils from forming. In addition, permafrost thawing can also facilitate higher
connectivity between solute-rich groundwater and surface water, which can modify the
hydrochemistry of rivers (Frey & McClelland, 2009). All these processes can concomitantly
influence the hydrochemistry of northern rivers, making it challenging to predict the evolution of

the northern river hydrochemistry.

As long-term climate warming of northern regions will likely continue and accelerate
over the next century, it is critical to understand better weathering processes in these
environments and how they will respond to warming. Although the connection between
permafrost degradation and weathering processes is not fully understood (Pokrovsky et al., 2005;
Frey et al., 2007; Frey & McClelland, 2009; Keller et al., 2010; Murphy et al., 2019), identifying
the drivers of weathering in permafrost-covered regions would be critical to predict the impact of

climate change to river water chemistry in northern watersheds. These hydrochemical changes



will likely have critical implications for the ecology and the sustainability of native and human
communities living in the north. At a longer timescale, understanding how permafrost influences
weathering processes will refine our understanding of global biogeochemical cycles in glacial

times.

2.5 Lithium Isotopes

Studies have proved that constraining weathering processes in permafrost dominated
regions is challenging because multiple processes such as biology, lithology and redox influence
existing tracers (Pokrovsky et al., 2005; Frey et al., 2007; Frey & McClelland, 2009; Keller et
al., 2010; Murphy et al., 2019). In this work, a combination of Li and Sr isotopes are used to
understand weathering processes better. Li has two stable isotopes, 6Li and “Li, with abundances
of 7.5% and 92.5% (Coplen et al., 2002), respectively. The large relative mass difference (~17%)
between the two isotopes allows wide fractionations of Li isotopes in various geological
processes, including continental weathering (Liu & Rudnick, 2011), crustal recycling (Tang et
al., 2014) and climate and tectonic evolution (Misra & Froelich, 2012). The Li isotope
composition is the measured ratio of Li isotopes in an unknown sample normalized to that in the

L-SVEC standard, usually expressed as d’Li with the following equation (Flesch et al., 1973):

("Voss) pngy= o)
oL unknown OLi

<7Li/ )
67
Li standard

87Li (%o) = standard . 1000] ... Eq.1

Li isotopes have great potential as a geochemical tracer for weathering processes in permafrost
cover environments (Hindshaw et al., 2018). Li is a water-soluble element enriched in silicate
rocks that greater than 90% of riverine Li is derived from silicate rock weathering (Kisakurek et
al., 2005). The fractionation of Li isotopes occurs by chemical weathering during water-rock
interactions (Huh et al., 1998; Pistiner & Henderson, 2003; Dellinger et al., 2015); however,
neither primary basalt dissolution nor metamorphic dehydration is involved in the fractionation
of Li isotopes (Pistiner & Henderson, 2003; Teng et al., 2007; Qiu et al., 2009; Wimpenny et al.,



2010). Li is only present in one redox state (+1 charge) and is, therefore, not influenced by redox
reactions (Teng et al., 2007). Li is not a nutrient; hence, any biological processes do not
significantly impact the Li isotopic compositions (Lemarchand et al., 2010; Pogge von
Strandmann et al., 2012). Li fractionation occurs primarily during the secondary mineral
formation where the SLi isotope is preferentially retained into the solid phase, and “Li remains in
the residual solution (Huh et al., 2001; Pistiner & Henderson, 2003; Vigier et al., 2008; Pogge
von Strandmann et al., 2010, 2016; Wimpenny et al., 2010; Hindshaw et al., 2018; Liu & L.,
2019). Several laboratory experimental studies have demonstrated that secondary mineral
formation produces variable and potentially large isotopic fractionations, with preferential
incorporating or adsorbing 5Li onto the surface of secondary mineral (Starkey, 1982) or into
octahedral sites in clay structure (Li & Liu, 2020) and leaving the equilibrium fluid enriched in
"Li (Pistiner & Henderson, 2003; Williams & Hervig, 2005; Vigier et al., 2008; Wimpenny et al.,
2015). The degree of fractionation (fractionation factor) between secondary mineral and fluid
phase is expressed as o (6'Li solid — & Li solution) Varies depending on the mineral type and the
temperature when the fractionation reaction occurs (Taylor & Urey, 1938; Wunder et al., 2006,
2007; Brenot et al., 2008; Wimpenny et al., 2015).

The fractionation factor between some secondary minerals and water from literature span
a range from 0.984 to 1.000 are shown in Table 1. Williams & Hervig (2005) investigated
isotopic fractionation during the transformation from smectite to illite, which turned out to be
~11%o (o0 = 0.989 at 300°C). The fractionation in smectite increases systematically as a function
of decreasing temperature, from 0.998 at 200-250°C to 0.990 at 90°C (Vigier et al., 2008).
Pistiner & Henderson (2003) focused their Li isotopic fractionation experiments on sorption
experiments of three secondary minerals, smectite, ferrihydrite and gibbsite, at room temperature
(22°C) and concluded that the fractionation factor between mineral and fluid is 0.998 and 0.986
for ferrihydrite and gibbsite, respectively; and no Li isotope fractionation was observed between
smectite and fluid. Hindshaw et al. (2019) investigated the synthesized Mg-rich layer silicates
(stevensite and saponite) at high pH (9.0-10.4) and ambient temperature and concluded that the
fractionation factor of Mg-rich layer silicates is 0.983. Li & Liu (2020) performed a series of
experiments to estimate Li isotopic fractionation during sorption on kaolinite at ambient
temperature (22°C) in three different settings; time series-, pH-, concentration-control settings

and found that the fractionation factor of kaolinite is 0.992 for pH=8.5.
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Table 1: Experimentally determined lithium isotopic fractionation between secondary mineral

and water from the literature.

Mineral/fluid o Starting T (°C) pH References Notes
Fractionation solution
Factors [Li] (ppm)
Ilite 0.989 1000 300 (Williams &
Hervig, 2005)
Smectite 0.983 20000 25 (Vigier et al.,
2008)
Smectite 0.990 20000 90 (Vigier et al.,
2008)
Smectite 0.997 20000 200 to (Vigier et al.,
250 2008)
Smectite 1.000 0.5 22 7 (Pistiner & Sorption
Henderson, 2003) | experiment
Ferrihydrite | 0.998 0.5 22 7 (Pistiner & Sorption
Henderson, 2003) | experiment
Gibbsite 0.986 0.5 22 7 (Pistiner & Sorption
Henderson, 2003) | experiment
Gibbsite 0.984 56000 25 7 (Wimpenny et al.,
2015)
Stevensite 0.983 13.9 20 9.0-10.4 | (Hindshaw etal.,
2019)
Saponite 0.983 7.9 20 95 (Hindshaw et al.,
2019)
Kaolinite 0.992 3 22 8.5 (Li & Liu, 2020) Sorption
experiment

2.6 Lithium isotope variability in the river at the global scale

In river basins, 6’Li of river water range from +2%o to +44%o and is always higher than

that of the source bedrock or suspended sediments (Huh et al., 1998, 2001; Kisakurek et al.,
2005; Pogge von Strandmann et al., 2016, 2017, 2006, 2010, 2012; Vigier et al., 2008;
Wimpenny et al., 2010; Lemarchand et al., 2010; Witherow et al., 2010; Rad et al., 2013;
Dellinger et al., 2015; Pogge von Strandmann & Henderson, 2015; Murphy et al., 2019). §’Li
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variations in the river have been used to better understand weathering processes at the local to
the global scale. 6’Li values in a river are controlled by the ratio that has been described as
"silicate weathering congruency” that is defined by the ratio of the primary mineral dissolution
relative to the secondary mineral formation (Misra & Froelich, 2012; Pogge von Strandmann &
Henderson, 2015; Vigier & Goddeéris, 2015; Pogge von Strandmann et al., 2016, 2017; Murphy
et al., 2019). The dissolution process of primary mineral (crustal 5’Li of ~0%o to +5%o) does not
cause any fractionation (Pistiner & Henderson, 2003; Vigier et al., 2008; Wimpenny et al., 2010;
Dellinger et al., 2015) but releases unfractionated Li (Pistiner & Henderson, 2003; Vigier et al.,
2008; Wimpenny et al., 2010; Murphy et al., 2019). Fractionation during the secondary clay
formation incorporates 6Li onto the surface of clay or into a structural lattice and results in
increasing ¢’Li of the solution (Pistiner & Henderson, 2003; Vigier et al., 2008; Wimpenny et
al., 2010; Murphy et al., 2019). The interactions of weathering, erosion and climate at the global
scale lead to a broad range of §’Li in rivers of more than 30 %o. The Ganges, Lena and river
draining basalt terrains have a similar 6’Li mean (~ 23%o) (Huh et al., 1998; Murphy et al.,
2019), whereas the Amazon, the Mackenzie and rivers draining the high Himalayas have lower

¢’Li mean values (~15%o).

&’Li values often vary as much within a watershed than at the global scale because J'Li
values reflect the interplay of erosion and weathering processes within the river basin. In the
headwaters, where the erosion rate is very high, weathering intensity is low (weathering-limited
regimes) and usually coincides with low dissolved §’Li values with high dissolved Li fluxes.
Conversely, close to the mouth of the river, where sediments accumulate, the fluvial system
becomes transport-limited and is characterized by higher weathering intensity. These regions
display low dissolved &7Li, similar to the weathering-limited regimes (Dellinger et al., 2015).
The region with the highest weathering intensity is generally between these two extremes in
alluvial plains or flood plains, where erosion rate remains high, but the weathering reaction has
the time to proceed (Fig.3). Consequently, many rivers in a tropical and temperate setting display
a bell-shaped relationship between ¢’Li and dissolved Li concentration, as seen in the Amazon
(Dellinger et al., 2015; Fig.4A)
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Erosion >> Weathering
Weathering limited
High primary mineral supply

Erosion = Weathering
Equilibrium
High secondary mineral formation rate

Erosion << Weathering
Transport limited

Low primary mineral supply
Secondary mineral dissolution

Figure 3: Conceptual model of theoretical 6'Li values variations within a watershed profile
(modified from Trista L. Thornberry-Ehrlich, Colorado State University).

2.7 Lithium isotope variability in the Arctic rivers

As mentioned above, weathering reactions are temperature dependent; consequently,
weathering processes tend to be slower in northern watersheds relative to tropical regions.
However, in high-latitude regions, glacial processes can also influence weathering and erosion
processes. A few studies have explored §’Li variability in high-latitude watersheds, including the
Mackenzie River Basin, the Lena River and other Siberian rivers. The permafrost cover in these
watersheds ranges from 75% to 90%. The variations of riverine 6’Li values are still large in these
northern watersheds with a range of 9.3%o to 29.0%o in the Mackenzie River Basin (Millot et al.,
2010), 7.1%o to 41.9%o in the Lena River Basin (Murphy et al., 2019), and 3.9%o to 23.7%o in the
Siberian rivers (Huh et al., 1998). §’Li can also vary seasonally in norther regions, possibly
informing about seasonal changes in weathering processes. Hindshaw et al. (2019) showed that a
4%o seasonal range occurs in the Yenisei River in Siberia. They suggested that the samples
collected in winter represent the winter flow predominantly sourced from the reservoirs
(neighbouring lakes), allowing long residence time and elevated clay formation. In contrast, the
samples collected in spring had short water residences with increased discharge and, therefore,
less clay formation. The relationship between 67Li and Li concentrations in the Arctic river

reflects a similar sort of interplay between erosion and weathering as those observed in tropical
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catchments (Fig.4A). However, in the northern latitudes, weathering reactions tend to be slower
due to low temperatures (Millot et al., 2003), and erosion is generally high due to glacial
processes (Hallet et al., 1996). Consequently, northern watersheds are unlikely to reach a fully
"transport limited™ regime as is observed in the Amazon floodplains with the dissolution of
secondary minerals. Ultimately, the dissolved ¢’Li in the northern river does not display a
parabolic relationship as in tropical watersheds (Dellinger et al., 2015; Fig.4A) but only shows a
broad positive correlation with the inverse of dissolved Li concentrations (Murphy et al., 2019;
Fig.4B). Northern rivers display only "weathering limited"” regimes where the erosion rates are
high, but the rates of secondary mineral formation are low because of limited weathering
reactions. Therefore, the Arctic rivers display increasing riverine 6’Li values with decreasing
dissolved Li concentrations (Murphy et al., 2019; Fig.4B)
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Figure 4: (A) the riverine 6’Li values plotted against the dissolved Li concentrations in the
Amazon River (Dellinger et al., 2015). (B) the riverine ¢’Li values plotted against the inverse of

dissolved Li concentrations in the Lena River (Murphy et al., 2019).
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2.8 Strontium isotope in rivers

Strontium (Sr) has four stable isotopes, 88Sr, 87Sr, 86Sr and 8Sr, with their relative
abundances of 82.53%, 7.04%, 9.87% and 0.56%, respectively, while only the fraction of 8’Sr
increases with time due to the decay of rubidium isotope, 8’Rb (Capo et al., 1998). The &7Sr/2Sr
has become a significant geochemistry tool to trace the source of weathering in watersheds as
biological processes, or low-temperature geochemical reactions are not involved in the
fractionation (Capo et al., 1998). &’Sr/%Sr variability in river usually reflects that of the rocks
weathering on the catchment. However, as different rocks do not weather at the same rate and do
not have the same Sr abundances, their contribution to the river Sr flux varies (Bataille &
Bowen, 2012). Studies have shown that the riverine 8"Sr/%Sr variability often results from
mixing two endmembers: carbonates and silicates (Brass, 1976; Wadleigh et al., 1985; Palmer &
Edmond, 1989, 1992). Silicate rocks tend to have low Sr concentrations but a broad range of
87Sr/88Sr ratios depending on their age and lithology (Capo et al., 1998; Bentley, 2006). Silicates
are also more resistant to weathering and cover larger Earth's surface areas than carbonates (Durr
et al., 2005). Conversely, carbonates have higher Sr concentrations, less variable and lower
87Sr/88Sr ratios (0.707-0.709) and are much more rapidly weathered. Consequently, rivers
draining old cratonic areas have higher 8Sr/8Sr ratios than rivers draining young volcanic rocks,

but carbonate dissolution always buffers the 87Sr/8Sr of rivers relative to their underlying rocks.

2.9 Strontium isotope variability in the Arctic rivers

As mentioned earlier, the 8Sr/8Sr ratios in rivers are highly dependent on the age of the
rock and lithology exposed to the catchment. In most tropical and temperate rivers, 8Sr/8Sr are
relatively constant through time and track the contribution of different rock units weathering on
the catchment. However, in high-latitude rivers, the seasonal variation of 8Sr/8Sr ratios can
occur due to large changes in water sources to river discharge. For example, the Chena River
Basin, underlined by the discontinuous permafrost, displays some large seasonal &'Sr/2Sr
variations (Douglas et al., 2013). 8/Sr/%5Sr ratios in the Chena River Basin are lowest during
winter baseflow, and 87Sr/8Sr ratios increase in spring and summer. The groundwater base flows
reflect the 8Sr/28Sr of subsurface rocks in the winter since the soil profiles are frozen. The

thawing of permafrost occurs as the spring comes, the active layer starts deepening, and
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carbonate minerals in the active layer start to weather, decreasing &’Sr/2Sr. Similarly, the
Yenisei River in Siberia displays some large seasonal 8 Sr/2¢Sr variations caused by the
seasonally varying proportions of runoff (Bagard et al., 2011; Mavromatis et al., 2016; Hindshaw
etal., 2019)

2.10 Combining strontium and lithium isotopes to reconstruct weathering

When used together with major and trace elements, Sr and Li isotopes have great
potential to refine our understanding of weathering processes. Li is concentrated in silicate rocks,
while Sr is primarily concentrated in carbonate rocks. Unfractionated Li released from silicate
rocks have almost identical §’Li to its parent rock, but it is highly fractionated during the
interaction with the fluid. Variations in 6”Li allow tracing silicate weathering intensity occurring

on a catchment, whereas the Sr isotopes provide lithological information on weathering sources.
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3. The Yukon River

All the samples collected in this work are focused on the Yukon River Basin. In this
thesis, | aim to understand if permafrost cover has an influence on lithium isotope variations and
weathering processes occurring on the Yukon River. The Yukon River Basin is covered with
varying degrees of permafrost, providing a great setting to test the hypothesis of this thesis.
However, as mentioned above, many environmental and geological factors can influence
weathering. Disentangling these processes and identifying their impacts on hydrochemical data is
critical to properly identifying the role of permafrost cover. In this section, | will review the
hydrological, topographic, geological, climatological and permafrost cover conditions on the

Yukon River to set the stage for hydrochemical data interpretation.

3.1 The Yukon River Geography

The Yukon River is approximately 3,200 km long, draining an area of more than 850,000
km? covering part of northwest Canada and central Alaska (Brabets et al., 2000). The Llewellyn
Glacier, near Atlin lake, in northwestern British Columbia, is the source of the Yukon River
(Parfit, 1998; Brabets et al., 2000). From this point, the Yukon River flows northwestward to the
Canada/Alaska boundary, then begins to flow westward and finally discharges to the Bering Sea.
The Yukon River headwaters are located on moderately high rugged mountainous regions, while
the downstream parts of the river are primarily lower mountains, plains and lowlands. The
Yukon River Basin can be subdivided into 13 basins, eight major tributaries to the Yukon River
and five lowland areas that drain directly into the Yukon River (U.S. Geological Survey, 1987;
Brabets et al., 2000). In general, the contributions of water discharge from the basin are
proportional to the basin's size (Brabets et al., 2000; Fig.5). However, the presence of glaciers
that store a large amount of water can lead to higher contributions from rivers draining alpine
glaciers. For example, the Tanana River and the White River in the northern basin are two
glacier-fed rivers that contribute 29% of the Yukon River's total water flow but only account for
19% of the Yukon River Basin. Conversely, rivers underlined by continuous permafrost, such as
the Porcupine River or the Koyukuk River, tend to contribute less discharge proportionally to

their surface.
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Figure 5: (A) Rivers and glaciers of the Yukon River Basin (Brabets et al., 2000) and (B) Major
drainage basins in the Yukon River Basin (Brabets et al., 2000).

As mentioned earlier, topography controls erosion rate and exerts a direct influence on

weathering intensity and lithium isotope variations (Figure 3). The topography of the Yukon
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River can be classified into five different physiographic regions (Wahrhaftig & Nolan, 1965;
Bostock, 1970; Brabets et al., 2000; Fig.6). The Alaska Range and the Wrangell-Saint Elias
Mountains, located south-central part of the basin, are high altitude, highly rugged, largely
glaciated mountains with high erosion rates. Other lower altitudes and unglaciated mountain
ranges are also part of the Yukon River Basin, including the Central and Eastern Brooks Range
and the Ogilvie Mountains. The eastern part of the Brooks Range, located in the northern part of
the Yukon River Basin, is partly glaciated. The Ogilvie Mountains are unglaciated and located
near the Yukon River headwaters. They are underlain by discontinuous permafrost, but glaciers
are not present. A large portion of the Yukon River Basin is dominated by rolling topography
with gentle slopes such as the Yukon-Tanana Upland and the Porcupine Plateau. The entire
upland is covered by discontinuous permafrost, while the Porcupine Plateau located in the
northern basin is underlain by continuous permafrost. Low mountains, plains and lowlands are
mostly located in the central and lower portion of the basin. The Porcupine River flows into the
Yukon River through the Yukon Flats, which form an outwash fan by braided rivers in the
northern part and flat floodplains in other areas. Most of the tributaries in this region surrounding
uplands and mountains have meandering courses drained by the Yukon River. Streams and rivers
in the central and lower basin flow to the Yukon River, and the Yukon River drain the Flats in

this area.
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Figure 6: Physiographic regions of the Yukon River Basin (Wahrhaftig & Nolan, 1965; Bostock,
1970; Brabets et al., 2000).

3.2 The Yukon River Geology

Lithology is also an important control of weathering processes as different rock types

erode and weather at different rates (Eby, 2004). The chemical weathering of rocks occurring
over the drainage basin is the main source of the river dissolved and suspended loads. The
Yukon River Basin is a large, multi-lithological basin, including unconsolidated deposits and
consolidated rocks ranging from Precambrian to Holocene in age (Brabets et al., 2000). Due to
the complexity of the geology in the Yukon River Basin, the rock types are combined into four
major rock types; siliciclastic sediments, carbonate sediments, volcanic rocks and metamorphic
rocks (Fig.7). The geology of the headwater of the Yukon River is more complex than other
regions and is composed of Cenozoic volcanic rocks, siliciclastic sediments and locally
Paleozoic metamorphic rocks and carbonate sediments. As the river flows westward towards the
Alaska border, the geology becomes primarily composed of Mesozoic metamorphic and partially
Cenozoic volcanic rocks. The Yukon-Tanana Terrane, mostly composed of metamorphic rocks
(Fig.7), is bounded by the Tintina Fault to the north and the Denali Fault to the south. The Denali
Fault separates Paleozoic metamorphic rocks in the north (Yukon-Tanana Terrane) from the

20



younger volcanic terrane of the south (Cenozoic or Mesozoic in age) (Brabets et al., 2000;
Brennan et al., 2014). In the northern part of the Yukon River Basin, the Porcupine River
catchment is composed primarily of Paleozoic siliciclastic and carbonate sediments and locally
Paleozoic volcanic rocks. The western part of the Yukon River Basin is primarily underlain by
both Mesozoic siliciclastic and carbonate sediments and locally Mesozoic volcanic rocks. The
Koyukuk Flat is mainly composed of Cenozoic volcanic and volcaniclastic sediments. The
Lower Yukon is composed up of mostly Mesozoic to Cenozoic siliciclastic sediments and locally

Cenozoic volcanic rocks.
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Figure 7: The geology of the Yukon River Basin. Geology ranging from Precambrian to
Cenozoic are summarized into the same major rock types and categorized into siliciclastic,

carbonate sediments, volcanic and metamorphic rock.

3.3 Soil property in the Yukon River

Soil property is another critical control of the chemical weathering process. Young soils,
rich in primary minerals, tend to have a higher secondary mineral formation rate and contribute

higher elemental fluxes to rivers. Deep and weathered soils are richer in secondary minerals and
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shield bedrock from surface weathering reactions though they might contribute to deeper flow
paths and enhanced surface and sub-surface interactions. The chemistry and development of
soils, and their contribution to elemental flux to rivers, are strongly influenced by the chemical
composition of the parent rocks and other soil-forming factors (Jenny, 1994).

The Yukon River Basin is dominated by cryosols (Brabets et al., 2000; Fig.8), a mineral
or organic soil with perennially frozen material within 1 m of the surface. The organic soil acts
as an insulator for the frozen soil layer below during the summer. In the northern watersheds, the
soil cryoturbation, the mixing and distortion of the soil horizons, is generated by seasonal freeze-
thaw (Scudder, 1997), and it is suggested that the cryoturbation has been active since
deglaciation (Zoltai and Tarnocai, 1974; Zoltai et al., 1978; Scudder, 1997)

Brunisols dominate the headwater and its surrounding regions of the Yukon River.
Brunisols are characterized by their weakly developed subsoil layer, and two groups of brunisols
are found in the Yukon River Basin; dystric brunisols and eutric brunisols (Brabets et al., 2000).
Most of the brunisoils found in the headwater regions are eutric brunisols, which have a less than
5 cm thick horizon composed of organic matter and minerals and are not strongly acidic
(Scudder, 1997). The other type of brunisoils, dystric brunisols, which are found in high
mountainous regions surrounding the headwater region, are similar to eutric brunisols but lack a
well-developed topsoil horizon and strongly acidic (Scudder, 1997). Regosols are recently
formed soils that lack a horizon development and are found locally at the Yukon Flats and valley
bottoms of the Yukon River (Scudder, 1997; Brabets et al., 2000). Rock outcrop areas on rough

mountainous land lack soil development.
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Figure 8: The soil types on the Yukon River (Brabets et al., 2000).

3.4 The Yukon River Climate and Hydrology

Climate is an important weathering control (Jenny, 1994; Rasmussen et al., 2011; Molina
et al., 2019) as temperature and precipitation influence the weathering rates and the kinetic of
weathering reaction (White & Blum, 1995). Chemical weathering reactions are enhanced with
increasing temperature and rainfall (Grotzinger and Jordan, 2014). The climate of the Yukon
River is very varied due to its large size and range in altitude of the land surfaces (Searby, 1968;
Hartman & Johnson, 1978; Brabets et al., 2000). The mean annual temperature varies spatially
between -6.3 °C and 1.5 °C, with colder temperatures in the north and high-altitude regions and
warmer temperatures in the south and coastal setting (Obu et al., 2019; Fig.9). Temperature
amplitude is also larger in the more continental portion of the Yukon River Basin than in coastal
regions (Brabets et al., 2000).
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Figure 9: The mean annual ground temperature at the top of permafrost clipped for the Yukon
River Basin from (Obu et al., 2019).

Annual precipitation ranges from 25 cm to 330 cm as a mix of snow and rainfall, with the
amount of precipitation being related to topography and distance from the coast; mountainous
regions, particularly the Alaska Range, receive a larger amount of precipitation than lowland
areas (Brabets et al., 2000; Fig.10). Most of the Yukon River Basin received little precipitation
because the Alaska Range constitutes a barrier to moisture transport inland. Most of the
precipitation falls in the form of snow in the high mountainous regions and accumulates in alpine
glaciers (Brabets et al., 2000). The mean annual precipitation in the Alaska Range peaks at
approximately 200 cm, and the snowfall is estimated at 1020 cm, whereas in most of the
lowlands, the average annual precipitation is approximately 38 cm, and snowfall ranges from
150 to 300 cm.
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Figure 10: Mean annual precipitation across the Yukon River Basin (Jones & Fahl, 1994;
Brabets et al., 2000).

In the Yukon River Basin, streamflow generally decreases from October to late April,
and most runoff usually occurs from May to September; however, the exact runoff timing varies
depending on the basin characteristics (Brabets et al., 2000). The variations of average discharge
are large between locations (Brabets et al., 2000; Fig.11), but they all show a typical glacial river
hydrograph. There are three runoff patterns exhibited: lake runoff, snowmelt runoff and glacier-
runoff (Brabets et al., 2000). Lakes are filled with precipitations such as snowmelt and rainfall,
and once filled, lake runoff begins with the highest discharges occurring in August and
September. Both snowmelt and glacier runoff begin in June from snowmelt, but unlike
snowmelt, which almost stops contributing during the summer, glacier melt is sustained
throughout the summer. Most of the rivers in the headwaters of the Yukon River exhibit lake
runoff pattern, only two rivers display glacier runoff patterns (the Tanana and White Rivers), and
the remaining of the rivers exhibit snowmelt runoff patterns. The Porcupine, Chalandar and
Koyukuk Rivers are distinguished from other snowmelt-runoff rivers as the baseflows of these

rivers are very low during the winter. This is likely due to the headwaters of these rivers being
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underlain by continuous permafrost, limiting groundwater inflow by acting as a barrier (Brabets
et al., 2000).
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Figure 11: The average water discharge of the Yukon River at eight locations (Brabets et al.,
2000).

The Yukon River Basin can be divided into different permafrost zones (Obu et al., 2019):
continuous permafrost, discontinuous permafrost, sporadic permafrost and isolated patches.
Isolated patches of permafrost underlie the headwater of the Yukon River (Obu et al., 2019;
Fig.12). Continuous permafrost lies in the northern part of the basin, including the Central and
Eastern Brooks Range and the Porcupine Plateau and locally on the Yukon-Tanana Upland and
the Yukon Flats. Discontinuous permafrost primarily lies in the surrounding areas of the Yukon-
Tanana Upland, and the Yukon Flats underlain by continuous permafrost. The west-central basin

is mostly underlain by sporadic and isolated permafrost, while primarily sporadic to discontinues
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but locally continuous permafrost lies in the Koyukuk Flats and the Lower Yukon drainage

basin.
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Figure 12: Calculated permafrost probability based on the fraction of the model run with mean
annual ground temperature below 0°C clipped for the Yukon River Basin from (Obu et al.,
2019). The permafrost probability is classified into continuous permafrost (navy), discontinuous

permafrost (blue), sporadic permafrost (lighter blue) and isolated patches (sky blue).

3.5 Climate Warming and Hydrochemical Changes on the Yukon River

The annual flow in the Yukon River Basin has remained relatively constant since the
1950s but with potentially an increased groundwater contribution to surface waters (Walvoord &
Striegl, 2007; Brabets & Walvoord, 2009; Ge et al., 2013; Toohey et al., 2016). A decreased
groundwater storage was observed between 2002 and 2008 within the Yukon River Basin
(Muskett & Romanovsky, 2011; Toohey et al., 2016). The warming is thought to increase
groundwater input to rivers by enhancing permafrost thawing and facilitating the connectivity
between shallow groundwater and surface water (Walvoord & Striegl, 2007). In the winter, taliks

also provide a pathway to some supra-permafrost groundwater flow to the river (Woo, 2012),
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and some studies have hypothesized that the taliks may contribute to the increased groundwater
contribution within the Yukon River Basin (Zhang et al., 1999; Muskett & Romanovsky, 2011;
Walvoord et al., 2012; Toohey et al., 2016).

The changes in water discharge (Striegl et al., 2005) and solute fluxes of organic matter,
nutrients and major ions (Frey & McClelland, 2009) have a significant effect on terrestrial
ecosystems. The ongoing warming also accelerates the degree of permafrost thawing (Hinzman
et al., 2005; Osterkamp, 2007; Romanovsky et al., 2010; Jorgenson et al., 2013). Thawing of
permafrost deepens the active layer that thaws and freezes seasonally above the permafrost and
exposes fresh primary minerals (Frey & McClelland, 2009). The accelerated degradation of
permafrost due to climate warming exposes solute-rich permafrost that may contribute to
increasing solute to streams and rivers (Kokelj & Burn, 2005; Frey & McClelland, 2009).
Toohey et al. (2016) observed a significant increase in solute concentrations of nutrients over the
last three decades within the Yukon River Basin. While these increased annual fluxes are
observed during the summer as expected, there are significantly increased fluxes during the fall
and winter river flows, suggesting deepening of the active layer, enhanced weathering, and

increased sulphide oxidation (Toohey et al., 2016).
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4. Sampling and Analytical Methodology

The river water samples for this study collected from mid-July to early September of
2016, 2017, and 2018 when the active layer of soil profiles deepens at its maximum and
represents the maximum surface weathering rate on the basin. River water samples were
collected to cover a range of permafrost covers across the Yukon River Basin (Fig.13). The river
water samples were collected during similar periods to minimize seasonal variations in
weathering. This will allow us to investigate how Li and Sr isotopes change as a function of
permafrost distribution probability and how the degradation of permafrost influences weathering

processes.

Permafrost occurrence
probability in fraction

N
0 100 200 Kilometers
I — A

@ Chandlar @East Central Yukon  OKantishna @ Koyukuk
@ Lower Yukon @ Pelly APorcupine A Stewart
ATanana A Upper Yukon AWest Central Yukon A White

Figure 13: The locations of the collected river water samples (bright green) on different
permafrost distribution displayed from dark (permafrost-dominated) to light colour (no
permafrost) across the Yukon River Basin. The black line represents the main stem of the Yukon

River and its principal tributaries.
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Most of the samples used for this study have been collected by the late Dr. Brennan and a
network of collaborators and volunteers established by Dr. Bataille and Dr. Brennan. The
rationale for the sampling locations included a compromise between gathering enough samples
with a variety of permafrost cover and cost considerations associated with the accessibility of the
sampling sites. Locations of sampling were accessed either by car, by plane or by helicopter. At
each sample site, water was collected upstream of the collector in acid-washed 250 ml low-
density polyethylene (LDPE) wide-mouth bottles, which were rinsed three times with sample
water. Within 48 hours of collection, each sample was filtered through a 0.45 um Luerlock
syringe filter (polypropylene membrane) using a 50 cm? polypropylene syringe into a clean acid-
washed 125ml LDPE narrow-mouth bottle. Within a maximum of 16 days of collection, samples
were acidified with 2 ml ultra-pure concentrated HNO3s (BDH Avristar Ultra). To evaluate
consistency in field collection methods, 15% of the samples were collected as field triplicates. To
evaluate any field-related contamination, regular blanks were collected in the field using the
same steps described above for samples, but by using NANOpure de-ionized water (type I, 18.0
MQ) (Barnstead, NANOpure Diamond).

4.1 Elemental analyses

The concentrations of major and trace elements in river water samples were quantified
through inductively coupled plasma mass spectrometry (ICP-MS) at the Department of Geology
and Geophysics ICPMS laboratory at the University of Utah using an Agilent 7500ce ICPMS
and the Department of Earth and Environmental Sciences at the University of Ottawa using an

Agilent 8800 triple quadrupole mass spectrometer.

At the University of Utah, the river water samples were diluted 4:1 with 2.4% ultra-pure
HNOs, and 25 ng/mL of indium was added as an internal standard for ICP-MS analysis. The
external standard of the USGS standard reference sample, T-205, was measured after every five

samples to check the consistency of the analysis.

At the University of Ottawa, calibration standards for Li and Na were prepared using
single element certified standards purchased from SCP Science (Montreal, Canada). The 1 ppb
checking standard was measured every ten samples throughout the run to account for any

instrument drift. After the Li purification of river water samples, the aliquots of reconstituted
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samples in 2% TraceMetal™ Grade HNO3 were analyzed on ICP-MS at the University of

Ottawa's Geochemistry Laboratory to check Li recovery before Li isotope measurements.

4.2 Sr isotope analyses

The river water preparation for Sr analysis took place at the Department of Geology and
Geophysics ICPMS laboratory at the University of Utah and the University of Ottawa. In both
cases, the analysis was performed using a Thermo Scientific™ Neptune™ high-resolution multi-
collector inductively coupled plasma mass spectrometer (MC-ICP-MS; Thermo Fisher Scientific,

Bremen, Germany).

At the University of Utah, prior to the Sr isotope analysis, purification of Sr in the water
sample was conducted through an inline chromatographic column packed with a Sr-specific
crown ether resin(Mackey & Fernande, 2011; Brennan et al., 2014). Samples were acidified to 4
M HNOs. A set volume of the sample is transported into a 2mL coiled PTFE tube. A vacuum is
the motive force during the sample uptake that switches to a peri-pump, and the sample is
transferred into a column filled with the crown ether resin. The crown ether resin has a higher
affinity for Sr than other alkali and alkali earth metals at high HNO3s concentration (>4 M),
allowing to minimize the 8Rb isobaric interference on &’Sr and Sr is eluted out from the resin at
a lower HNOs3 concentration (0.04 M) (Horwitz et al., 1992; Brennan et al., 2014). The solution
with eluted Sr in 0.04 M is directly used for Sr isotope analysis into the MC-ICP-MS. Samples
containing the lowest Sr concentrations to progressively higher concentrations were sequenced

during the ICP-MS analysis to avoid potential memory effects.

At the University of Ottawa, the separation of Sr was processed in 100 pL microcolumn
loaded with Sr-spec Resin™ (100—150 pum; Eichrom Technologies, LLC). The matrix was rinsed
out using 6 M HNOs. The Sr was collected with 0.05 M HNOs. After separation, the eluates
were dried and re-dissolved in 200 uL 2% v/v HNO3z for 8/Sr/2éSr analysis. Sample solutions in
2% viv HNOs3 were introduced using a microFAST MC single-loop system (Elemental

Scientific). The loading volume was 200 pL, and the injecting rate was 30 puL/min.

At both the University of Ottawa and the University of Utah, the solution was aspirated

using a PFA nebulizer, a double-pass quartz spray chamber, quartz torch, and nickel sample and
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skimmer cones. Isotopes 8Kr, 83Kr, 84Sr, 85Rb, 8Sr, 8Sr, and #Sr were simultaneously measured
inL4, L3, L2, L1, C, H1, and H2 Faraday cups, respectively. Measurements of samples were
made using a static multi-collector routine that consisted of one block of 75 cycles with an
integration time of 4.194 s/cycle. 8Sr and #Sr have isobaric interferences from 84Kr and 8K,
respectively. 8Sr has an isobaric interference from 8Rb. The interferences of 84Sr and 8Sr were
corrected by subtracting the amount of Kr and 8Kr corresponding to the 8Kr signal. The
interference of 8’Sr was corrected by subtracting the amount of 8’Rb corresponding to the #Rb
signal. Instrumental mass fractionation was corrected by normalizing Sr/28Sr to 0.1194 using
the exponential law. Strontium isotope compositions are reported as ’Sr/%Sr ratios. At the
University of Utah, the long-term reproducibility of the 87Sr/8Sr measurement of NIST SRM987
with ~6V intensity of 88Sr is 0.710287 + 0.000025 (2SD).

At the University of Ottawa, the long-term reproducibility of the 8Sr/8Sr measurement
for NIST SRM987 is 0.71025 + 0.00004 (1SD, n = 16). A 100 ng/g pure Sr standard was
measured along with the sample as the in-house standard (0.70823 + 0.00005, 1SD, n = 4). The
long-term reproducibility of the in-house standard is (0.70822 + 0.00004, 1SD, n = 106).

4.3 Li isotope analyses

The purification of Li in the river water sample was performed in an 1SO-100 clean lab at
the University of Ottawa. The volume of each river water sample was calculated to obtain at
least 80 ng of Li. The calculated volume of each sample was then dried completely on a heating
plate at 100°C in Teflon beakers. The residue was dissolved in 1 ml of HNOs to digest organic
matter remaining and placed on a heating plate with the cap closed for a day. Samples were dried
and re-dissolved in 2 ml of 0.18 N HCI for column chromatography. The re-dissolved samples

should be clear or a pale colour without any floating matter at this point.

For Li purification, we developed a novel in-house Savilex column chromatography that
is detailed in the following section. Briefly, the Savillex columns were filled with 2.9 ml of the
pre-cleaned cation-exchange resin, Dowex 50W-X8 (200-400 mesh size), and were washed
thoroughly by passing through 15 ml 6N HCI, followed by 15 mL Milli-Q water. Columns were
then conditioned using 10 ml 0.18 N HCI. The re-dissolved prepared samples were loaded onto

the columns. After passing through 14 ml 0.18 N HCI, the Li-elution was collected with 18.5 ml
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of 0.18 N HCI. In this study, two standards, IAPSO and Syn-1, were prepared with the same
sample preparation protocol to ensure consistency of column chromatography. Blanks were also
run to ensure there was no contamination during the procedure. The Li-elution was dried
completely on a heating hotplate at 100°C and was reconstituted in 4.2 ml 2% HNOs. Prior to Li
isotope measurements, aliquots of before and after the Li-elution and 0.2 ml of the reconstituted
Li-elution were analyzed on ICP-MS at the University of Ottawa's Geochemistry Laboratory to
ensure 100% L.i recovery. The total procedural blanks were not detectable (<0.005 ng L.i),
insignificantly relative to the 80 ng of Li analyzed in each sample and suggested there was no
contamination during the column chromatography. The highest Na/Li mass ratio in the Li-elution
of all river water samples in this study was 1.7. Based on previous studies, Na/Li mass ratio
inferior to 3 should not lead to a decrease in the accuracy and precision of the §’Li measurements
(Liu and Li, 2019).

The &7Li of river water samples was measured on an MC-ICP-MS (Neptune Plus) at the
Geological Survey of Canada using a standard-bracketing method with L-SVEC as the standard
(Fig.14). The measurements were performed using solution nebulization in the "wet plasma"
mode. The sample solution was aspirated using a double pass spray chamber, H-type sample and
X-type Skimmer cone to achieve high sensitivity. Isotopes of 6Li and ’Li were measured in L4,
and H4 Faraday cups, respectively, and the mass of 6.5041 was set in the central Faraday cup, C.
Li isotope measurement consists of one block with 40 cycles of 4.174 s integration time. The
instrumental mass bias was corrected through the standard-bracketing method. The analytical
sequence was repeated in this order; blank, standard, blank, sample, blank, standard, blank,
sample, blank. The washing time between each analysis was 140 s using 2% HNOs3 to minimize
the memory effect. The Li isotopic composition was calculated with Eq. 1 and reported in &'Li
notation (Flesch et al., 1973). The accuracy and external reproducibility were determined from
repeat measurements (n = 33) of IAPSO, which yielded 6’Li =31.10 + 0.68%o, over a period of 8
months, which agrees with the reported IAPSO 67Li values (Brand et al., 2014). The long-term
reproducibility of the 6’Li for the L-SVEC solutions were -0.002 + 0.31%o (n = 106), which is in
good agreement with the reported L-SVEC values of 0.003 + 0.09%. (Magna et al., 2006).
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Figure 14: Schematic summarizing the procedure to analyze Li isotopes from river.

4.4 \Watershed delineation

We used GIS methods to link the stream geochemistry with the environmental and
geological conditions on the drainage catchment. In a first step, we delineated the Yukon River
Basin and its subbasins from a 61 m resolution digital elevation model (DEM). We used the
Spatial Tools for the analysis of River Systems (STARS) (Peterson, 2015).

The constructed landscape network (LSN) geodatabase contains spatial context and
relationships (Theobald et al., 2006; Peterson, 2015) and features such as nodes, edges and
Reach Catchment Areas (RCASs) (Theobald et al., 2005; Peterson, 2015). Nodes display

topologic stream breaks such as confluences and stream sources. Edges are flow paths from one
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node to another. RCAs represent the smallest edge-matching interbasin unit over the watershed.
Before calculating the environmental and geological attributes for each sampled catchment, the
sample locations must be correctly positioned on the LSN. We used the "Snap Points to
Landscape Network™ in STARS to incorporate point features (sample location) into the LSN
(Theobald et al., 2006; Peterson, 2015). A point feature "site" was incorporated in the LSN
geodatabase after this process. Prior to calculating the site catchment attributes, all sample
locations were verified on Google Earth. Often imprecision on DEM leads to incorrect LSN or
incorrect placement of rivers. We used the latitude and longitude of each site as well as Google
Earth to compare the constructed LSN with the actual river flow path from satellite data. In most
cases, the sites were located correctly on the LSN, but the sites were snapped on different rivers

for a few sites. These points were manually replaced on the proper position on the LSN.

Using the constructed LSN geodatabase incorporating our sampled site, we could
calculate the accumulated hydrological, environmental and geological characteristics at any
location on the watershed. To summarize the environmental and geological conditions on each
sampled catchment, we compiled a dataset of open-access geospatial data from the literature
(Table 2). The selected raster files were re-projected into the same coordinate system as the
DEM raster file (NAD_1983_Alaska_Albers) and then clipped to the size of the study area.
Briefly, each resampled covariate raster file was first incorporated into the RCA attribute
calculation using "Zonal Statistics as Table" from the STARS tool. Zonal Statistics output an
attribute table that contains the minimum, maximum, mean and sum of the specific summarized
covariate over the RCA area. We incorporated this statistic table into the LSN geodatabase for
each of the RCA the sub-. We then accumulated downstream the sum of each summarized
covariate in RCAs using the "Accumulation Values Downstream™ tool in STARS. Each
accumulated covariate value was finally used to calculate the average statistics over the series of
sampled watersheds (sample locations) "Watershed Attributes” tool in STARS. The output from
this step provided a table that summarized the average value of one given covariate for the
catchment corresponding to each sampled location. We repeated this process for each of the
covariates to obtain a table summarizing the geological, climatological and environmental

conditions on each of the sampled watersheds (Fig.15).
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Figure 15: A summarized GIS workflow to calculate environmental predictors on each sampled
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Table 2: List of geological, climate, environmental variables used for statistics (C = Continuous; D = Discrete).

Space

Variables Description Transformation | Resolution | Type Source

r.perp Permafrost distribution probability 1 km C | (Obuetal., 2019)

r.magt Mean annual ground temperature 1 km C | (Obuetal., 2019)

r.mat Mean air temperature 30-arc sec C | (Hijmans et al., 2005)

r.ph Soil pH in H20 solution 250 m C | (Hengletal., 2017)

r.clay Clay (weight %) 250 m C | (Hengletal., 2017)

r.cec Cation exchange capacity 250 m C | (Hengletal., 2017)

r.orc Soil organic carbon (weight %) 250 m C | (Hengl etal., 2017)

r.obouguer | WGM2012_Bouguer 2 min C | (Hengletal., 2017)

r.pet Global Potential Evapo-Transpiration 30 arc C | (Zomer et al., 2008)

r.salt Community Climate System Model 3 Log 1.4°x1.4° C | (Mahowald et al., 2006)

simulation

r.elevation | Shuttle Radar Topography Mission O0m C | (Jarvisetal., 2008)

r.XX GLiM 1% lithological class attribute 1 km D | (Hartmann & Moosdorf, 2012;
Bataille et al., 2018)

r.litho GLiM 2" lithological class attribute 1 km D | (Hartmann & Moosdorf, 2012;
Bataille et al., 2018)

Igm LGM Glaciation Extends 125m (Ehlers & Gibbard, 2007)

glacier Global Land Ice Measurements from 30m C | (RGI Consortium, 2017)
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4.5 Statistical Analysis

The statistical analyses and figures were computed using R programming language

version Rx64 3.6.2 (https://www.r-project.org/) using R studio.

As we collected a fairly large hydrochemical dataset with environmental covariates, we
first then used Principle Component Analysis (PCA) to reduce the dimensionality of the dataset.
PCA is a statistical method used for a multivariate dataset, summarizing the interrelation of the
dataset in a bivariate plot with the axis of two greatest variances (PC1 and PC2). We first used
PCA between isotope measurements and molar element ratios to summarize hydrochemical
variables. We then used PCA between isotope measurements and geological, climatic and

environmental predictors.

We then used linear regression to assess the relationship between environmental
covariates, geochemical values and isotopic values at each site. In particular, we plotted the
riverine J'Li values against molar element ratios, geological, environmental, and climatic
predictors to understand which variable might influence §’Li variations and hence weathering
processes. Linear regression is a simple analysis method used to explain a relationship between
two variables. A relationship is explained with a best-fitting straight line through the points on a
bivariate plot called a regression line, which minimizes the sum of squared prediction errors. The
prediction errors are squared because the prediction can be either above or below the regression

line.

Once we had summarized and identified the key relationship between variables, we
developed a multivariate random forest regression. Random forest regression is a machine-
learning algorithm consisting of many decision trees trained by bootstrap sampling and random
feature selection. A random subset of the dataset is entered, and then the original dataset is split
by each predictor into smaller and smaller sets at nodes in the decision tree. Bootstrapping is a
sampling technique that allows the sampling selection procedure completely random with
replacements to prevent overfitting, constructing an ensemble of multiple decision trees. The
results of each decision tree undergo aggregation to predict the mean value of the responsive
variable. In this study, the compiled database (Table 2) was incorporated into the random forest
regression to predict riverine &’Li variability following the framework developed by Bataille et
al. (2018) and the caret package (Kuhn, 2008).
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Random forest regression models were optimized using root mean squared error (RMSE)
as the primary metric and a 10-fold repeated cross-validation scheme with 5 repetitions in our
approach. The VSURF package was used to perform variable selection (Genuer et al., 2015).
Once the model is optimized, the relationships between the selected predictors and predicted J'Li

values were described using variable importance purity measure and partial dependence plots.
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5. Lithium Column Chemistry Development

5.1 Need for Lithium isotope chromatography

A prerequisite to analyze Li isotopes on the Yukon River samples is to have a reliable

column chromatography method.

In this thesis, we use an MC-ICP-MS instrument to analyze the Li isotope composition in
our samples. The method to analyze Li isotope composition using MC-ICP-MS analysis is based
on standard bracketing procedure. This procedure has been adopted as the method of choice by
the community to analyze the Li isotope composition of different types of material (Tomascak et
al., 1999; Bryant et al., 2003). The sample-standard bracketing (SSB) method is the correction
method widely used to deal with the problem of instrumental mass discrimination (Albarede et
al., 2004; Mason et al., 2004; Pietruszka & Reznik, 2008; Petit et al., 2008; Yang et al., 2009). It
is suitable for Li isotopic analysis because Li has only two stable isotopes. The SSB method
measures the isotope ratio of the analyte element in standard solutions (L-SVEC in this case)
before and after analyzing unknown samples. The isotopic ratio of the standard is known, and the
correction factor for the unknown sample is determined with the standards. The value is applied
to calculate the isotopic ratio in the sample. The Li isotopic ratios are reported in §’Li notation
(Flesch et al., 1973) and are calculated with Eq.1.

However, SSB analysis is challenging because the plasma is very sensitive to the matrix
effect, causing significant instrumental mass-dependent isotope fractionation due to the space-
charge effect from the ionization of non-analytes (Kosler et al., 2001; Bryant et al., 2003). To
avoid such interferences, Li needs to be purified and fully isolated from sample matrices. Gravity
column chromatography has been successfully used to separate Li from other elements,
particularly sodium (Na), in a sample matrix (Huang et al., 2010). However, 100% recovery of
sample Li is required to avoid isotope fractionation in the column matrix. Early attempts to
isolate Li from geological materials required three or four separate column procedures (Moriguti
& Nakamura, 1998; James & Palmer, 2000; Rudnick et al., 2004; Teng et al., 2006; Liu et al.,
2010). These approaches are time-consuming and generally require a large volume of eluents,
thus increasing the risk of contamination. This is particularly challenging because Li isotopic
data from common reagents show a huge range of variations (Qi et al., 1997), increasing the

potential for contamination (Kosler & Magna, 2013). Moreover, incomplete Li recovery in any
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of these steps will lead to isotopic fractionation (Misra & Froelich, 2009). Consequently, many
research groups have developed their own Li isotope chemistry (Tomascak et al., 1999; Nishio &
Nakai, 2002; Jeffcoate et al., 2004; Rosner et al., 2007; Huang et al., 2010; Gao & Casey, 2012;
Choi et al., 2013; Van Hoecke et al., 2015; Lin et al., 2019).

During the column chromatography, Li* and Na* elute out while other cations such as
Fe3*, AI** are retained by the resin. This is because alkali cations have low ionic potential with
low partition coefficients compared to others (Liu & Li, 2019). These separation techniques vary
in their protocol and reagents, but to achieve satisfactory lithium vs. matrix elements separation,
relatively large resin loads, high aspect ratios and large eluent volumes are required. A large
volume of resin is required because lithium is usually present at trace level and require a large
volume of sample (e.g., 0.001 to 0.020 mg/L in freshwater (Emery et al., 1981; Huh et al., 1998;
Ayotte et al., 2011; Kavanagh et al., 2017) and 0.14 to 0.20 mg/L in seawater (Riley &
Tongudai, 1964; Angino & Billings, 1966; Kavanagh et al., 2017). A high aspect ratio is required
to separate Li from Na because these two cations are monovalent and behave similarly with the
chromatographic resins. Large eluent volumes are required because the recovery of Li should be
nearly 100% to avoid any fractionation during chromatography. Existing procedures have varied
greatly, with dual columns being the most common method with a first path separating Li from
the cationic matrix and a second path to separate Li from Na more specifically. Na, which is the
most common matrix element, may cause matrix interference during the Li isotope analysis due
to a similar distribution coefficient between Li and Na. 6’Li can be decreased by up to 3%o
(Nishio & Nakai, 2002; Jeffcoate et al., 2004; Liu & Li, 2019) and increased by ~ 1%o (Bryant et
al., 2003; Li et al., 2019; Liu & Li, 2019) due to Matrix-induced mass interference.

Among the technique used, some methods use inorganic eluents including hydrochloric
acid (HCI), nitric acid (HNOs3) and hydrofluoric acid (HF) combined with organic solvents such
as methanol (Tomascak et al., 1999; Nishio & Nakai, 2002; Jeffcoate et al., 2004; Rosner et al.,
2007; Huang et al., 2010; Choi et al., 2013; Phan et al., 2016; Bohlin et al., 2018; Lin et al.,
2019). The use of HF is particularly common and limits the applicability of Li chromatography
to experience geochemists due to the significant hazard associated with HF (Kirkpatrick et al.,
1995). While Tomascak et al. (2016) have suggested that adding methanol or ethanol to eluent

provides better separation of Li from matrix elements than inorganic eluents, (Li et al., 2019)
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demonstrated that this method had significant disadvantages, including (1) decreased eluent
composition due to fast volatilization of methanol which may cause drifting of elution curves (Ai
etal., 2014; Li et al., 2019) (2) decreased air solubility due to rapid evaporation of methanol
(Swann et al., 1983; Li et al., 2019) and air bubbles formed during evaporation may disturb the
compact resin structure, and (3) organic solvent stimulates resin degradation which can lead to
drifting of Li and Na peaks (Jeffcoate et al., 2004; Li et al., 2019). Consequently, other
chromatographic methods attempted to remove the need for organic solvents with varied success
(Misra & Froelich, 2009; Gao & Casey, 2012; Van Hoecke et al., 2015).

Developing a fast, precise and reliable single-column system that can be used for multiple
types of material remained challenging. In particular, the need for high aspect-ratio and a high
amount of resin usually lead to slow elution rates resulting in 7—10 h separation procedures
(Rudnick et al., 2004; Van Hoecke et al., 2015; Phan et al., 2016; Lin et al., 2019). The
efficiency of one-column systems must be better tested, and potentially, the use of multiple
solvents and dangerous acids should be avoided. The challenge with single column
chromatography is that different material has very different matrices, and this matrix might
modify the elution curve of Li isotope in a column and require column re-calibration (Moriguti
& Nakamura, 1998; Chan et al., 1999; Chan et al., 2002; Van Hoecke et al., 2015; Tomascak et
al., 2016; Bohlin et al., 2018). Additionally, for samples with very little Li content, the single-
column method may not be sufficient, and therefore individually calibrated separation protocols
are required to achieve complete removal of matrix elements and full recovery of Li during
chromatography (Van Hoecke et al., 2015; Phan et al., 2016; Tomascak et al., 2016). For
example, Van Hoecke et al. (2015) developed separate single-column systems for carbonates and

clays.

We aim to develop a safe and efficient single-column chromatography protocol to purify
Li prior to Li isotopic analysis. More specifically, we aim to develop a protocol safer than
previously established by exclusively using diluted weak acid (HCI or HNOs3) as an eluent
instead of HF. We also aim to make the chromatography faster by shifting from a dual-column
system to a single-column setting while still producing reproducible and reliable results. We aim
to test the column for a different type of substrate, including freshwater, brine waters, and rock

standards, to ensure it is transferable to different matrices.
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5.2 Materials

We selected three standards to test and develop our new column chromatography
procedure: an in-house synthetic fluid (Syn-1), a seawater standard (IAPSO), and a basalt
standard (BHVO-2). These three standards were selected as they represent the most typical
samples analyzed for §Li, including river water matrix (Syn-1), brine (IAPSO) and silicate rock
(BHVO-2). We prepared Syn-1 with average concentrations of major and trace elements and the
highest Na/L.i ratio of the river water samples used in this study. The cation concentrations of
IAPSO, Syn-1 and BHVO-2 are shown in Table 3. IAPSO represents the brine waters

endmember, whereas BHVO-2 represents the rock matrix endmembers.

Table 3: Cation concentrations of IAPSO (Summerhayes and Thorpe, 1998), Syn-1 and BHVO-2
standards (Wilson, 1997).

Sample Li Na Mg Al Ca Mn Cu Sr Ba
Type | (ng/kg) | (ma/kg) | (ma/kg) | (ng/kg) | (Mg/ka) | (ng/kg) | (ng/kg) | (ng/kg) | (ng/kg)

IAPSO | 174 10770 | 1290 0.54 412 0.014 0.25 7900 14
Syn-1 | 11.04 | 10.51 | 10.49 | 42.64 | 28.43 3.28 1.20 5.64 2.66

BHVO 5 16400 | 43600 | 71600 | 81600 | 1290 127 389 130
-2 (mg/kg) (mg/kg) (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg)

TraceMetal™ Grade hydrochloric acid (HCI) and nitric acid (HNOz3) were purchased
from Fisher and diluted to the required molarities with Milli-Q water purified to 18.2 MQ
acquired using a Milli-Q system. The molarities of HCI (6 N, 0.2 N and 0.18 N) and HNOs (6 N,
0.7 N) were used for column chromatography. The acid concentrations were accurately
determined through the acid-base titration with NaOH and phenolphthalein as an indicator. Li

carbonate isotopic reference material NIST RM 8545 (LSVEC; Flesch et al. (1973)) was used as
the bracketing standard.
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5.3 Column chromatography set-ups

We tested, improved and calibrated several protocols to purify Li using columns with

different aspect ratios, testing different acids and incorporating a different amount of resin. The

starting point from each tested protocol was obtained from the literature:

1)

2)

Protocol 1: The Bio-Rad Poly-Prep column chromatography was adapted from Li et
al. (2019) and modified according to the following procedure. The Bio-Rad Poly-Prep
columns (8mm ID x 4 cm Height) were loaded with 2 ml Dowex 50W-X8 200-400
mesh cation-exchange resin to separate Li from matrix elements, especially sodium.
The columns were washed sequentially with 10 ml 6 N HCI, 10 ml Milli-Q water and
then, conditioned with 10 ml 0.2 HCI. In order to evaluate the ability of the Bio-Rad
Poly-Prep columns on separating Li from Na, synthetic samples with three different
Na/Li ratios (1000, 10000, and 100000) were prepared using single-element
standards, completely dried on a heating plate and re-dissolved in 1 ml 0.2 N HCI.
The first matrix elements were eluted with 2 ml 0.2 N HCI, and then the second
matrix elements were eluted with 3 ml of 0.5 N HCI. Using 0.2 N HCI effectively
elutes most of the matrix cations, prevents possible early elution of Li, and switches
to 0.5 N HCI, allowing a restricted elution range of Li with a stronger extraction
ability (Li et al., 2019). The pre-cuts were collected by adding 1 ml 0.5 N HCI. The
Li-bearing fractions were collected with 11 ml 0.5 HCI, and post-cuts were collected
by adding 1 ml 0.2 N HCI. All matrix elution, pre-cuts, Li-bearing fractions and post-
cuts were collected into acid-cleaned Teflon beakers. The collected samples from
both columns were dried down and were prepared in 2% HNOs for ICP-MS analysis.
The total procedure blank is <0.02 ng.

Protocol 2: The Bio-Rad Econo-Pac column chromatography was adapted from Liu
& Li (2019) and modified according to the following procedure. The Bio-Rad Econo-
Pac columns (15 mm ID x 12 cm Height) were loaded with 17 ml Dowex 50W-X8
200-400 mesh cation-exchange resin to purify Li from the majority of major and trace
elements. The columns were washed sequentially with 100 ml 6 N HCI, 200 ml Milli-
Q water and then conditioned with 50 ml 0.7 N HNOs. Three IAPSO samples were

prepared to test the first columns, they were completely dried on a heating plate and
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3)

re-dissolved in 2 ml 0.7 N HNOs and loaded onto the columns. Matrix elements were
eluted with 25 ml 0.7 N HNOs, pre-cuts were collected by adding 5 ml 0.7 N HNO:s.
The Li-bearing fractions were collected with 50 ml 0.7 N HNOs, and post-cuts were
collected by adding 5 ml 0.7 N HNOs. All matrix elution, pre-cuts, Li-bearing
fractions and post-cuts were collected into acid-cleaned Teflon beakers. The collected
samples from both columns were dried down and were prepared in 2% HNOs for
ICP-MS analysis. The total procedure blank is <0.02 ng.

Protocol 3: The Savillex column chromatography was adapted from Li et al. (2019)
and modified according to the following procedure. The capillary of each 30 ml long
Savillex column (6.4 mm ID x 9.6 mm OD x 25 cm Capillary) was cut to 18 cm, then
soaked in 6 N HCI for three days and in Milli-Q water for another three days. The
columns were loaded with 2.9 ml of the Dowex 50W-X8 200-400 mesh cation-
exchange resin (~ 9.1 cm height), washed sequentially with 15 ml 6 N HCI and 15 ml
Milli-Q water. Columns were conditioned using 10 ml 0.18 N HCI. The re-dissolved
samples in 2 ml 0.18 N HCI were loaded onto the columns. After passing through 14
ml 0.18 N HCI, the Li-elution was collected with 18.5 ml 0.18 N HCI. 1 ml of the
pre-cut and post-cut were collected before and after Li-elution. All pre-cuts, Li-
bearing fractions and post-cuts were collected into acid-cleaned Teflon beakers. The
collected samples were dried down and were prepared in 2% HNOs for ICP-MS

analysis. The total procedure blank is <0.02 ng.

5.4 Results and discussions on column chromatography development

As an initial step, the first column chromatography protocol, the Bio-Rad Poly-Prep

column chromatography, was tested to separate Li from Na. Efficient Li and Na separation are
essential to obtain accurate and precise J’Li analysis. We tested three synthetic solutions with
different Na/Li ratios (1000, 10000 and 100000). Three different ratios of synthetic solutions
were tested because the river water samples used in this study have a broad range of Ni/La ratios.
The range of Na/Li ratios was selected to cover the Na/Li of IAPSO, which was used as one of
the standards throughout the Li purification of river water samples for this study (Na/Li ratio
=61,897). Syn-1 has a Na/L.i ratio of 952. Consequently, we selected a range of Na/Li that covers
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our samples and standards. The results of Li, Na concentrations and Na/Li mass ratios are shown
in Table 4. The Bio-Rad Poly-Prep column chromatography did not allow good separation of Li
from Na. When the initial Na/Li mass ratios are compared to the collected Na/Li mass ratios,
these ratios are decreased by about half. However, the collected Na/Li mass ratio remains well
above 3, the maximum limit to avoid interferences and matrix effect during MC-ICP-MS
analysis of Li isotope measurements (Liu & Li, 2019). This step demonstrated that the Bio-Rad
Poly-Prep column chromatography did not provide an efficient protocol to purify Li from Na.
Rather than modifying the protocol and considering how poorly this set-up separated Na and L.,

we decided to pursue a different column chromatography set-up.
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Table 4: The results of ICP-MS for the Bio-Rad Poly-Prep column. The sample number (1000,

10000, and 100000) indicates the Na/Li ratio before chromatography, and ME represents matrix
elution. The elution of ME1 is collected in the first 2 ml 0.2 N HCI. The MEZ2 elution is collected
between 3-5 ml 0.5 N HCI, and then 1 ml 0.5 N HCI of the Pre elution is collected. The Li elution
is collected between 7-18 ml 0.5 N HCI, and 1 ml 0.5 HCI of the Post elution is collected.

Sample Initial Na/Li Collected Li Collected Na Collected Na/Li
mass ratio (ppb) (ppb) mass ratio
1000-ME1 0 0 0
1000-ME2 0 0 0
1000-Pre 0.3 0 0
1000-Li 1018 50.1 26047 520
1000-Post 0 13 0
10000-ME1 0 0 0
10000-ME2 0 0 0
10000-Pre 0.3 0 0
10000-Li 10456 53.1 258835 4877
10000-Post 0 6 0
100000-ME1 0 0 0
100000-ME2 0.1 0 0
100000-Pre 3 0 0
100000-Li 102116 23.6 570276 24144
100000-Post 0 8 0

The Bio-Rad Econo-Pac column chromatography has already been used to separate Li

from Na (Liu & Li, 2019). However, this set-up usually requires multiple paths to separate Li

from Na efficiently. As an initial step to assess the ability of this system to separate Na from L,

three IAPSO standards were eluted through the columns (Fig.16). The eluents were collected

every 5 ml during the chromatography, and the Li recovery of the samples was 99.4%, 99.6%
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and 100.7%, respectively. It is clear from the obtained elution profiles that this column
chromatography set-up was not efficient in separating Na from Li from IAPSO standards. In
particular, the separation between the Li elution curve and the Na elution curve was not
sufficient and overlapped (Fig.16). We also observed that the elution curve of IP1 was delayed
compared to the other elution curves. This problem arose from an issue with the column packing
and was corrected in further experiments. The elution profiles of Li and Na overlapped, and the
Na/Li mass ratio of the Li elution was still higher than 3,000. The collected Na/Li mass ratios are
still 3 orders of magnitude too high for Li isotope analysis. This indicates that the Bio-Rad
Econo-Pac column chromatography either requires an additional column path to purify Li from
Na further, that more resin needs to be added to the column or that a longer column needs to be
used. As this column chromatography set-up already took more than 6 hours to elute Li, we
decided that this set-up was not appropriate to develop an efficient single column Li

chromatography protocol.

We then decided to test the Savillex column instead of the previous test, the Bio-Rad
Econo-Pac column. The Savillex column has a narrow inner diameter of 6.4 mm and a long
capillary of 18 cm. Increasing the aspect ratio of the column makes elution curves narrower and
provides better separation between Li and Na. However, this column packed with resin also leads
to a very slow flow rate and long elution time. To develop the most efficient protocol, we
changed the type and molarity of acid from 0.7 N HNOs to 0.2 N HCI for the Savillex column
chromatography. We changed the acid type and molarity based on the previous set-up described
in the literature (Li et al., 2019). HCI has a better separation factor for Li/Na than HNOs, and low
molarity HCI facilitates a more rapid elution of Li and Na, which is also important when using
high aspect ratio columns. Li et al. (2019) conducted Li purification from Na for various
geological samples using the mixed eluent (1.5 mol/L HNOs + 70% methanol) and observed an
early breakthrough of Na during Li fractions resulting in unsatisfactory purification. They also
performed the Li purification with 0.2 N HCI, which still shows an incomplete Li separation

from Na, but Na only started eluting out at the final stage of Li elution. Therefore, the Savillex
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column chromatography was adapted from Li et al. (2019) but needed to be calibrated for water

standards before the sample purification.

The Savillex column chromatography has two advantages compared to the Bio-Rad
Econo-Pac column chromatography; (1) it requires less amount of resin (2.9 ml of resin is loaded
onto the Savillex column, while 17 ml of resin was loaded onto the Bio-Rad Econo-Pac column)

and (2) it reduces the retention time by an hour or two.
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Figure 16: The elution curves of Li and Na on the Bio-Rad Econo-Pac column.

As for the previous chromatography experiment, several IAPSO samples were eluted
through the Savillex column chromatography. After a single path in this column set-up, Li and
Na were completely separated and did not overlap, providing a complete recovery (~100 %) and
a satisfactory Na/Li ratio (close to 0), as seen in Table 5. The column used for IP3 was re-
calibrated afterwards. The Savillex column chromatography results indicate that any water
samples with an initial Na/Li ratio of less than 61,897 and a sample volume used to retain 60 ng
Li can be properly purified for Li.
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Figure 17: The elution curves of Li and Na on the Savillex column.

Table 5: Li recovery and Na/Li ratios before and after the Savillex column chromatography with
60 ng Li of IAPSO standards.

Sample Initial Li mass Li mass Na mass Collected Li

type Na/Li added collected collected Na/Li ratio | Recovery
ratio (ng) (ng) (ng) (%)

IAPSO 61,897 66.4 67.9 0.2 0 102.3
(IP1)

IAPSO 61,897 66.4 66.8 0.1 0 100.5
(IP2)

IAPSO 61,897 66.8 63.8 0.1 0 95.6
(IP3)

In order to test the sensitivity of the single column to concentrations and the possibility of
elution shift, we eluted a series of IAPSO samples with double the mass tested initially (120 ng
Li). Table 6 shows the results of sensitivity testing. In this case, the single-column Savillex

column chromatography set-up did not provide satisfactory Li purification as the Na/Li mass
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ratio of the eluted sample was higher than 50. We then re-eluted the samples through a second

column path. With two paths, the Li was completely purified from Na with a complete recovery.
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Table 6: Li recovery and Na/Li ratios before and after single-column chromatography with doubled-mass (120 ng Li) of IAPSO

standards.
Sample type | Limass Li mass Na mass Collected Li Recovery (%) O'Li 25D
added (ng) | collected (ng) | collected (ng) Na/L.i ratio
1st column elution
IAPSO (IP1) 123.8 141.6 17044.3 120.4 114.4
IAPSO (IP2) 123.1 137.8 5738.3 41.6 111.9
IAPSO (IP3) 123.7 129 44929.4 348.2 104.3
IAPSO (IP4) 123.1 140.8 6263.7 44.5 114.3
2nd column elution
IAPSO (IP1) 123.8 1225 0 0 99
IAPSO (IP2) 123.1 131.8 0 0 107.1 29.2 1.09
IAPSO (IP3) 123.7 126.7 0 0 102.4 32.4 0.61
IAPSO (1P4) 123.1 131.2 0 0 106.6 32.5 0.07
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To further refine the mass of Li purifiable and improve the Li and Na separation, we
attempted to purify 80 ng Li from IAPSO samples. Additionally, the concentration of HCI was
changed from 0.20 N to 0.18 N to widen the gap between Li and Na elution curves due to the
weaker extraction ability of a lower concentration of HCI. The single-column system testing with

80 ng Li shows a complete Li recovery and a satisfactory Na/Li mass ratio (Table 7).

In the next step, we verified the ability of this column chromatography set-up to provide
accurate and precise ¢’Li values for a range of standards, including IAPSO, Syn-1 and BHVO-2.
The measured §’Li of Syn-1 is 55.9 + 1.32 %o (n=6) and IAPSO is 30.89 + 2.62 %o (n=6). Both
standards provide reproducible results and fall on the value provided by the literature within
uncertainty. However, the measured &’Li values from BHVO-2 fall slightly outside the range
suggested in the literature 4.7 + 0.20 %o (Brand et al., 2014), and both BHVO-2 standards tested
on the Savillex column chromatography do not agree with the published data within the
analytical error. BHVO-2 has a much higher Na/Li ratio than either IAPSO or Syn-1. The eluted
sample after one column pass shows Na/Li>3 (Table 7). This suggests that proper purification of
Li for silicate samples require a second column pass of the eluted fraction or the development of
a silicate specific column with more resin. As the focus of this thesis is not on silicate rocks, we
decided not to inquire further about the development of a single column procedure for this

substrate.

The standard deviation of the measured 6’Li of IAPSO is high (30.89 + 2.62 %o)
compared to the published data. The accuracy and external reproducibility were determined from
repeat measurements (n=33) of IAPSO, which yielded 6’Li = 31.10 + 0.68 %o, over a period of 8

months.

We developed a new single Savillex column chromatography column able to separate Li
from Na for water samples. We recommend this methodology when studying ¢’Li values in
freshwater and brine samples. For any samples with an initial Na/Li mass ratio lower than
61,897, the Savillex column chromatography can extract 80 ng Li with satisfactory separation of
matrix and Na. Other types of samples with higher Na/L1i, such as some silicates, would require a

two-column pass or a lower amount of Li extracted.
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standards. Standards start with 2- and 3- were run along with the river water samples.

Table 7: Li recovery and Na/Li ratios before and after single-column chromatography with 80 ng Li of IAPSO, Syn-1 and BHVO-2

Sample type Li mass Li mass Na mass Collected | Lirecovery | 'Li 25D
added (ng) | collected (ng) | collected (ng) | Na/Li ratio (%)
IAPSO (IP1) 80.9 89.7 831.8 9.3 110.8 32.0 1.16
IAPSO (1P2) 81.0 86.5 0 0 106.8 30.1 0.46
IAPSO (IP3) 81.0 87.9 0 0 108.5
IAPSO (IP4) 81.2 83.8 0 0 103.3 29.2 1.07
Syn-1 (HW1) 80.2 82.7 0 0 103.0 56.6 0.47
Syn-1 (HW2) 80.2 84.3 0 0 105.1 56.3 0.15
Syn-1 (HW3) 80.3 81.2 58.8 0.7 101.2 56.0 0.06
BHVO-2 (BH1) 83.8 83.5 1171 14.0 99.6 5.6 0.22
BHVO-2 (BH2) 83.6 83.0 1077 13.0 99.3 6.5 0.61
IAPSO (2-1P1) 80.1 81.8 0 0 102.1 30.3 0.73
IAPSO (2-1P2) 80.6 82.4 0 0 102.2 30.5 0.77
Syn-1 (2-HW1) 81.0 83.4 0 0 103.0 54.9 0.81
Syn-1 (2-HW?2) 81.1 84.2 0 0 103.8 55.3 0.60
IAPSO (3-IP1) 81.3 84.0 0 0 103.4 31.8 0.37
Syn-1 (3-HW1) 81.2 81.3 0 0 100.2 56.3 0.41
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6. Results
The information on sample location, main cation concentrations, Li and Sr isotope data,

and environmental, geological and climatological results are attached in the Appendix.

6.1 Geochemical Data and PCA

We started our data analysis by applying Principal Component Analysis (PCA) on a
subset of geochemical variables of interest (Fig.18). We used the 8Sr/®Sr, §’Li, Li, Sr, Ca, Mg,
Ca and Na concentrations and calculated X/Na molar ratio. The Sr, Ca, Mg, Ca, and Na
concentrations are given in Table 8, and the X/Na molar ratios of 102 rivers are plotted in Fig.19.
We focused on these variables because they inform about carbonate and silicate weathering and
weathering intensity, two major variables to understand weathering processes on the Y ukon
River Basin (Brennan et al., 2014).

The PCA axes explain close to 70% of the variation observed in the geochemical data.
We observe two distinct groups of variables: X/Na ratios, except for Li/Na, predominantly drive
variations along the x-axis, whereas 6’Li, 1/Li and Li/Na vary along the y-axis. While the PCA
does not incorporate all the geochemical variance, these variables likely reflect similar processes.
In addition, when looking at individual tributaries, some plot on positive values on the x-axis
(e.g., Koyukuk), whereas others have negative values (e.g., White, Upper Yukon). Some basins
also plot with positive y-axis values (e.g., Koyukuk), whereas other plots on negative y-axis
values (e.g., Porcupine and Kantishna). This observation suggests that weathering processes
differ between tributaries, which would be expected for such a large watershed with different

geoenvironmental conditions.
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Figure 18: PCA of isotope measurements and molar ratios of Yukon River samples.

6.2 Mixing between carbonate and silicate weathering sources

Based on this PCA analysis, we first focused our result description on the variable

dominating the x-axis variance, including X/Na and &’Sr/®Sr. These variables are commonly

used in the literature to assess the contribution of silicate and carbonate weathering on

geochemical variations of the dissolved load.

Ca and Sr concentrations in the Yukon River Basin show a typical positive correlation (r
=0.82) (Fig.19A). The Ca/Sr ratios of the river samples varied from 197 to 1130 and were

plotted between endmembers ratios representing mono-lithological catchments draining

carbonates, mafic silicates and felsic silicates (Meybeck, 1986; Brennan et al., 2014). The goal of

this plot is to help quantify the contribution of these different endmembers to the sampled

catchments. Most of the sampled rivers plot between the carbonate and silicate endmembers,

with some catchments forming distinct groups. Most of the Koyukuk catchment samples are

closer to the silicate endmember, whereas Porcupine samples are closer to carbonates.
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Catchments such as the Lower Yukon, Koyukuk, and Tanana display large variations between

these endmembers, likely indicating intra-catchment changes of dominant weathering sources.

We used a ternary diagram to assess further carbonate contribution vs. silicate
contribution in the collected rivers (Fig.19B). Rivers plotting closer to the Na+K apex indicates
increased contribution of silicate weathering, and samples plotting closer to the Ca-Mg line
indicates a stronger contribution from carbonate weathering. A few rivers show a strong
contribution of silicate weathering, but overall, the ternary diagram does not help distinguish
between tributaries. Most tributaries are dominated by a mixing of silicates and carbonates

weathering.

We then used log-log plots of Sr/Na and Mg/Na ratios versus Ca/Na ratios to further
identify mixing between silicate and carbonate in a different river. We found strong relationships
between Sr/Na and Mg/Na ratios versus Ca/Na ratios (r = 0.89 and r = 0.84, respectively) with
the data plotting between the published silicate and carbonate endmember values (Fig.19C-D)
(Gaillardet et al., 1999; Brennan et al., 2014). Both plots indicate a mixed contribution of
carbonate (high X/Na ratios) and silicate (low X/Na ratios) weathering sources across the entire

basin.
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Figure 19: A) Ca versus Sr concentrations for rivers draining the Yukon River Basin classified

into the major drainage basins. Dotted lines indicate monolithic catchments of pure carbonates
(Ca/Sr = 1428), felsic silicates (Ca/Sr = 200) and mafic silicates (Ca/Sr = 167) (Meybeck, 1986;
Brennan et al., 2014). B) Mg-Ca-Na+K ternary diagram for rivers draining the Yukon River

Basin. C & D) Log-log plots of X/Na ratios. Published endmembers are (J. Gaillardet et al.,
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1999; Brennan et al., 2014): felsic silicate (open red square), mafic silicate (open red circle) and

carbonate (open red triangle).

Elemental data plots did not appear sufficient to quantify the contribution of different
lithologies in controlling river hydrochemistry. We used elemental data combined with the
87Sr/88Sr ratio to assess carbonate vs. silicate contribution further. We constructed hyperbolic
mixing models of rivers draining a mixture of carbonates vs. silicates to illustrate the change in
bedrock sources of rivers. We compared the mixing values found in the Yukon River with
theoretical mixing lines of pure carbonates with an increasingly 8'Sr/%Sr ratio in silicates (EM1
to EM5) (Fig.20A). Increasing 8Sr/88Sr ratios in silicates usually correspond to rock units that
are increasingly felsic (e.g., granites) and increasingly old (e.g., cratonic). As the Yukon River
Basin displays silicate lithology with a whole range of age and type, using the &Sr/%8Sr ratio is
probably a more effective technique than molar ratios to assess the influence of lithology on

geochemical data.

We find that the White, Upper Yukon, Koyukuk and the majority of West Central Yukon
and Lower Yukon samples are scattered along or between the mixing lines of less radiogenic
Silicate EM1 and EM2. The other drainage basins are scattered along the mixing lines of more
radiogenic Sil EM3-5. Most of the other drainage basins are scattered along or between mixing
lines of Sil EM3 (87Sr/8¢Sr = 0.719) and EM4 (87Sr/8Sr = 0.732), but the East Central Yukon and
Tanana are scattered along with the Sil EM5 (87Sr/8Sr = 0.78) mixing line, indicating more
radiogenic Sr source than other drainage basins (Fig.20A). A plot of 8Sr/%6Sr against Ca/Sr ratios
show a similar mixing between silicate and carbonate endmembers (Fig.20B). The Porcupine

drainage basin plots close to carbonate endmember, as seen in Fig.19.
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Table 8: Silicate and carbonate endmembers used to plot hyperbolic mixing lines in Figure 20A.

End Member | Ca/Na | Sr/Na | Mg/Na | 8Sr/®Sr | Reference

Silicatt EM1 | 0.5 0.005 | 0.5 0.703 (Gaillardet et al., 1999; Ingram &
Weber, 1999; Brennan et al., 2014)

Silicate EM2 | 0.35 0.003 |0.24 0.707 (Gaillardet et al., 1999; Ingram &
Weber, 1999; Brennan et al., 2014)

Silicate EM3 | 0.35 0.003 | 0.24 0.719 (Gaillardet et al., 1999; Brennan et
al., 2014; Keller et al., 2007)

Silicate EM4 | 0.35 0.003 |0.24 0.732 (Goldfarb et al., 1997; Gaillardet et
al., 1999; Douglas et al., 2013;
Brennan et al., 2014)

Silicate EM5 | 0.35 0.003 |0.24 0.78 (Gaillardet et al., 1999; Millot et al.,
2003; Brennan et al., 2014)

Carbonate EM | 65 0.07 |25 0.708 (Gaillardet et al., 1999; Brennan et

al., 2014)
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Figure 20: (A) Hyperbolic mixing plots of 87Sr/8Sr versus Ca/Na ratios of the Yukon River.
Dotted lines are hyperbolic mixing lines between five silicate endmembers and a carbonate
endmember. B) Ca/Sr versus 87Sr/8Sr ratios with silicate endmembers (open red circle) and a

carbonate endmember (open red triangle).

6.3 Spatial patterns of Li and Sr isotope variations and the influence of geological variables

In this section, we describe the spatial patterns of 8Sr/%éSr and 6Li values as well as the
lithological, geological and environmental characteristics of the catchments. A great variation of
riverine &Sr/88Sr ratios (0.707 to 0.745) and &"Li values (8 to 33%o) is observed across the Yukon

River Basin (Fig.21A and B).

The headwater and its surrounding regions are a mountainous area (Fig.6) underlain by
sporadic permafrost (Fig.12), where the mean annual ground temperature is the highest within
the Yukon River Basin (Fig.9). While crysols, a thick soil layer, dominantly cover the Yukon
River Basin, the headwater and its surrounding regions are covered with a weakly developed soil
layer, brunisols (Fig.8). The headwater region is extensively covered with younger siliciclastic
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rock units and volcanic rocks of the Stikine terrane (Gaillardet et al., 2003). Most of the
tributaries in the headwater display low riverine 87Sr/8Sr (<0.710) and intermediate riverine 6’Li
values (16 to 24%o.). The Stewart and Pelly rivers have a higher proportion of carbonate units that
the rest of the headwater region. These rivers and their tributaries display intermediate riverine
87Sr/86Sr (0.710-0.720) and low riverine ¢’Li values (<16%o).

As the Yukon River flows westward to the Canada/Alaska boundary, it drains order
metamorphic rock units of the Yukon-Tanana terrane. The Yukon-Tanana terrane is mountainous
regions (Fig.6) underlain by discontinuous permafrost and locally continuous permafrost
(Fig.12). The mean annual ground temperature is higher than the headwater regions (Fig.9). The
Tintina Fault dissects the Yukon-Tanana terrane from the north (Dusel-Bacon et al., 2013),
displaying completely different lithologies. The north region of the Yukon-Tanana terrane is
primarily composed of carbonate and siliciclastic rock units, displaying lower riverine 8Sr/8Sr
than the Yukon-Tanana terrane. The south of the Yukon-Tanana terrane, which is dissected by
the Denali Fault, show low riverine 8Sr/8éSr derived from siliciclastic and carbonate rock units.
Within the Yukon Tanana area, tributaries haves higher riverine 8Sr/8Sr (>0.720) from these
radiogenic rock units. The upper part of the Tintina Fault within the Yukon-Tanana terrane
displays low riverine 6’Li values, whereas the rivers draining the metamorphic rock units of the
Yukon-Tanana terrane show slightly higher riverine §’Li values. These regions are underlain by
discontinuous to continuous permafrost (Fig.12). The western part of the Yukon-Tanana terrane
displays very high riverine 6’Li values (>28%o), where it is underlain by sporadic to isolated
patches of permafrost (Fig.12). The lower part of the Denali Fault shows low riverine §’Li values

primarily derived from the siliciclastic and carbonate rock units.

The northern part of the basin, which comprises the Porcupine, Chandalar and
mountainous regions of Koyukuk drainage basins (Fig.5B), is predominantly underlain by
continuous permafrost (Fig.12) and is mostly covered with carbonate and siliciclastic rock units.
These rivers show intermediate riverine 8’Sr/8Sr and low riverine 6’Li values. Locally, when
some volcanic rock units are present within the Chalandar drainage basin (Fig.21A), rivers

display low riverine 8’Sr/8Sr and higher riverine 6’Li values.

62



87Sr/86Sr Lithology

@ 0.7054-0.7083 " Siliciclastic sediments
O 0.7083 - 0.7110 A _] Volcanic rocks
. ‘ ' ‘\ Carbonate sediments
O 07110-0.7139 ‘ . . ‘ . | Metamorphic rocks
O 0.7139-0.7174 Q){(" ' Nooe ® B Weter bocies
O 0.7174-0.7215 ""’ O > Ice and glaciers
@ 0.7215-0.7318 ‘ .
@ 0.7318-0.7446
)w O
@ 6’
‘ ' N i
0 100200 Kilometers "
L |
O7Li (%o)
@ 80-120
© 12.0-16.0
O 16.0-20.0
O 200-24.0
@ 240-280 ‘
® @)
@ 280-33.0 5 ®
G C)

Figure 21: The variation of (A) riverine 8'Sr/%¢Sr and (B) riverine 6'Li plotted on lithology map.

In addition to the spatial trend in 6’Li and 87Sr/%¢Sr variations, we observe some
covariations between 6’Li and 8Sr/28Sr (Fig.22). We grouped rivers into three main categories of
87Sr/85Sr ratios (Fig.21A); rivers draining young volcanic rocks and terranes (e.g., headwaters,
lower Yukon, lower Koyukuk) display low riverine 87Sr/%Sr (<0.710) and high 6’Li (blue shaded

area on Fig.22). Rivers predominately covered with marine silicates and carbonates (e.g., Pelly,
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Kantishna, Porcupine, Koyukuk, Chandalar) display intermediate riverine 8Sr/%Sr (0.710-0.720)

and low &’Li (green shaded area on Fig.22). Rivers draining old metamorphic rocks (e.g.,

Tanana, East Central Yukon, Dawson Range tributaries) display the highest riverine 8’Sr/26Sr
(>0.720) and high ¢’Li (orange area on Fig.22).
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Figure 22: 6'Li versus &’Sr/8Sr for rivers draining the Yukon River Basin. The Yukon River

Basin can be classified into three silicate endmembers (Table 8): Lower Yukon and lowlands of

Koyukuk in EM1-EM2 (blue region), uplands of Tanana and East Central Yukon in EM3-EM4

(orange region) and other drainage basins in EM2-EM3 (green region).

6.4 PCA of environmental, climatic and geological predictors to Li and Sr isotopes

each sampled catchment to show how the hydrochemistry relates to these variables. We first

This section now incorporates the environmental, geological, and climatic conditions on

perform a PCA between isotopic data and various environmental, climatic and geological
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variables calculated using GIS methods (see Methods 4.4). We find that the two main axes of the
PCA explain ~40% of the variance. While this is not the totality of the variance, the visualization
on the PCA plots helps understand how different variables covary. §’Li values vary dominantly
along the x-axis with the percentage of carbonates on the sampled watershed, average permafrost
probability, the average mean air temperature, the average mean ground temperature, the slope of
the channel. Conversely, 87Sr/®8Sr ratios of sampled rivers vary dominantly along the y-axis with
metamorphic and silicate percentages on the sampled watershed, the average aerosol deposition,
and the average soil pH. Other variables, including average soil cation exchange capacity and
soil clay content, vary along both axes equally.

As observed with the PCA on geochemistry data, rivers do not vary along the same axis
relative to these variables. The Porcupine, Koyukuk and West Central Yukon drainage basins
display large variations along the x-axis. Other rivers, such as the Tanana and East Central

Yukon, display greater variations along the y-axis.
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Figure 23: PCA of isotope measurements, environmental, climatic and geological predictors.
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6.5 General trends in each sub-basin of the Yukon River Basin and the overall trend

The following section focuses on describing the §Li variations across the Yukon River
Basin, as this is a strong proxy for weathering processes (see section 2). We compare the Li and
&’Li geochemistry of the Yukon River to other north latitude basins, including the Lena River
(Murphy et al., 2019), Mackenzie River (Millot et al., 2010) and Lake Myvatn, Iceland (Pogge
von Strandmann et al., 2016) to infer the role of climatic and geological factors on the Yukon
River geochemistry. Li concentrations in the Yukon River Basin range from 98 to 3737 nM, and
the riverine 6’Li values range +8.5 to +33.0 %o. The Li concentration of the mainstream Yukon
River (average ~430 nM; 235 nM at the mouth) is twice as higher as the global mean of 215 nM
(Huh et al., 1998; Murphy et al., 2019). The mean of riverine &’Li in the Yukon River Basin is
18.3 + 3.5 %o. The Lower Yukon, which displays a distinctive higher mean riverine 6’Li value of
25.9 %o. A general positive relationship of 6’Li and 1/[Li] is observed (r = 0.66) for rivers across
the Yukon River Basin (Fig.24A), showing increasing &’Li with decreasing Li concentration in
the dissolved load. A strong positive relationship can be observed in the Tanana, Koyukuk, East
Central Yukon and Porcupine catchments (Fig.24A). Other catchments underlain by continuous
permafrost, such as the Porcupine and mountainous Koyukuk, also show a strong positive
relationship (Fig.24A). The Chalandar drainage basin, underlain by continuous permafrost, is the
only basin that does not display a significant positive relationship. Overall, most of the Yukon
River catchments do not display a simple relationship between §’Li and Li concentration,
suggesting a range of processes influencing a variation of ¢’Li and Li concentrations (Fig.24A).
Li concentrations and J’Li values of the Lena River, Mackenzie River and Lake Myvatn are 12-
1524 nM (7.1-41.9 %o), 50-1290 nM (9.3-29.0 %o) and 91-10050 nM (4.9-27.2 %o), respectively.
When comparing &’Li vs. Li concentration trend between the Yukon River and other northern
basins, we find that the Yukon River has the steepest slope and does not display a flattening of

the curve for lower Li concentration (Fig.24B).
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Figure 24: §'Li versus the inverse of dissolved Li concentrations. (A) rivers classified into major
drainage basins across the Yukon River Basin. (B) comparison of the Yukon River to a similar
environmental setting: Lena River (Murphy et al., 2019), Mackenzie River (Millot et al., 2010)
systems and Lake Myvatn, Iceland (Pogge von Strandmann et al., 2016).

6.6 Li isotopes variations and climate control

The riverine ¢’Li values show a broad positive relationship with permafrost cover and
mean air temperature. However, the relationship is not linear. The riverine §’Li values observed
in the catchments underlain by continuous permafrost (the Porcupine and mountainous
Koyukuk) range from +4 to +26%.. However, for these catchments cover with continuous
permafrost, §’Li values remain on average around 15%. until they reach a threshold of ~-6°C.
Above this threshold, 6’Li values increase linearly (Fig.25). Catchments underlain by
discontinuous permafrost (the lowlands of Koyukuk, East Central Yukon, Kantishna, and part of

Tanana) show higher values and a greater variability (+4 to +30%o). Catchments covered with
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sporadic permafrost (the West Central Yukon, Lower Yukon, Pelly and part of Tanana) display

the highest 6’Li values and largest variations (+4 to +34%o).
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Figure 25: The riverine &'Li values plotted against mean air temperature. The gradient of color
in the symbols indicate different coverage of permafrost dark blue to lower permafrost coverage

light blue.

The spatial riverine ’Li variations are compared to permafrost coverage across the
Yukon River Basin (Fig.26). The headwater and its surrounding regions are underlain by
sporadic permafrost and brunisols (Fig.8 and 12). The headwater of the Yukon River displays

intermediate riverine §’Li values (+16 to +24%o), with one tributary having high 6’Li values of
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~24%o and most other tributaries having 6’Li values lower than 20%o.. The surrounding region of
headwater, including the Stewart and Pelly rivers, displays low riverine §’Li values (<16%o). As
the Yukon River flows westward, the permafrost coverage increases from sporadic to
discontinuous/continuous permafrost. In this region, the riverine ¢’Li values are very variable,
ranging from +8 to +24%.. The northern part of the basin, including the Porcupine, Chalandar,
and mountainous Koyukuk, is mostly underlain by continuous permafrost. The regions
dominated by continuous permafrost have low riverine 6’Li values ranging from +8 to +16%o,
and the regions with discontinuous permafrost have slightly greater riverine 6’Li variations from
+12 to +24%.. The Tanana, underlain by mostly discontinuous permafrost, displays a great
variation of riverine ¢’Li values (+11 to +24%.) though low values dominate the headwaters. The
highest riverine §’Li values are observed in the Chena River, a tributary of the Tanana (+22 to
+33%o). The Lower Yukon and lowlands of the Koyukuk are underlain by sporadic to

discontinuous permafrost, displaying high and variable riverine 6’Li values (+16 to +33%o).
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Figure 26: The variation of riverine &’Li plotted on different permafrost coverage displayed from
dark (permafrost-dominated) to light colour (no permafrost) across the Yukon River Basin. The

black line represents the main Yukon River.
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6.7 Random forest regression results

The trained random forest regression model using the VSURF procedure identified two

dominant predictors, mean air temperature and glacier cover (Fig.27), to predict riverine §’Li

variations among the 21 tested environmental variables (Table 2). After the 10-fold cross-

validation, the model explains 67% of the variance with an RMSE of 3.34%. over the testing

datasets (Fig.28).
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Figure 27: Variable importance plots for the best performing random forest models. (A) shows
the increase of the Mean Squared Error in %. The higher the percentage, the more important

variable it is. (B) shows the mean decrease gini score. The higher the score, the more important

variable to the model.
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7. Discussion

This thesis aims to demonstrate a better understanding of the weathering processes across
the Yukon River Basin using elemental and isotopic data. This includes evaluating how
lithological and topographic controls weathering processes across the Yukon River Basin but
also assessing the potential role of permafrost cover on weathering processes by comparing the
riverine 6’Li sampled from catchments with different permafrost cover. In this discussion, we
will first focus on untangling the geological and topographic controls of weathering processes
and will then focus on the sensitivity of weathering intensity to temperature and permafrost

cover.

7.1 Sources of dissolved Li and Sr in the Yukon River and the role of geology

In this section, we summarize the role of geology in controlling the hydrochemistry of the
Yukon River Basin. In this study, we first note that we did not analyze anion concentrations in
river samples and could not calculate the contribution of atmospheric sources in the river. Other
studies on large northern rivers, including the Mackenzie River (Millot et al., 2010), Amazon
River (Dellinger et al., 2015) and Lena River (Murphy et al., 2019), demonstrated that the
atmospheric input to river waters is negligible. While the measured elemental data have not been

corrected for the atmospheric input, we assumed that this effect is negligible.

As seen for other large river basins, the Mackenzie (Millot et al., 2010), the Amazon
(Dellinger et al., 2015) and the Ganges (Pogge von Strandmann et al., 2017), the Yukon River
weathering is controlled by mixing of carbonate and silicate sources. The differential
contribution of these lithological sources exerts a major influence on the spatial hydrochemical
patterns of the Yukon River. The presence of marine carbonate units and other marine sediments
exert a strong control on alkali earth metal concentrations in different tributaries. Conversely, the
type and age of silicate rock units, the presence of easily weatherable volcanic rocks exert a
strong impact on the concentrations of other major elements (e.g., Na, K). In general, the Yukon
River is a basin where both carbonate and silicate rock units contribute to the hydrochemistry
throughout the basin. The elemental ratio plots (Fig.19A-D) show clear evidence for mixing
between silicate and carbonate weathering in all the tributaries. Tributaries dominated by

carbonate and marine sediments bedrock (e.g., Porcupine) tend to have a composition that
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resembles more carbonate endmembers, whereas other tributaries dominated by silicates (e.g.,
Tanana) tend to plot towards the siliciclastic endmembers. This is consistent with other large
rivers basins in the Arctic and elsewhere where the dissolved components are always reflecting a
mixture of silicate and carbonate rocks in the Mackenzie (Millot et al., 2010), the Amazon
(Dellinger et al., 2015), and the Ganges Rivers (Pogge von Strandmann et al., 2017).

Strontium isotopes allow us to distinguish further the contribution of carbonate vs.
different silicate units on the basin (Fig.20A). Hyperbolic mixing lines show some interesting
patterns related to the geology of each catchment, regional trends with a different proportion of
three endmembers of carbonates, radiogenic silicates and non-radiogenic silicates (Fig.20A). The
Lower Yukon and a part of West Central Yukon and lowlands Koyukuk show a significant
contribution of less radiogenic silicates (Fig.21A) consistent with the presence of younger
volcanic, volcaniclastic, and plutonic rocks ranging from Late Paleozoic to Early Cretaceous in
age (Patton & Box, 1989). The rock units of this Koyukuk terrane are young and have low
87Sr/85Sr ratios, which are propagated into the rivers draining these areas. These catchments tend
to plot closer to the unradiogenic silicate endmembers on the hyperbolic mixing lines (Fig.21A).
This observation likely reflects the higher weathering rate of young volcanic rock units relative

to other silicate rock units (Hartmann et al., 2014).

The Tanana River and other rivers in the Dawson Range region mostly drain the Yukon-
Tanana terrane. This terrane is composed of an old felsic Precambrian metamorphic unit with
very high 8Sr/8Sr ratios (Fig.21A). The Dawson Range region was not glaciated during the last
glacial maximum, and as a result, deep flow paths have developed in this region with a fractured
aquifer (Verplanck et al., 2008). This allows a strong connection with deep groundwater, which
may explain the high elemental data and significantly high riverine 8’Sr/2éSr (>0.720) on the
western part of the Yukon-Tanana terrane. Bataille et al. (2014) and Brennan et al. (2014) had

also identified this zone of extremely radiogenic rivers around the Yukon-Tanana terrane.

The upper and lower Koyukuk display varied geology on its catchment (Fig.7),
coinciding with varied geochemistry and riverine 8’Sr/2¢Sr and ¢7Li values (Fig.21). The upper
Koyukuk is underlain by discontinuous permafrost (Fig.12) and is primarily composed of
Paleozoic siliciclastic and carbonate rock units in the Brooks Range (Fig.21). In contrast, the

lower Koyukuk has lowlands (Fig.6) that are predominantly composed of volcanic units of the
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Koyukuk terrane (Fig.21) and underlain by sporadic permafrost (Fig.12). The distribution and
influences of topography and climatic controls will be discussed in the following sections. We
observed an increased contribution of carbonate weathering for rivers located at a high elevation
within the Koyukuk drainage basin (Fig.19 and 20). Brennan et al. (2014) demonstrated in
Alaska that the tributaries located in lowlands display less carbonate weathering relative to the
rivers at higher elevation due to the increased physical erosion rates at high relief, promoting the
exposure of carbonates (Beikman, 1980; Wilson et al., 1998; Brennan et al., 2014). However, in
the Brooks Range, the higher contribution of carbonates does not lead to lower &Sr/®Sr; rather,
87Sr/86Sr tend to remain high even in carbonate dominated catchments (Fig.20). This observation
is a bit unusual as carbonates are usually unradiogenic (~0.708) (Veizer et al., 1999). In this case,
radiogenic carbonates appear to contribute to the riverine 8Sr/2¢Sr. Radiogenic carbonates can
occur when metamorphism exchanges radiogenic strontium with surrounding silicate lithologies
(e.g., Himalaya) (Bickle et al., 2001). As the Brooks Range contains some significant
metalimestone and marble units, it is possible that some of this unit are more radiogenic and
contribute to the elevated 8’Sr/8Sr in mountainous regions of the Brooks Range in addition to the

lithological difference between the upper and lower Koyukuk drainage basin (Fig.21A).

Carbonate weathering influences 8'Sr/8¢Sr variations, but its impact on &Li values should
be minimal as Li is mainly hosted in silicate rocks, and most of the riverine Li is derived from
silicate weathering (Kisakurek et al., 2005). Other river basins, including the Himalayan
(Kisakurek et al., 2005), the Mackenzie (Millot et al., 2010), the Amazon (Dellinger et al., 2015)
and the Ganges Rivers (Pogge von Strandmann et al., 2017), identified that the dissolved Li is
mainly derived from silicate weathering and the contribution of carbonate weathering is
negligible. We identified some trends between ¢’Li and 87Sr/éSr, indicating a possible influence
of geology and lithology on &Li variations (Fig.22). To date, it had been assumed that 6'Li
variations in rivers were mostly independent of lithology and reflected weathering intensity
(Kisakurek et al., 2005; Millot et al., 2010) through the presence of recycled sediments might
contribute to §’Li variations (Dellinger et al., 2017). We were not expecting any strong
covariation between lithology and &’Li values. However, in this study, we show that catchments
characterized by intermediate 8Sr/%Sr (0.710-0.720) corresponding to a mixture of silicate and
carbonate sediments also display relatively low 67Li values (+8%o to +24%o). Conversely,

catchments draining very radiogenic metamorphic or unradiogenic igneous rock units (e.g.,
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Koyukuk, Tanana) tend to have much higher 6’Li values. We argue that lithology has a stronger
influence than previously recognized on &’Li variations over a large scale and influence
weathering intensity (Kisakurek et al., 2005; Millot et al., 2010). We hypothesize that this link
with lithology on the catchment is probably related to both §”Li variations between lithologies
and sensitivity to erosion rate. In catchments dominated by igneous lithologies with ’Li values ~
0%o (e.g., volcanic or meta-igneous rocks), primary mineral supply is high and facilitates the
formation of secondary clay minerals favouring high 67Li values. Conversely, in regions
dominated by reworked sediments with negative §’Li values (Dellinger et al., 2017) and away
from igneous sources, the supply of fresh primary mineral is more restrained, limiting secondary
mineral formation in soils developing on these sediments and leading to lower §’Li values. This
previously unrecognized lithological control on ¢’Li values in the dissolved load is particularly
obvious in the lower Koyukuk and Lower Yukon basins, where young volcanic rock units lead to
very high &’Li values. In these regions, the rate of clay formation is probably elevated relative to
the rest of the basin. The influence of lithology on &’Li values is also observable when plotting
1/Li vs. §’Li values (Fig.24B). For most of the other Arctic basins, &’Li values flatten for lower
Li concentrations in more erosion limited areas (Fig.24B). Even when Li concentrations are low
in the Yukon River, 6’Li values remain high likely because glaciers on the basin and young
igneous rocks provide a large supply of fresh primary minerals. Other basins studied in the
Arctic, such as the Lena and the Mackenzie rivers, drain areas that are flatter and characterized
by older and more recycled rock units (Millot et al., 2010; Murphy et al., 2019). The Yukon
River Basin has more variable geology juxtaposing very young terrane (e.g., Koyukuk) with
cratonic and Precambrian terrane (e.g., Yukon-Tanana). This juxtaposition creates a contrast
between the higher weathering intensity of young volcanic and other igneous terranes with a high
supply of primary mineral to their floodplains and more catchments draining more recycled rock

units (e.g., Porcupine).

We conclude that a large portion of the hydrochemical variations, including 6'Li
variations observed on the Yukon River, is related to geological and lithological controls that are

inherent to the geological history of this basin.
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7.2 Catchment area and gradient controls on Li isotope fractionation

In addition to geology, catchment area and topography are expected to play a role in
controlling the geochemistry of a river. Large catchments tend to have much less variable
geochemistry and ¢’Li values, whereas smaller catchments tend to show higher variations. This
trend is observed in the Yukon River Basin with ¢’Li values remaining within a tight range (13-
20 %o) for most large rivers, whereas larger variations of ¢’Li values are seen for small
catchments (< 11,000 km?) (Fig.29). Similar patterns were observed in other large rivers such as
the Lena River, with great variability of 6’Li displayed at smaller catchments and relatively
constant §’Li at large catchments. Murphy et al. (2019) argued that local processes controlling

the riverine &’Li values within smaller catchments are homogenized at large catchments.
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Figure 29: The riverine &’Li values plotted against the catchment area. (A) Full dataset. (B)

Zoom on smaller catchments.
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Topography exerts a direct influence on weathering intensity, and it is directly reflected
in riverine ¢’Li values (Fig.3). The Yukon River has a very mountainous catchment, and high
mountainous regions have an elevated erosion rate that transports weathered materials
downstream in the floodplains. In the headwaters, the dissolution rate of a primary mineral is
high leading to high Li flux, but the formation of secondary minerals is limited due to the high
erosion rate and limited residence time of minerals (Fig.3). Therefore, the high elevated regions
show low riverine &’Li values. On the contrary, at low-lying lands, the physical erosion rate is
lower, and primary minerals have more time to weather, leading to a higher secondary mineral
formation rate (Fig.3). This link between topography, residence time and ¢’Li values has been
observed in other rivers with high elevation mountains such as the Ganges River (Pogge von
Strandmann et al., 2017) and the Himalaya rivers (Kisakurek et al., 2005). Riverine ¢’Li values
in low-lying regions of the Yukon River tend to be higher than those in high mountainous

regions.

We calculated the channel slope of the watershed to evaluate further the effect of
topography on ¢’Li variations (Fig.30). The channel slope calculation, performed in the ArcGIS,
is calculated by dividing the length of each river segment by the elevation from the upstream to
downstream points of the segment. The catchments draining mountain zones have a higher
channel slope than the low-lying regions. As expected, many of these mountainous catchments
(e.g., Koyukuk, Tanana, West Central Yukon, and East Central Yukon) display low &’Li values
in their headwaters and higher &’Li values in their floodplains (Fig.30). In general, we find a
negative correlation between ¢’Li values and channel slope though this correlation is relatively

weak because of many other factors than topography influence weathering intensity.

The Koyukuk catchments represent a good example of how topography influences
weathering and riverine 6’Li values within the Yukon River Basin. The Koyukuk catchment is
bordered by the Brooks Range on the north and has uplands and flats more downstream. The
riverine §’Li values in tributaries draining high mountains are low (<16%o), whereas those
draining the lower Koyukuk floodplains are high (>20%o). The high mountain ranges have a high
primary mineral supply from high erosion rates, but weathering reactions are limited due to the
low residence time of minerals in these areas and the absence of soils (Fig.3). The secondary

mineral formation rate is also low, limiting the fractionation of Li isotopes associated with the
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secondary mineral formation and absorption and leading to low riverine §’Li values. Conversely,
the lower Koyukuk receives a large amount of fresh primary minerals from these eroding
mountains. The stored sediments remain on the flatter floodplains for a longer time period and
can weather and form secondary minerals (Fig.3) and resulting in high riverine 6’Li values. This
relationship between topography and riverine 6’Li values is observed in many basins across the
world, such as the Amazon River (Dellinger et al., 2015; Fig.4A), where the high riverine Li
concentrations and low riverine §’Li values are observed in the mountain ranges, and lower
riverine Li concentrations with high riverine 6’Li values are seen in the lowlands. However, the
Yukon River Basin does not display the same parabolic relationship observed in the Amazon
River, where Li concentration decrease and ¢’Li values decrease closer to the mouth of the river.
In this tropical setting, weathering rates are high, thick soils form, and when erosion becomes
limited, dissolution of secondary mineral becomes the main source of Li. In the Yukon River, as
in other high latitude catchments, this transport-limited regime does not occur because
weathering reaction rates are low and erosion rates are high in high latitudes (Murphy et al.,
2019; Fig.4B). Rather the Yukon River displays a similar trend to other northern rivers
(Fig.24B).
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Figure 30: The riverine §’Li values plotted against the channel slope.

The covariation between &’Li values and residence time is another indication of the role
of topography on weathering processes in the Yukon River Basin. Previous studies used a
combination of 6’Li values and Li/Na ratios to infer water-rock interaction time (Millot et al.,
2010; Dellinger et al., 2015; Pogge von Strandmann et al., 2017; Murphy et al., 2019). The
observed negative correlation between Li/Na ratios and riverine ¢’Li values in Fig.31A agrees
with the trends shown in other studies (Millot et al., 2010; Dellinger et al., 2015; Liu et al., 2015;
Bagard et al., 2015; Pogge von Strandmann et al., 2017; Murphy et al., 2019) and provide
information about the relationship between Li removal into secondary minerals and Li isotopes
fractionation (Pogge von Strandmann et al., 2010, 2017; Bouchez et al., 2013; Dellinger et al.,
2014; Bagard et al., 2015; Murphy et al., 2019). The fractionation of Li is directly related to the
secondary mineral formation rate. During the primary mineral dissolution, Li and Na are
assumed to be released congruently to water, and the dissolution does not lead to any Li isotope
fractionation (Pistiner & Henderson, 2003; Teng et al., 2007; Qiu et al., 2009; Wimpenny et al.,
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2010). Li fractionation occurs during the secondary mineral formation where 6Li from water is
absorbed onto the secondary mineral surface or trapped within its interlayer, resulting in
increasing o’Li values of water. Therefore, the Li/Na ratio is progressively diminished with

ongoing weathering reactions and secondary mineral formation.

The riverine J’Li values of the Yukon River increase with decreasing Li/Na ratios
(Fig.31A) as observed in rivers and lakes under similar environmental conditions (Pogge von
Strandmann et al., 2016; Murphy et al., 2019) (Fig.31B). We used a simple Rayleigh distillation
isotopic fractionation model to estimate the fractionation occurring during weathering processes
on the Yukon River to identify the type of secondary mineral forming. During secondary mineral
formation, ®Li is incorporated into secondary minerals; water becomes depleted in 8Li, which
increases the 6’Li of the water. This Rayleigh distillation relationship controlled by the

fractionation factor (o) reflects the preferential removal of 8Li with:

8 Ligiss = 87 Liy + 1000(a — DIn (f£,) ...Eq 2

Where &7 Lidiss is the dissolved 6’Li value, and 6’Lio is the value for Li released into the water, the
representative value for the mean upper continental crust, 0%o, is used for a starting isotopic
composition (¢7Lio). fLL. is the fraction of Li remaining in solution, calculated with the

following equation:

Li _ Li/Nagiss Eq 3
diss Li/Nay ... Bq

Where the Li/Nao molar ratio is 0.0105, the highest dissolved value found in the Yukon River,
and a value of 0.1, which is that of the upper continental crust (Taylor & McLennan, 1995;
Murphy et al., 2019), were used in the model calculations. Six fractionation lines were generated
(Fig.31A) using 0.0105 and 0.1 as the Li/Nao molar ratios.

All data, except one outlier, fall within a values ranging between 0.990 and 0.997. The

experimentally determined values for secondary minerals within o range in the Yukon River
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Basin include osmectite = 0.983-0.997, agibbsite = 0.984-0.993, oferrinydrite = 0.998 and oikaolinite = 0.992
(Pistiner & Henderson, 2003; Vigier et al., 2008; Wimpenny et al., 2015; Li & Liu, 2020). The
range of fractionation factors determined for the Yukon River are in good agreement with the
Lena River (Murphy et al., 2019) and fall within the range of swelling clays like smectites.
However, Millot et al. (2010) and Wimpenny et al. (2010) also suggested that clay formation is
very limited in permafrost-covered areas. Despite this low clay formation rate, some Li
fractionation is observed in these permafrost-covered catchments. They hypothesize that
fractionation in permafrost-dominated catchments could be associated with the absorption of Li
onto Fe/Mn oxyhydroxide mineral surfaces during the secondary mineral formation. The range
of observed fractionation in the Yukon River is within that of Fe/Mn oxy-hydroxide like
ferrihydrite, which is abundant in most organic Arctic soils (Herndon et al., 2017). It is possible
that part of the lithologically driven J’Li variations mentioned above is related to the formation
of different secondary minerals (Hindshaw et al., 2018). Fe/Mn oxy-hydroxide might be more

prevalent in igneous areas, particularly when weathering Fe-rich young mafic rock units.

The range of fractionation factors summarizes the behaviour of Li in the catchment that
riverine J’Li values increase with increased water-rock interaction (reflected in low Li/Na ratio).
The catchments located in high mountainous regions display low riverine 6’Li values with high
Li/Na ratios because of high physical erosion rates in these regions resulting in short water-rock
interaction time. Low weathering intensity and low secondary mineral formation rates at high
mountainous regions result in less Li fractionation as reflected on low riverine §’Li values. In
contrast, the catchments in the lowlands have an increased secondary mineral formation rates as
the sediments in the flattened floodplains allow a longer water-rock interaction time resulted
from high weathering intensity and low erosion rates. This is reflected in high riverine J'Li
values with low Li/Na ratios. However, other local processes might affect the variations of
fractionation factors of the riverine Li isotope compositions. A possible process that occurs
within the local catchment levels and may influence riverine §’Li values significantly is
groundwater contribution to surface water that causes the mixing of water sources with different

Li characteristics (Négrel et al., 2010).

81



40 O

=
Eiul
=
m B BHm
o
5 % |
. | Yuken River @ LlenaRiver M Iceland |
[ ‘e, . 0
3.E-4 3.E-03 3.E-02 1.E-04 1.E-03 1.E-02
Li/Na Li/Na
@ Chandlar ©East Central Yukon OKantishna @ Koyukuk
© Lower Yukon @ Pelly APorcupine A Stewart
ATanana A Upper Yukon AWest Central Yukon A White

Figure 31: The riverine &’Li values versus Li/Na ratios. (A) Major drainages in the Yukon River
Basin. (B) Yukon River Basin compared to the Lena River Basin (Murphy et al., 2019) and Lake
Myvatn, Iceland (Pogge von Strandmann et al., 2016).

7.3 Climatic and permafrost controls on Li isotope

About a quarter of the northern hemisphere is covered with permafrost (Obu et al., 2019;
Fig.2). The Yukon River shows a great range of permafrost cover (Zhang et al., 1999). Previous
studies conducted in river systems that are under similar climatic settings, such as the Lena River
(Murphy et al., 2019), the Mackenzie River (Millot et al., 2010) and rivers in Iceland (Pogge von
Strandmann et al., 2010), suggest that the climatic conditions are not a dominant factor
influencing the riverine ¢’Li variations and weathering processes. In this study, we wanted to test
this idea by working on a river system with a broad range of permafrost cover. We show that that
mean air temperature is correlated with 6’Li variations (Fig.25). The mean annual temperature is

strongly related to permafrost distribution across the Yukon River (Fig.25).
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All the Yukon River samples were collected during the summer when the active layer
was the deepest. We acknowledge that seasonal variations in weathering processes could explain
some of the variability between catchments. However, we tried to minimize the role of
hydrology and seasonality between samples by collecting them during similar periods. We
assumed that our sampling represents a snapshot of the weathering conditions during the late
summer, and we compare the weathering conditions across a gradient of permafrost cover.
Catchments with continuous permafrost generally display low riverine §’Li though the positive
values observed in the dissolved load still demonstrate some fractionation occurs (Fig.26) (e.g.,
catchments in the Porcupine and mountainous Koyukuk). 6’Li values in permafrost-dominated
catchment tend to converge around 15%o, a value similar to what was observed on a large portion
of the permafrost-covered area of the Mackenzie River (Millot et al., 2010). In permafrost-
dominated catchments, the erosion rate could be elevated due to freeze-thaw processes, but
primary minerals remain shielded from liquid water interactions limiting weathering reactions
(Murphy et al., 2019). Consequently, the weathering intensity is low because low temperatures
limit the Kinetic reactions (Chen & Brantley, 1997). Millot et al. (2010) argued that L.i
fractionation in these conditions mostly occurs due to absorption on Fe/Mn oxyhydroxide (i.e.,
ferrihydrite). Additionally, recent work demonstrated that ferrihydrite plays an important role in
controlling metal isotope fractionation in permafrost-covered environments (Hirst et al., 2020)
and could explain the relatively homogeneous ¢’Li values in permafrost dominated conditions.
Ultimately, weathering intensity in the permafrost dominated area is low due to slow reaction
kinetics and result in little fractionation of riverine Li isotopes (weathering-limited regime)
(Fig.3). Conversely, in regions where the mean annual temperature goes above the threshold of
permafrost thawing MAT > -6°C, weathering reactions can proceed in the active layer and non-
glaciated areas. The thawing of permafrost favours higher water circulation, and higher soil
temperature increase weathering reaction rates. In these non-glaciated soils, weathering intensity
is higher than in catchments where permafrost is continuous. Therefore, the rate of secondary
mineral formation (clays and Mn/Fe oxy-hydroxide) is promoted with increased weathering
intensity, reflected on increased riverine ¢’Li values—the catchments with discontinuous or
sporadic permafrost display higher and more variable riverine 6’Li values than other glaciated
catchments (Fig.26).
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We conclude that, unlike other basins, permafrost cover and temperature are key factors

in controlling regional weathering processes on the Yukon River.

7.4 Random forest regression model

The random forest regression selected glacier cover and temperature as the two most
significant controls of §’Li variations (Fig.27). Together these two factors explained close to
70% of the majority ¢’Li variance (approximately 80%) across the Yukon River. These two
factors summarize the climatic, topographic and geological controls on weathering intensity
across the Yukon River. Glaciers are mostly present on very high mountain ranges (i.e., Alaska
Range) and are thus highly correlated with topography. Consequently, the importance of glaciers
as a predictor can be seen as a strong topographic predictor of 6’Li variations. In addition,
glaciers contribute to increasing erosion rates, further moving the system towards a weathering-
limited regime. The high denudation rates on glacier-covered catchments would promote the
release of cations to water by silicate weathering, but secondary mineral formation does not have
time to proceed to the low residence time (Anderson et al., 1997). In contrast, the lower lands
with no glacier have higher silicate weathering intensity due to decreased erosion rates and
display higher riverine 6’Li values (Fig.32A). We compared the riverine ¢’Li values of
catchment glaciated today as well as during the last glacial maximum (Fig.32B). ¢’Li values are
low in catchments containing glaciers today or that had glaciers in the LGM, suggesting that

glacial cover increased erosion and lower weathering intensity across a longer timescale.

Another important control, temperature, is closely related to permafrost coverage, and
both are strongly associated with weathering intensity. The influence of temperature on riverine
&’Li values shows that the warmer the temperature, the higher the riverine 6’Li variation
becomes (Fig.25). In permafrost dominated catchments, weathering intensity is low due to the
low temperature and to the absence of water-rock interactions on the surface. This results in a
decrease in secondary mineral formation rates, reflecting low riverine 6’Li values. The Porcupine
catchments that are underlain by continuous permafrost display low riverine J6’Li values (+8 to
+16%o) (Fig.26). In contrast, in the catchments underlain by discontinuous permafrost, the

weathering intensity increases with increasing temperature. The increased weathering intensity
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promotes secondary mineral formation and formation of soils by increasing water-rock

interaction time.

The two significant predictors of the random forest regression, glacier cover and
temperature, suggest a strong control of climate variables on the riverine §’Li variation across the
Yukon River Basin. However, each of these climatic predictors does not influence riverine 6’Li

values independently. They interact with other environmental, geological or climatic variables.
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Figure 32: The riverine &'Li variations of (A) glacier rivers and non-glacier rivers and (B)

glaciated and non-glaciated regions during the last glacial maximum.
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8. Conclusion

This thesis explored the various environmental factors that influence weathering
processes across the Yukon River Basin using lithium and strontium isotopes as geochemical
tracers. The Yukon River Basin is a large catchment underlain by various geology, mountainous
topography and a broad range of permafrost cover. However, the climate is rapidly changing
across the Yukon River Basin and might influence the hydrochemistry and ecosystems. This
thesis aimed to evaluate how weathering processes might change in the future with lower

permafrost cover, lower alpine glacier cover and higher temperature.

We demonstrated that geological and lithological variables control a large part of the
spatial hydrochemical variations observed across the Yukon River during the late summer.
Strontium isotope data, coupled with elemental data, demonstrated that the hydrochemistry of
tributaries across the Yukon River reflected their geology. The interplay between carbonate and
silicate weathering observed in all rivers is modulated by the lithology of silicates (e.g., mafic vs.
felsic) and by other topographic, climatic and environmental controls. Riverine Li isotopes also
show some lithological controls with regions dominated by igneous lithology having higher §’Li
values relative to regions dominated by siliciclastic sediments suggesting higher weathering
intensity in this geological setting. This higher weathering intensity is possibly linked to the
higher supply of fresh primary minerals available for weathering reactions in watersheds cover
by igneous and metamorphic rock units. Conversely, in watershed draining recycled sedimentary
units from older formations, fresh primary minerals are less available, leading to lower
weathering intensity. The Yukon River Basin has a high proportion of igneous and metamorphic
rock units relative to other areas on the globe, in part due to the successive accretion of arc
terranes to the North American craton. This igneous-rich geology makes the Yukon River more
susceptible to change in weathering intensity than other studied Arctic Rivers (e.g., Lena,

Mackenzie).

Besides having dominantly igneous geology, the Yukon River is also a very mountainous
watershed with some of the largest mountain ranges in the world. These mountains are covered
by alpine glaciers that favour very high erosion rates. Both of these variables exert a strong
influence on weathering processes. Mountain streams deliver a huge amount of fresh primary

minerals to the floodplains of the Yukon River. This elevated erosion rate also favours an
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elevated weathering intensity and weathering rate across the Yukon River Basin, particularly in

areas with discontinuous permafrost.

Permafrost cover and temperature further modulate weathering processes on the
floodplains. Despite the high supply of primary minerals due to high topography, glaciers and
high igneous rock unit abundances, surface weathering is largely inhibited by low temperature
and limited water rock-interactions in most areas covered by continuous permafrost. Only
regions with mean annual temperature superior to -4°C show increasing and more variable
weathering intensity with the formation of clays. As the temperature continues to increase across
the basin and permafrost cover changes, we expect weathering intensity to continue increasing
across the Yukon River. We predict that surface weathering will increasingly contribute to the

hydrochemistry of the Yukon River, particularly in the late summer.
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