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Abstract

In active volcanic regions, high-temperature chemical reactions in the hydrothermal system
consume CO- sourced from magma or from the deep crust, whereas reactions with silicates at
shallow depths mainly consume atmospheric CO2. Numerous studies have quantified the load of
dissolved solids in rivers that drain volcanic regions to determine chemical weathering rates and
atmospheric CO. consumption rates. However, the balance between thermal and non-thermal
components to riverine fluxes in these areas remains poorly constrained, hindering accurate
estimates of atmospheric CO2 consumption rates. Here we use the Ge/Si ratio and the stable silicon
isotopes (5°°Si) as tracers for quantifying non-thermal silicon contributions in rivers draining the
Yellowstone Plateau Volcanic Field, USA. The Ge/Si ratio (umol.mol™) was determined for 7
thermal water samples (183 + 22), 8 rivers (35 *+ 23) and 6 creeks flowing into Yellowstone Lake
(5 + 3) during base flow and during peak water discharge following snowmelt. The 5*°Si value (%o)
was determined for thermal waters (-0.09 £+ 0.04), Yellowstone River at Yellowstone Lake outlet
(1.91 £ 0.23) and creek samples (0.82 £ 0.29). The calculated atmospheric CO2 consumption
associated with non-thermal waters flowing through Yellowstone’s rivers during peak discharge is
~3.03 ton.km2.yr?, which is ~2 % of the annual mean atmospheric CO2 consumption in other
volcanic regions. This study highlights the significance of quantifying seasonal variations in
chemical weathering rates for improving estimates of atmospheric CO2 consumption rates in active

volcanic regions.

Plain Language Summary
The rates of chemical reactions between Earth’s rocks and atmospheric CO2 have a major control
on global climate over geological time scales. To quantify how much atmospheric CO2 is consumed

by the chemical reactions between rocks and atmospheric CO2, many studies have measured the
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flux of elements derived from these reactions in rivers that drain large watersheds. However, in
rivers that drain active volcanic areas, many of the elements are derived from high-temperature
reactions at depth between rocks and CO, from a deep source, and not from reactions with
atmospheric CO». The balance between elements sourced from depth and those derived from near-
surface reactions with atmospheric CO> varies seasonally. In this study we quantify the balance
between these two sources in rivers that drain the Yellowstone Plateau Volcanic Field, USA. We
use the germanium to silicon ratio and the stable isotopes of silicon as tracers to quantify the time-
dependent balance. Results from this study highlight the significance of accounting for seasonal
changes in the balance between thermal and non-thermal sources of elements flowing in rivers.
Accounting for these variations can improve estimates of atmospheric CO2 consumption rates, and
ultimately improve the understanding of variations in the global climate.

Keywords

Ge/Si, silicon isotopes, Yellowstone, weathering, hydrothermal, seasonal

1. Introduction

Silicate chemical weathering of the continents is thought to control atmospheric CO2 concentrations
over timescales greater than the residence time of bicarbonate (HCO3) in seawater (~10° yr), and
ultimately the global climate (Berner et al., 1983; Raymo and Ruddiman, 1992; Francois and
Walker, 1992). Providing accurate rates of silicate weathering and associated atmospheric CO>
consumption is therefore required for climate models (e.g., Beaulieu et al., 2012). Silicate
weathering rates are usually quantified by summing the total dissolved cations and silicon

concentrations in rivers (e.g., Gaillardet et al., 1999).
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Rivers draining volcanic regions contribute significantly to the global flux of solutes to the ocean
(e.g., Dessert et al., 2003; Goldsmith et al., 2008, 2010; Jones et al., 2011; Schopka et al., 2011;
Gaillardet et al., 2011). Many of these riverine solutes originate from the consumption of
atmospheric CO> through silicate weathering (Louvat and Allégre, 1997; Gaillardet et al., 1999;
Dupré etal., 2003; Gislason and Oelkers, 2011). However, in active volcano-hydrothermal systems,
up to 40% of the riverine solutes are derived from high-temperature (>150 °C) water-gas-silicate
rock reactions with some of the CO. being derived either from magma or from metamorphism of
deep crustal rocks (Dessert et al., 2009; Hurwitz et al., 2010; Schopka et al., 2011; Gaillardet et al.,
2011; Rivé et al., 2013). Thus, solute fluxes in rivers draining these regions are derived from

reactions with atmospheric and crustal and magmatic CO..

Seasonal fluctuations in riverine discharge and chemistry in volcanic regions are associated with
floods (Lloret et al., 2011; Dessert et al., 2015) and/or following snowmelt (Norton and Friedman,
1985; Friedman and Norton, 1990; Hurwitz et al., 2007; 2010). Runoff is paramount to weathering
processes as it modifies water residence time in soils (White and Blum, 1995) and the composition
of solutes in rivers. Thus, in volcanic regions, temporally variable runoff may result in a changing
ratio between solutes derived from thermal and non-thermal sources to rivers (assuming a constant
supply of weatherable material; Riebe et al., 2017). However, seasonal (annual) and long-term
(decadal to millennial) variations in thermal and non-thermal contributions to rivers remain poorly
quantified. This limits the ability to use riverine solute fluxes to quantify atmospheric CO>

consumption by silicate weathering, especially in active volcanic areas.

Quantifying the fraction of thermal water flowing into rivers in volcanic regions was carried out
using the concentrations and isotope compositions of mobile elements as proxies (e.g., Louvat and

Allégre, 1997; Hurwitz et al., 2010; Gaillardet et al., 2011; Rad et al., 2011; Louvat et al., 2011;
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Rivé et al., 2013). Quantifying the sources of riverine silicon (thermal vs. non-thermal) could
provide more robust estimates for assessing atmospheric CO2 consumption by silicate weathering
using the existing methods relating the consumption rate of CO> and the flux of dissolved silicon
(e.g., Edmond and Huh, 1997; Huh, 2003; Goldsmith et al., 2008), because silicon has relatively
high concentrations relative to other solutes. However, in volcano-hydrothermal systems, silicon
concentrations can be modified by dissolution and precipitation of amorphous silica, clay
formation, biological uptake, and/or adsorption on mineral surfaces (Frings et al., 2016 and
references therein). The effect of these processes on silicon riverine fluxes may be limited in
catchments dominated by thermal input but could be exacerbated seasonally during periods that are

dominated by surface runoff and higher groundwater levels.

Low-temperature processes affecting the silicon cycle can be traced using the germanium to silicon
ratio (Ge/Si) and/or the stable isotopes of silicon (5°°Si) (e.g., Cornelis et al., 2011; Opfergelt and
Delmelle, 2012; Frings et al., 2016; Baronas et al., 2020). The few studies from active volcano-
hydrothermal systems using the Ge/Si ratio (Arnorsson, 1984; Siebert et al., 2006; Escoube et al.,
2015; Gaspard et al., 2021) and silicon isotopes (Douthitt, 1982; Opfergelt et al., 2011; Geilert et
al., 2015; Ding et al., 2017; Chen et al., 2020; Gaspard et al., 2021; Wang et al., 2021) do not
account for silicon derived from high-temperature water-rock reactions, i.e., involving rock
dissolution. Amorphous silica precipitation can be involved when thermal waters reach
oversaturation with respect to silica phases, affecting the silicon geochemical tracers (e.g., Geilert
et al., 2015). Therefore, there is a need to quantify the Ge/Si and §%°Si values of thermal waters
derived from high-temperature water-rock reactions with magmatic or crustal CO2 and of those
derived by low temperature reactions with atmospheric CO> to trace thermal and non-thermal

contributions to rivers.
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The main goal of this study is to better quantify the seasonal variations in thermal and non-thermal
waters flowing into rivers of the Yellowstone Plateau Volcanic Field (YPVF) in the USA, and
hence on silicon weathering fluxes and associated atmospheric CO2 consumption. The YPVF, and
in particular Yellowstone National Park and vicinity (Figure 1a) within the YPVF is particularly
well-suited to carry out this study because (i) thermal waters resulting from high-temperature
water-rock reactions are well characterized (e.g., Fournier, 1989; Hurwitz et al., 2012, 2016;
Hurwitz and Lowenstern, 2014; King et al., 2016), (ii) rivers draining the YPVF have thermal and
non-thermal silicon components (Hurwitz et al., 2007, 2010; McCleskey et al., 2020), (iii) changes
in riverine chemistry are associated with a well-defined seasonal increase in water discharge
following snowmelt (Hurwitz et al., 2007; Hurwitz et al., 2010; McCleskey et al., 2016, 2020), (iv)
Ge and Si concentrations are available for several thermal waters and creeks (Gemery-Hill et al.,
2007) and a few &%°Si values have been reported for thermal waters (Douthitt 1982; Chen et al.,
2020). In this study, we determine the Ge/Si ratio and silicon isotopes in waters from thermal
springs resulting from high-temperature water-rock reactions. We then characterize the temporal
variations of Ge/Si ratio and the 5°Si in rivers draining these thermal areas and in small creeks to
quantify the influence of changing runoff on the balance between thermal and non-thermal
contributions. This allows us to compare between large rivers that drain thermal areas and small

creeks that are located further from thermal areas.

2. The hydrothermal system of the Yellowstone Plateau Volcanic Field

The YPVF contains more than 10,000 hydrothermal features including geysers, fumaroles, mud
pools and hot springs that are dispersed in many thermal areas, mostly within Yellowstone National

Park (Fournier, 1989; Hurwitz and Lowenstern, 2014) (Figure 1). In contrast to other large
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Quaternary silicic calderas (e.g., Taupo in New Zealand and Long Valley in Eastern California),
Yellowstone National Park is protected from geothermal energy or mineral exploration and
development. Therefore, the YPVF provides a unique opportunity to conduct research on an
undisturbed hydrothermal system and to characterize natural causes of variability that operate at
varying spatial and temporal scales. Three large caldera forming eruptions since 2.1 Ma generated
large rhyolite tuff deposits, and the calderas are mostly filled with thick rhyolite flows. The most
recent eruption at 0.631 Ma ago formed the Yellowstone Caldera (Figure 1a; Christiansen, 2001).
Basalts outcrop in the southwest part of the YPVF but not within the Yellowstone Caldera
(Christiansen, 2001). Three main types of thermal waters in YPVF are: (i) neutral to alkaline-
chloride waters with pH values of 7-10 and which discharge predominantly in the main geyser
basins, (ii) acid-sulfate waters with pH values of 1-5 that discharge mainly in thermal areas in the
eastern part of the Yellowstone Caldera and (iii) calcium-bicarbonate waters with pH ~6 in thermal
areas draining older sedimentary rocks and where travertine is deposited in northern (Mammoth
Hot Springs) and southern Yellowstone National Park (Fournier, 1989; Hurwitz and Lowenstern,

2014).

Most of the soils within and around the Yellowstone Caldera are derived from rhyolite (Rodman et
al., 1996). Lodgepole pine trees (Pinus contorta) dominate ~80% of the total forested area in
Yellowstone National Park (Despain, 1983). The YPVF climate is temperate with cold winters and
low annual temperatures characterized by snow from October (average temperatures: -6 to 11 °C)
to April (average temperatures: -6 to 8 °C). The vast majority of precipitation is snow during the
winter months (~70 % of the annual precipitation as snowfall; Despain, 1987), with an annual
average of 180 cm water equivalent reported on the west side of the YPVF where the altitudes

reach ~2600 m, and lower values at lower altitudes (Pierce et al., 2007). Snowfall is mainly between
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October and April with maxima in January, and snowmelt is mostly in May and June. Precipitation
is mostly distributed evenly over the year (annual range: 33 to 58 mm), with July being the driest

month with average precipitation of ~2 mm (National Park Service, 2020).

The YPVF is mostly drained by four rivers (Madison, Yellowstone, Snake and Fall Rivers; Figure
1), with base flow conditions from late September-October to April followed by a rapid increase in
river discharge during snowmelt (Hurwitz et al., 2007). The Yellowstone River has the largest
drainage area and includes inputs from Yellowstone Lake and from the Lamar and Gardner Rivers
(Hurwitz et al., 2007; McCleskey et al., 2019a). The Madison River integrates discharge from the
Firehole River draining the Lower, Midway and Upper Geyser Basins, and the Gibbon River that
drains the Norris Geyser Basin (McCleskey et al., 2010a, 2010b). The Fall River drains large areas
in the southwest YPVF (McCleskey et al., 2020), and the Snake River drains large areas in the
southern YPVF (McCleskey et al., 2016) and receives thermal inputs from Heart Lake Geyser
Basin, Shoshone Geyser Basin, and also from the travertine-depositing springs in the Upper Snake

River (Hurwitz et al., 2020).

The chemical composition of the major rivers draining the YPVF (drainage areas > 300 km?;
Hurwitz et al., 2007) is dominated by discharge of thermal water. Riverine solute concentrations
decrease during peak discharge, but the actual flux (product of discharge and concentration) of all
solutes increases (Hurwitz et al., 2007, 2010). Water discharge data for these rivers are available
from the U.S. Geological Survey (USGS) National Water Information System (USGS, 2019; USGS

site IDs provided in the caption of Figure 1).

Creeks with smaller drainage areas (< 70 km?) flow into Yellowstone Lake, and the Yellowstone

River drains the lake (Figure 1a). The northern part of the lake is within the Yellowstone Caldera,
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which has several very active hydrothermal areas, whereas the southern and southeastern parts of
the lake that are outside the caldera boundary have significantly less hydrothermal activity (Morgan
etal., 1977; Morgan et al., 2003; Balistrieri et al., 2007). Water discharge data for these creeks are

available from a previous study (Gemery-Hill et al., 2007).
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Figure 1: Location of the sampling sites for thermal waters (circle), river waters (triangle) and
creeks (squares) in Yellowstone Plateau Volcanic Field: (a) map showing Yellowstone National
Park (red dashed line), the Yellowstone Caldera (grey shading), location of river gauges: YMAD
= Madison River (USGS gaging site 06037500), YSNA = Snake River (site 13010065), YFAL =
Fall River (site 13046995), YGAR = Gardner River (site 06191000), YGIB = Gibbon River (site
06037100), YFOF = Firehole River near Old Faithful (site 06036805), YFIR = Firehole River near
Madison junction (site 06036905), YYFB = Yellowstone River at lake outlet (site 06186500),
major thermal areas (green fonts): MHS = Mammoth Hot Springs; NGB = Norris Geyser Basin;
MV = Mud Volcano; LGB = Lower Geyser Basin; MGB = Midway Geyser Basin; UGB = Upper
Geyser Basin; SGB = Shoshone Geyser Basin; HLB = Heart Lake Geyser Basin. (b) zoom from
panel a on the Upper Geyser Basin (UGB) showing location of thermal springs sampled in this
study: BSP = Black Sand Pool, PBS = Punch Bowl Spring, CP = Crested Pool, ECP = East
Chinaman Pool, CHs = Chinese Spring, SS = Sulphide Spring, DG = Dome Geyser. (c) zoom from
panel a showing sampling location of creeks flowing into Yellowstone Lake (except for YYFB
which drains Yellowstone Lake): BT = Big Thumb Creek, LT = Little Thumb Creek, ARC = Arnica

Creek, BCu = Bridge Creek, PEL = Pelican Creek, SDG = Sedge Creek.

3. Materials and methods

3.1 Water sampling

Sampling sites for thermal and river waters are shown in Figure 1. Seven thermal water samples
were collected in the Upper Geyser Basin (Figure 1b) in April 2015 following procedures described
in Hurwitz et al. (2016). Water samples were collected using a bladder pump from the bottom of

pools (maximum depth of 11.3 m) with visible vents through which bubbles episodically discharge,
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and filtered immediately on-site using 0.45 um polycarbonate membranes. The water with near-
boiling temperatures has an alkaline-chloride composition and pH of 7.8 to 9.6 (Hurwitz et al.,

2016).

Samples were collected at baseflow and high discharge for each river: nine water samples were
collected at USGS river gaging stations (Figure 1a) during base flow in September 2016 and 2017
(except for Gardner River in December) and nine samples were collected during high river
discharge following snowmelt in June 2017, following procedures described in McCleskey et al.
(2017, 2019a). Temperature (°C) and pH were measured in situ with a Ross combination pH
electrode (McCleskey et al., 2017, 2019a, 2019b). Twelve water samples were collected from
creeks flowing into Yellowstone Lake (Figure 1c) in September 2016 and June 2017: each creek
was sampled at baseflow and high discharge conditions, analogous to the sampling method
conducted for the rivers. Rivers and creeks water samples were filtered using 0.45 pm
polycarbonate membranes within 24 h and stored at 4 °C in the dark in pre-washed polypropylene

bottles.

3.2 Major elements, silicon and germanium concentration measurements

For thermal waters, the silicon concentrations were above the amorphous silica solubility at 25 °C
(~1.7-2.3 mmol.I"*; Fournier and Rowe, 1977; Rimstidt and Barnes, 1980; Gunnarsson and
Arnorsson, 2000), but below silica solubility at the higher temperature of collection. The Si
concentrations reported here for thermal waters filtered immediately upon collection are similar to
those obtained on the same samples diluted in a 1:10 ratio in MilliQ water on-site before filtration

(Hurwitz et al., 2016) supporting that no amorphous silica precipitates have formed before
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filtration. To ensure dissolution of potential amorphous silica precipitates that may have formed
after filtration, water samples were sonicated and warmed on a hotplate at 60 °C, then diluted with

MilliQ water to a final volume below the limit of amorphous silica solubility.

The concentrations of major elements in thermal (n=7), river (n=18) and creek (n=12) water
samples were measured in 2 % HNOs by inductively-coupled plasma-optical emission
spectrometry (ICP-OES) iCAP 6500 Thermo Fisher Scientific at the Earth and Life Institute,
UCLouvain, Belgium. The accuracy of major element determinations was assessed using the
trueness (x 3, 4, 1, 7 and 4 % for Ca, Na, Mg, K and Si, respectively) on the river water reference
material SLRS-5 (Yeghicheyan et al., 2013) and the analytical precision (x 0.5 %) for each element.
The detection limit is 0.05, 0.43, 0.21, 0.26 and 0.36 pmol.I"* for Ca, Na, Mg, K and Si, respectively.
Anions (SO4%, CI") were measured by ion chromatography (Dionex 1CS2000) with an accuracy
assessed by using the trueness of £ 3 and 4 %, respectively on river water certified reference
material LGC6025 (UKAS, 2014) and the analytical precision + 2 %. The detection limit is 1.5 and
3.1 umol.I"* for SO4? and CI-, respectively. Previously determined cation and anion concentrations
in thermal (Hurwitz et al., 2016) and river (McCleskey et al., 2017, 2019a, 2019b) water samples
are within 3 % for Ca, 6 % for Na, 7 % for Si, 9 % for CI, 10 % for K, Mg and SO of those reported

here.

The Ge concentration in the thermal (n=7), river (n=18) and creek (n=12) water samples was
determined by ICP-mass spectrometry (ICP-MS) ICAPQ Thermo Fisher Scientific in 2 % HNO3
with a PFA nebulizer of 400 pl.min uptake rate, a quartz cyclonic spray chamber. The three
isotopes "?Ge, "*Ge and "“Ge were monitored during Ge concentration analyses, and the most
abundant isotope "“Ge, was used for the measurement given the higher sensitivity and the lower

detection limit compared to other isotopes (Delvigne et al., 2018). Rhodium was used as an internal
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standard to correct for instrumental drift. The typical "“Ge sensitivity was 22 000 cps per pg.l™* and
193Rh sensitivity was 100 000 cps per pg.I"t. Thermal waters were diluted with MilliQ water to
reach total dissolved solids < 0.2 % and ensuring Ge concentrations above detection limit. Accuracy
and long-term repeatability of the analysis were assessed by measuring two international riverine
standards, namely SLRS-5 ([Ge] = 0.083 + 0.014 nmol.I":; n = 3) and SLRS-6 ([Ge] = 0.097 +
0.007 nmol.I":; n = 3) (Yeghicheyan et al., 2013, 2019), the USGS rock standard BHVO-2 ([Ge] =
22.30 +0.89 nmol.I%, SD; n = 3) (Jochum et al., 2016), and one in-house standard of thermal spring
(the Gallion Blanc thermal spring of La Soufriére volcano in Basse-Terre Island: [Ge] = 23.95 +
0.096 nmol.I"t; n = 14). The Ge detection limit is 0.04 nmol.I"* and the analytical precision (n = 3)
is + 8 % for Ge concentrations < 0.013 nmol.I"* and 4 % for Ge concentrations > 0.013 nmol.I™.

The precision of the Ge/Si ratio determination is £ 10 %.

3.3 Silicon isotope measurements

Silicon isotope measurements were performed in thermal (n = 6), river (n = 5) and creek (n = 12)
water samples. To prevent matrix effects from anions such as SO4% and CI- during isotope
measurements, silicon in waters was purified using a two-step column purification process with
anionic exchange resin (Biorad AG MP-1) and cationic exchange resin (Biorad AG50W-X12)
following the method developed by Gaspard et al. (2021). After column purifications, the silicon
recovery was > 98 %, the concentrations of Na, SO4? and CI" in the purified solution were < 0.43,
1.5 and 3.1 pumol.I*%, respectively (i.e., the detection limit values), and the blank level was < 0.36

umol Si.I"%, i.e., the detection limit for Si by ICP-OES.
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Silicon isotope compositions were determined by MC-ICP-MS (Neptune Plus™ High Resolution
Multicollector ICP-MS, Thermo Fisher Scientific) in wet plasma mode in medium resolution
(Am/m~6000) using a PFA nebulizer of 100 ul.min™ uptake rate. The instrumental mass bias was
corrected for by using the standard-sample bracketing technique and an external Mg doping
(Cardinal et al., 2003). The analyses were performed in 2 % v/v HNO3z matrix, with a typical
sensitivity of 7 V for 2 mg.I"t Si and an instrumental blank <30 mV. Silicon isotope compositions
are expressed in relative deviations of %°Si/?8Si ratio from the NBS-28 reference standard using the
common &-notation (%o): 8°°Si=[(3°Si/?Si)sampie/ ((°Si/?8Si)nps-2s -1]%x1000. One measurement
comprises 30 cycles with 4.2 s integration time corrected by blank in a 2 % v/v HNO3z matrix. The
530Si-values are reported as the mean of replicate isotopic analyses + standard deviation (SD).
Quality control of mass bias was performed by ensuring that §*°Si and 52°Si measurements fit to a
mass-dependent fractionation array, supporting the interference-free determination of all three
silicon isotopes via MC-ICP-MS (Figure S1). The long-term precision and accuracy of the MC-
ICP-MS §%Si analyses were assessed on the reference materials diatomite (5%°Si = 1.30 = 0.09 %o,
SD, n=20), BHVO-2 (*Si = -0.27 = 0.06 %o, SD, n=10) and quartz Merck (5*°Si of 0.04 + 0.09
%0, SD, n=6) with values consistent with those reported earlier (Reynolds et al., 2007; Abraham et

al., 2008).

4. Results

4.1 Major element composition of thermal, river and creek waters

The alkaline-chloride thermal waters from Upper Geyser Basin have Si concentrations between 4.5
and 5.8 mmol.It, except for Sulphide Spring with a concentration of 2.4 mmol.I* (Table 1). The

chemical composition of dissolved solutes [Ca + Mg + Na + K + SiO2 + Cl + SO4] of Sulphide
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Spring is also lower (13.9 mmol.I") than in other thermal waters (35.8 and 40.5 mmol.I":; Table
S1). The Firehole River draining the Upper Geyser Basin is characterized by higher Na
concentrations (1.7-3.8 mmol.I") and similar Si concentrations (0.9-1.6 mmol.I"*) compared to the
creeks flowing into Yellowstone Lake (Na: 0.1-1.5 mmol.I; Si: 0.1-1.8 mmol.I*), with the

exception of Pelican Creek for Na (2.0 mmol.It; Table S1).

To compare river and creek element concentrations between periods of base flow and high river
discharge, element concentrations were normalized to Na concentrations. Contribution of
atmospheric deposition-derived solutes to the river load is negligible (Miller and Drever, 1977; Zelt
et al., 1998; Kharaka et al., 2002; Hurwitz et al., 2007). Sodium is strongly correlated with the sum
of the dissolved solutes [Ca + Mg + Na + K + SiO, + Cl + SO4] (R?= 0.93, Figure S2), indicating
that riverine Na concentrations are governed by dilution and can be used here to identify elements

diluted during high river discharge (Figure 2).

River water compositions during high river discharge are relatively enriched in Ca, Mg, K and Si
relative to base flow (Figure 2a, b, c, d) reflecting low temperature weathering reactions with
rhyolite (Table S1; Hurwitz et al., 2010, 2020; McCleskey et al., 2020). Moreover, ClI
concentrations in rivers are lower at high discharge relative to base flow (Figure 2e), but SO4
concentrations variations between high discharge and base flow are small (Figure 2f), consistent
with previous studies (Hurwitz et al., 2007, 2010; McCleskey et al., 2012, 2019a, 2020). This is
also consistent with lower riverine specific conductance during high discharge relative to base flow

(Figure S3; McCleskey et al., 2010a, 2010b, 2012, 2016).

Creek waters are also enriched in Ca, Mg, K and Si during high discharge relative to base flow

(Figure 2a, b, c, d), except for Mg in Sedge Creek and Little Thumb Creek. There is a larger
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135  concentration variability during high discharge in the creeks compared to the rivers. For Si, the
136  enrichment is higher for Bridge Creek upstream (Si/Nanigh discharge = 16.9), Big Thumb Creek

137 (Si/Nanigh discharge = 8.18) and Pelican Creek (Si/Nanigh discharge = 4.54; Figure 2d).
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Figure 2: Plots showing Na-normalized element concentrations (molar ratio) at high discharge
(June) as a function of the ratio at base flow (September) in major rivers (black triangle) and creeks
flowing into Yellowstone Lake (blue square): (a) Ca, (b) Mg, (c) K, (d) Si, (e) ClI, (f), SO4. The CI
concentrations are not available for the creeks. Element ratios above the 1:1 ratio (dashed line)
imply element enrichment at high discharge and those below the line imply element enrichment
during base flow. Rivers: Madison River (YMAD), Snake River (YSNA), Fall River (YFAL),
Gardner River (YGAR), Gibbon River (YGIB), Firehole River (near Old Faithful, YFOF; near
Madison junction, YFIR), Yellowstone River at lake outlet (YYFB). Creeks: Big Thumb Creek
(BT), Little Thumb Creek (LT), Arnica Creek (ARC), Bridge Creek (BCu), Pelican Creek (PEL),

Sedge Creek (SDG).

4.2 Ge/Si ratio of thermal, river and creek waters

The Ge/Si ratios in thermal waters range from 148 (Punch Bowl Spring) to 212 (Chinese Spring)
pumol.mol™, with a lower value at Sulphide Spring, 97.2 pmol.mol* (Table 1). The Ge/Si ratio is
lower in river and creek waters than in thermal waters, with higher Ge/Si values in major rivers
(11.2 pmol.mol* in Gardner River to 82.7 pmol.mol? in Firehole River) than in creeks (0.88
pumol.mol™ in Big Thumb Creek to 11.3 umol.mol™ in Sedge Creek) (Figure 3a). The river waters
have lower Ge/Si values during high discharge compared to base flow (Figure 3a). For the creeks
waters, the Ge/Si values are also mostly lower during high discharge compared to base flow (Figure
3b), except for Arnica Creek for which the Ge/Si ratio during high discharge (5.62 umol.mol™?) is

close to the ratio at base flow (4.56 umol.mol™?).
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162  Table 1: Germanium and silicon concentrations, Ge/Si ratios and silicon isotope compositions
163 (8°°Si) in thermal waters, major rivers and creeks flowing into Yellowstone Lake. Dashed line (-)

164  indicates not measured.

Sample Label Sampling date  Drainage area Ge Si Ge/Si 69Si SD
dd.mm.yy km? nmol.|* mmol.I?  pmol.mol? %o

Thermal waters
Black Sand Pool (6 m depth) BSP 13.04.15 829 4.6 178 -0.04 0.03
Punch Bowl Spring (4.4 m depth) PBS 14.04.15 775 5.3 148 -0.13  0.07
Crested Pool (11.33 m depth) cP 15.04.15 1012 5.2 195 -0.09 0.08
East Chinaman Pool (5 m depth) ECP 16.04.15 991 5.2 190 -0.14 0.03
Chinese Spring (4.6 m depth) CHs 16.04.15 961 4.5 212 -0.05 0.05
Sulphide Spring SS 16.04.15 235 24 97.2 - -
Dome Geyser DG 16.04.15 1010 5.8 175 -0.08 0.01
Major rivers
Gardner River YGAR 06.06.17 523 2.55 0.2 11.2 - -
Gardner River YGAR 01.12.17 523 16.9 0.5 34.1 0.57 0.02
Madison River YMAD 07.06.17 1088 60.0 1.0 62.9 - -
Madison River YMAD 20.09.17 1088 99.1 1.4 69.4 - -
Gibbon River YGIB 06.06.17 326 30.5 0.8 37.7 - -
Gibbon River YGIB 20.09.17 326 63.2 1.4 46.5 - -
Firehole River near Madison junction YFIR 06.06.17 730 65.8 0.9 74.1 - -
Firehole River near Madison junction YFIR 20.09.17 730 130 1.6 82.7 - -
Firehole River near Old Faithful YFOF 06.06.17 101 7.37 0.4 19.9 - -
Firehole River near Old Faithful YFOF 22.09.17 101 213 0.7 29.1 - -
Yellowstone River at lake outlet YYFB 21.09.16 2566 4.02 0.2 20.1 2.17 0.03
Yellowstone River at lake outlet YYFB 24.09.16 2566 4.49 0.2 23.2 2.01 0.09
Yellowstone River at lake outlet YYFB 09.10.16 2566 5.32 0.4 13.6 1.63 0.03
Yellowstone River at lake outlet YYFB 22.06.17 2566 3.81 0.2 18.1 1.82 0.04
Snake River above Flagg Ranch YSNA 05.06.17 1259 3.10 0.2 16.7 - -
Snake River above Flagg Ranch YSNA 13.09.17 1259 22.3 0.6 38.2 - -
Fall River YFAL 07.06.17 850 3.44 0.3 12.4 - -
Fall River YFAL 21.09.17 850 12.6 0.7 17.9 - -
Creeks flowing into Yellowstone Lake
Big Thumb Creek BT 18.09.16 26 12.5 1.8 7.02 1.19 0.03
Big Thumb Creek BT 22.06.17 26 0.21 0.2 0.88 0.86 0.02
Little Thumb Creek upstream LT 18.09.16 15 0.83 0.6 1.46 0.92 0.06
Little Thumb Creek upstream LT 22.06.17 15 0.14 0.1 0.98 1.09 0.11
Arnica Creek ARC 18.09.16 60 4.79 11 4.56 0.40 0.04
Arnica Creek ARC 22.06.17 60 4.32 0.8 5.62 0.37  0.05
Bridge Creek upstream BCu 18.09.16 23 4.31 1.6 2.63 0.48 0.01
Bridge Creek upstream BCu 22.06.17 23 1.32 0.6 2.07 0.71  0.07
Pelican Creek PEL 18.09.16 250 10.2 1.1 8.92 1.17  0.06
Pelican Creek PEL 22.06.17 250 1.45 0.5 3.11 0.78 0.07
Sedge Creek SDG 18.09.16 60 7.14 0.6 11.3 1.05 0.05
Sedge Creek SDG 22.06.17 60 1.87 0.3 6.00 0.77  0.05
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4.3 Silicon isotope composition of thermal, river and creek waters

The thermal waters are characterized by lower §°°Si values (ranging from -0.14 + 0.03 %o in East
Chinaman Pool to -0.04 £ 0.03 %o in Black Sand Pool) than those of river waters (ranging from
0.57 £0.02 %o in Gardner River to 2.17 £ 0.03 %o in Yellowstone River) and creek waters (ranging
from 0.37 £ 0.05 %o in Arnica Creek to 1.19 £ 0.03 %o in Big Thumb Creek) (Table 1). The
Yellowstone River at Yellowstone Lake outlet (YYFB) is enriched in *°Si (5%°Si = 1.63 t0 2.17 %o)
relative to Gardner River (5°°Si = 0.57 %o) and to the creeks which flow into Yellowstone Lake
(8°°Si = 0.37 t0 1.19 %o). The Yellowstone River (YYFB) displays a lower §°°Si value during high
discharge relative to base flow (Figure 3c). For the creeks, there is no systematic difference between
silicon isotope compositions during base flow and during high discharge (Figure 3c). Some creeks
have similar 5*°Si values during high discharge and base flow (Arnica Creek, §%°Si = 0.37 + 0.05
%o relative to 0.40 = 0.04 %o), some creeks have higher §%°Si values at high discharge relative to
base flow (Bridge Creek upstream, Little Thumb Creek upstream), and some creeks have lower
8%0Si values during high discharge relative to base flow (Big Thumb Creek, Sedge Creek, Pelican

Creek).
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Figure 3: Plots showing (a) Ge/Si ratio, (b) zoom on low values of Ge/Si ratio from panel a, and
(c) Si isotope composition (5°°Si) in major rivers (black triangle) and creeks flowing into
Yellowstone Lake (blue square) during high discharge as a function of the same parameters at base
flow. The black dashed line corresponds to the 1:1 ratio to indicate that Ge/Si ratio or §*°Si value
above that line is an increase in Ge/Si ratio or §°Si value at high discharge relative to base flow
(and value below that line is a decrease at high discharge relative to base flow). The grey dashed
line is the 2:1 ratio, and the grey dashed-dotted line is the 3:1 ratio. Rivers: Madison River
(YMAD), Snake River (YSNA), Fall River (YFAL), Gardner River (YGAR), Gibbon River
(YGIB), Firehole River (near Old Faithful, YFOF; near Madison junction, YFIR), Yellowstone
River at lake outlet (YYFB). Creeks: Big Thumb Creek (BT), Little Thumb Creek (LT), Arnica

Creek (ARC), Bridge Creek (BCu), Pelican Creek (PEL), Sedge Creek (SDG).

5. Discussion

5.1 Processes controlling variations in Ge/Si ratio and 8%°Si in thermal waters

The Ge/Si ratios of the alkaline-chloride thermal waters from the UGB draining rhyolite (183 + 22
pumol.mol™, n = 6; Table 1) are mostly higher than the range of Ge/Si values reported for thermal
springs in basalt-andesite terrains (3-185 umol.mol™; Arnorsson, 1983, 1984; Siebert et al., 2006;
Wheat and McManus, 2008; Escoube et al., 2015). They are also higher than the typical Ge/Si ratio
measured for a rhyolitic rock (2 umol.mol?, Bernstein, 1985). Similarly, the Ge/Si ratios measured
by Gemery-Hill et al. (2007) in the acid-sulfate springs (57 *+ 54 pumol.mol™?) located near
Yellowstone Lake (Figure 4b) are higher than in the host rocks, but lower than in UGB’s thermal
waters. As shown in previous studies, the Ge content and Ge/Si of igneous rocks vary little (Burton

et al.,, 1959; Bernstein, 1985; MacDonald et al., 2007; He et al., 2019) and therefore,
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inhomogeneities in the host rock composition is unlikely to explain the range of Ge/Si ratios

measured in the thermal waters.

Previous studies have highlighted that silica precipitation increases the Ge/Si ratios of thermal
springs in metamorphic and volcanic settings (Arnorsson, 1984; Evans and Derry, 2002; Churchill
et al., 2021; Fernandez et al., 2021): this is due to preferential partitioning of silicon into siliceous
sinters precipitated from thermal waters containing dissolved silicon and germanium. In
Yellowstone’s geyser basin, siliceous sinters form during cooling and evaporation of the alkaline-
chloride spring waters discharged at the surface (e.g., Braustein and Lowe, 2001; Guidry and
Chafetz, 2003; Churchill et al., 2020). However, our thermal water compositions correspond to
temperatures of ~92 °C (the boiling point of water at Yellowstone's mean altitude) and as such they
are undersaturated with respect to all silica phases as calculated with the PHREEQC geochemical
speciation program (Parkhurst and Appelo, 2013). In addition, siliceous sinters do not precipitate
from the acid-sulfate thermal waters discharging near Yellowstone Lake (Balistrieri et al., 2007).
Thus, a process other than silica precipitation must be evoked to explain the high Ge/Si ratios of

Yellowstone’s thermal waters.

Based on thermodynamic considerations, we suggest that the high Ge/Si ratios in the Yellowstone’s
thermal waters result from equilibration with Ge-bearing silicates at high temperature. Pokrovski
and Schott (1998) indicate that Ge(OH)s is the dominant germanium species in acid and neutral
solutions with temperatures ranging from 20 to 250 °C. The negatively charged hydroxide complex
(GeO(OH)3") becomes significant only at pH values > 9-10 at 25 °C, and 8-9 at 250 °C. These
authors also showed that the Ge/Si ratio of solutions in equilibrium with Ge-bearing silicates may
vary strongly with temperature due to the significant differences in the enthalpies of formation and

heat capacities of Ge(OH)4 and Si(OH)4. The significantly higher Ge/Si ratios of UGB’s alkaline-

This article is protected by copyright. All rights reserved.



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

chloride waters (183 + 22 umol.mol™) compared to the values reported for the acid-sulfate springs
close to Yellowstone Lake (57 + 54 pmol.mol?, n = 69; Gemery-Hill et al., 2007) may point to
higher subsurface temperatures of the former type of thermal waters (> 150 °C, Hurwitz et al.,
2016) relative to the latter ones (< 150 °C, Morgan et al., 2017). Pokrovski and Schott (1998) also
concluded that the mobility in alkaline solution of Ge is enhanced compared to that of Si because
Ge(OH)s dissociates at lower pH values than Si(OH)s. Thus, one may expect higher Ge
concentrations and Ge/Si ratios in thermal waters with pH > 7-8. This may also contribute to
explain the elevated Ge/Si ratios of the alkaline-chloride waters compared to the acid-sulfate

springs.

The §%°Si compositions of thermal waters from the UGB (average: -0.09 + 0.04 %o) are within the
range, but on the lower end of values, reported for thermal waters in the YPVF (-0.32 to 0.70%o;
Douthitt, 1982; Chen et al., 2020; Figure 4c) and other volcanic regions that are mostly of basalt-
andesite compositions (-0.6 to 1.7 %o; e.g., Opfergelt et al., 2011; Geilert et al., 2015; Ding et al.,
2017). The relatively narrow range of 5°°Si in thermal waters from UGB is comparable to that
reported for rhyolite (-0.14 + 0.19%o; Savage et al., 2011). This is consistent with recent laboratory
and field observations that solutes in thermal springs in the geyser basins are derived from reactions
between water and rhyolite at high temperature (Cullen et al., 2019; Cullen et al., 2021). In these
thermal waters emerging at near boiling temperature and undersaturated with respect to amorphous
silica, the effect of opal precipitation on the §°°Si composition is limited. In contrast, the
comparatively broader range of 5°°Si values reported for other thermal springs in the YPVF (-0.1
to 0.4 + 0.3%o; Douthitt, 1982) and along spring flowpaths (-0.32 to 0.70 + 0.13%o; Douthitt, 1982;
Chen et al., 2020; Figure 4c) suggests variable isotopic fractionation as siliceous sinter precipitates

when the thermal waters expelled by geyser activity cool down and evaporate (Fournier and Rowe,
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1977; Churchill et al., 2020). As shown experimentally (Geilert et al., 2014), siliceous sinter
preferentially incorporates the lighter silicon isotope which induces enrichment of the residual
water with heavy silicon isotope. This has been confirmed at YPVF where the siliceous sinters
show light §°Si (from -4.79 to -2.25 %o for Cistern Spring, from -0.81 to -0.11 %o for Deerbone
Spring) relative to the isotopic composition of the corresponding thermal springs (from 0.15 to 0.70
%o and from -0.32 to -0.17 %o, for Cistern and Deerbone springs, respectively; Chen et al., 2020;
Figure 4c). Accordingly, other sinters from YPVF have light §3°Si compositions ranging from -2.1

to -0.4 %o (Reynolds and VVerhoogen, 1953; Tilles, 1961; Douthitt, 1982).
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Figure 4: (a) Map of the spatial variability of pH in waters from thermal areas in the Yellowstone
National Park (modified from Hurwitz & Lowenstern, 2014). MHS = Mammoth Hot Springs;
NGB = Norris Geyser Basin; MV = Mud Volcano; LGB = Lower Geyser Basin; MGB = Midway
Geyser Basin; UGB = Upper Geyser Basin; SGB = Shoshone Geyser Basin; HLB = Heart Lake
Geyser Basin. Maps of the (b) Ge/Si ratio (labelled symbols are from this study and unlabelled
symbols are from Gemery-Hill et al., 2007) and (c) Si isotope composition (5°Si; labelled symbols
are from this study and unlabelled symbols are from Douthitt, 1982 and Chen et al., 2020 with
Deerbone* and Cistern** located) in thermal waters (circle) and river waters (triangle) and creeks
(square). Basemap from Esri, National Geographic, Garmin. Rivers: Madison River (YMAD),
Snake River (YSNA), Fall River (YFAL), Gardner River (YGAR), Gibbon River (YGIB),
Firehole River (near Old Faithful, YFOF; near Madison junction, YFIR), Yellowstone River at
lake outlet (YYFB). Creeks: Big Thumb Creek (BT), Little Thumb Creek (LT), Arnica Creek

(ARC), Bridge Creek (BCu), Pelican Creek (PEL), Sedge Creek (SDG).

5.2 Processes controlling variations in Ge/Si ratio and 8%°Si in rivers and creeks

The combined range of Ge/Si ratios in YPVF rivers (11.2-82.7 umol.mol™) and creeks (0.88-11.3
pumol.mol; Table 1) is larger than the range reported for rivers draining other volcanic regions,
mainly with basalt-andesite compositions (Ge/Si = 0.16-20 pmol.mol; e.g., Derry et al., 2005;
Scribner et al., 2006; Baronas et al., 2018, 2020). The Ge/Si ratios in rivers draining the geyser
basins with rhyolite lithologies (YFIR, YGIB and YMAD: 38-83 umol.mol?; Table 1) are
significantly higher than the values reported for other volcanic areas (0.16-20 pmol.mol?; e.g.,
Derry et al., 2005; Scribner et al., 2006; Baronas et al., 2018, 2020). The silicon isotope

compositions in YPVF rivers (5%°Si = 0.57-2.17%o) and creeks (0.37-1.19%o; Table 1) are within
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the range of values reported for rivers draining other volcanic areas that are mostly of basalt-
andesite compositions (5*°Si = -0.1 to 3.4 £ 0.01 %o; e.g., Opfergelt and Delmelle, 2012; Frings et

al., 2016).

The Ge/Si values in the creeks are similar to those previously reported for creeks surrounding
Yellowstone Lake (Ge/Si = 3 + 5 pmol.mol™, n = 89; Gemery-Hill et al., 2007) (Figure 4b). The
lower Ge/Si values in creeks flowing into Yellowstone Lake (5 + 3 pmol.mol™, n = 12) compared
with the YPVF rivers (35 + 23 umol.mol?, n = 18) likely result from the contribution of different
types of thermal waters. Relative to the rivers mostly draining thermal areas with alkaline-chloride
thermal waters, the creeks flowing into Yellowstone Lake drain thermal areas around the lake with

mostly acid-sulfate waters (Figure 4a-b) which might explain the lower Ge/Si ratio in the creeks.

Within the rivers, there are significant differences in chemical compositions of water and in
lithologies (volcanic and sedimentary rocks) between the thermal areas flowing into the YPVF
rivers. The Firehole River (YFIR; Figure 3a) drains geyser basins with thermal inputs of alkaline-
chloride compositions (with high Ge/Si ratios). There is an increase in pH and Ge/Si values along
the Firehole River between the station upstream the geyser basins (YFOF) with minimal thermal
water input (pH = 7.2; Ge/Si = 19.9-29.1 umol/mol) and the station downstream of the geyser
basins (YFIR) (pH = 8.3; Ge/Si = 74.1-82.7 umol/mol). The Gibbon River (YGIB) which drains
Norris Geyser Basin (NGB) receives a mix of alkaline-chloride and acid-sulfate waters (Gardner
et al., 2011; Figure 4a) which is associated with lower Ge/Si ratio relative to YFIR (Figure 3a).
The Firehole and Gibbon rivers merge into the Madison River, resulting in a Ge/Si value of YMAD
that is intermediate between YGIB and YFIR (Figure 3a). The Gardner and Snake rivers drain
thermal areas with underlying Paleozoic and Mesozoic marine sedimentary rocks including

limestone and Cretaceous shale and sandstone (Hurwitz and Lowenstern, 2014). In these rivers,
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the variation in Ge/Si values between high discharge and base flow is larger than in the other rivers
(YGAR and YSNA between the 3:1 and the 2:1 dilution line; Figure 3a). More specifically, the
Gardner River which is dominated by calcium-bicarbonate thermal water from Mammoth Hot
Springs where travertine is deposited (Figure 1) has a lower Ge/Si ratio than the Snake River
(Figure 3a) with a composition that reflects a mixture of alkaline-chloride, acid-sulfate and
calcium-bicarbonate thermal waters. A contribution from alkaline-chloride waters to Snake River
may contribute to a slightly higher Ge/Si. This more complex pattern in Gardner and Snake rivers

is also reflected with other isotope systems (Cullen et al., 2021).

The high 5%°Si value for the Yellowstone River at the Yellowstone Lake outlet (YYFB; §°°Si =
1.63-2.17 %o; Figure 4c) most likely reflects preferential uptake of light silicon isotopes by diatoms
in Yellowstone Lake (Interlandi et al., 2003; Brown et al., 2019). Diatoms intake the light silicon
isotope to build their frustule (silicified cell wall; De La Rocha et al., 1997) leaving the heavy
silicon isotope in the residual lake waters. Seasonal diatom blooms occur in the lake in between
the late spring and early autumn (Interlandi et al., 1999). The 5*°Si values at the lake outlet (YYFB)
are higher in June (1.82 £ 0.04 %o) or September (up to 2.17 + 0.03 %o) relative to October (1.63
+ 0.03 %o; Table 1), suggesting that seasonal lake diatom productivity affects lake §%°Si values

(Opfergelt et al., 2011; Zahajska et al., 2021).

5.3 Quantification of thermal and non-thermal contributions to silicon fluxes

To estimate the percentage of non-thermal waters flowing into rivers at high discharge (during
snowmelt), we assume that during base flow, riverine Ge/Si and 5*°Si values reflect a dominant

thermal contribution, and that during high river discharge (during snowmelt), the Ge/Si and §%°Si
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values reflect inputs from thermal and non-thermal sources (Figure 5). The increase of non-thermal
waters to rivers at high discharge is driven by surface runoff and higher groundwater pressure
following snowmelt recharge into the subsurface which increases thermal water discharge during
peak discharge (Figure 5). Although sources of thermal waters between the rivers significantly
differ (section 5.2), we assume that the Ge/Si and the §%°Si compositions of the thermal discharge
are constant throughout the year for all rivers. Accordingly, the change in §°°Si and Ge/Si at high
discharge relative to base flow results from flow of non-thermal water following snowmelt with a

distinct Ge/Si and §°Si composition.

With these assumptions, the fraction of non-thermal water flowing into each of the rivers at high
discharge is quantified using the following equations:

Ge/Sinp = Ge/Sisr . X + Ge/Sint . (1-X) Eq. 1

5%°Sinp = 5%Sige . X + §%Si n7. (1-X) Eq. 2

with subscripts HD for high discharge (following snowmelt), BF for base flow, NT for non-

thermal, x as the combined thermal and non-thermal contribution to river water at base flow

(dominated by thermal contribution), and (1-x) as the non-thermal contribution at high discharge.

For each river, the Ge/Si values measured in June and in September (Table 1) are used for solving

Equation 1 for the Ge/Sinp and Ge/Sigr, respectively. The same applies for the §%°Sipp and 5*°Sigr

values in Equation 2.
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a) During base flow b) During high discharge
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Figure 5. Illustration showing the Ge/Si ratio and the Si isotope composition (5°°Si) in a river (a)
during base flow and (b) during high discharge (following snowmelt). The thermal input is the
dominant contribution during base flow. During high discharge, rivers receive a non-thermal
contribution mobilized by surface runoff at snowmelt. HD = high discharge, BF = base flow, NT

= non-thermal.

To calculate the non-thermal contribution of silicon during high river discharge (1-x), we apply
Equation 1 to all rivers, and Equation 2 to the rivers for which §%°Si values are available in base
flow and at high discharge (Yellowstone River and creeks flowing into Yellowstone Lake). Two
scenarios are considered for the geochemical composition (Ge/Sint and §%°SinT) of the non-thermal
silicon contribution (McCleskey et al., 2020): surface water influenced by rhyolite weathering
(Scenario 1), and surface water influenced by rhyolite weathering and mineral precipitation

(Scenario 2). A contribution from surface water influenced by the low-temperature dissolution of
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rhyolite (Scenario 1; Ge/Si = 2 pmol.mol™?, Bernstein, 1985; §%°Si = -0.14 %o, Savage et al., 2011)
would decrease the Ge/Si and the §°Si of the river at high discharge relative to base flow. Scenario
1 applies to all major rivers draining the YPVF and some creeks flowing into Yellowstone Lake
(Sedge Creek, Big Thumb Creek, Pelican Creek) (Figure 3). A contribution from surface water
influenced by clay minerals formation (Scenario 2; Ge/Si = 0.7 umol.mol?, Lugolobi et al., 2010;
8%0Si = 1.2 %o, Ziegler et al., 2005) would decrease the Ge/Si and increase the §%°Si of the river at
high discharge relative to base flow due to the preferential incorporation of Ge and light silicon
isotopes into secondary minerals (e.g., Cornelis et al., 2011; Opfergelt and Delmelle, 2012).
Scenario 2 applies to two creeks with small drainage areas (< 25 km?), i.e., Bridge Creek upstream
and Little Thumb Creek upstream (Figure 3). The influence of secondary mineral formation on
silicon riverine fluxes may be limited in large catchments dominated by thermal input, but could
be seasonally exacerbated in small catchments during periods dominated by surface and subsurface
runoff. The potential influence of secondary minerals (amorphous silica dissolution and/or
formation of secondary phases) modulating silicon fluxes is therefore considered in large rivers

given the implications for the atmospheric CO, consumption (see section 5.4).

According to Scenario 1 and Scenario 2, the estimated non-thermal contribution of silicon
mobilized at high discharge (1-x; Table S2) is 29 + 23 % for major rivers and 41 + 24 % for creeks
flowing into Yellowstone Lake (Figure 6). These values are within the range of the annual non-
thermal silicon contribution to rivers draining YPVF of 0 to 58 % calculated with different methods
(Hurwitz et al., 2010; Figure 6). Thus, non-thermal silicon fluxes during high river discharge are

significant.

The predictions using Equation 1 and Equation 2 are within 5 % (Figure 6) for the Yellowstone

River (YYFB) and for the creeks with the smallest drainage areas (LT and BCu), but are more
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variable for creeks with large drainage areas (between 50 and 300 km?; PEL and SDG). For Arnica
Creek, the non-thermal silicon contribution mobilized at high discharge is so minimal that it cannot
be calculated using Equation 1 and it equals 6 % from Equation 2. For Bridge Creek upstream and
Little Thumb Creek upstream, if Scenario 2 was not considered, their non-thermal silicon
contribution would be underestimated by 14 %. For Big Thumb Creek (drainage area of 26 km?),
the estimation from Equation 1 indicates that 22 % of the non-thermal silicon flux mobilized at
snowmelt is overestimated (1-x = 1.22; Table S2). The Ge/Sinp of Big Thumb Creek is lower than
predicted by a contribution from low-temperature rhyolite dissolution, which supports a source
with a lower Ge/Si value, likely dissolution of amorphous silica or colloidal silica. Sub-zero winter
temperatures at the YPVF induce cryogenic opal-A precipitation from spring waters trapped in ice
(colloidal silica) that can be remobilized at snowmelt, i.e., possibly leading to seasonal release of
silicon with ice melt (Channing and Butler, 2007). Low Ge/Si values are expected for opal from
siliceous sinters (in sinters from YPVF: Ge/Si = 0.4 to 5.6 umol.mol™; Churchill et al., 2021). The
small drainage area of Big Thumb Creek may contribute to exacerbate the relative influence of
amorphous silica dissolution (derived from cryogenic opal formed in local thermal areas) on

silicon fluxes at peak discharge.
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Figure 6: Percentage of non-thermal silicon contribution to river waters calculated with Equation
1 (open black bar) and Equation 2 (full black bar), and the calculated annual non-thermal
contribution to river waters (dotted bar; Hurwitz et al., 2010). Rivers: Yellowstone River at lake
outlet (YYFB), Gardner River (YGAR), Madison River (YMAD), Gibbon River (YGIB), Firehole
River (near Old Faithful, YFOF; near Madison junction, YFIR), Snake River (YSNA), Fall River
(YFAL). Creeks: Big Thumb Creek (BT), Little Thumb Creek (LT), Arnica Creek (ARC), Bridge
Creek (BCu), Pelican Creek (PEL), Sedge Creek (SDG). The drainage area (grey line, log-scale)

is larger for the main rivers compared to the creeks flowing into Yellowstone Lake.

5.4 Implications for the atmospheric CO2 consumption

Following the method developed by Edmond and Huh (1997), the rate of CO> uptake by silicate

weathering can be calculated using the dissolved silicon fluxes (Goldsmith et al., 2008; Freire et
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al., 2013) with a conservative estimate of HCO3:Si ratio of 2 based on HCOz3:Si ratios in waters,
i.e., a particularly appropriate method for river waters draining a variety of igneous and
metamorphic rocks (Edmond and Huh, 1997; Huh, 2003; Goldsmith et al., 2008). In rivers draining
the YPVF, the range of HCOa:Si ratio is between 1.2 and 3.2 (excluding Gardner and Snake rivers
which drain thermal areas with underlying limestones) (Hurwitz et al., 2010; McCleskey et al.,
2017). Between a low (1.2) and a high (3.2) HCOs:Si ratio, we estimate a minimum and a
maximum atmospheric CO. consumption associated with the non-thermal silicon for major rivers
draining the YPVF ranging between 0.07 (Yellowstone River at the lake outlet) and 3.03 (Fall
River) ton.km2.yr? of CO, (Figure 7a). If some of the processes that modulate silicon fluxes in
creeks are applicable to large rivers (amorphous silica dissolution and/or formation of secondary
phases), then the atmospheric CO2 consumption associated with the non-thermal silicon
contribution mobilized at snowmelt may vary by up to 22 % represented by the error bars on Figure

7a.

The current estimates of diffuse CO2 emissions from the YPVF including magmatic and crustal
(derived from pre-Quaternary sedimentary/metamorphic basement rocks) range between 10 and
60 kt.day? (Werner and Brantley, 2003; Hurwitz and Lowenstern, 2014). Relative to this CO>
output to the atmosphere, the CO> consumption associated with non-thermal silicate weathering
mobilized at snowmelt is negligible (< 0.1 %). However, this CO2 consumption rate represents 1
to 2 % (up to 5% for some YPVF rivers such as Fall River) of the annual mean atmospheric CO-
consumption in other volcanic regions, i.e., mainly with basalt-andesite compositions and without
distinction between thermal and non-thermal contributions (Figure 7b; in ton.km2.yr?:
Kamchatka: 15-20, Dessert et al., 2009; Réunion: 48-180, Louvat and Allégre, 1997; Deccan trapp:

26-110, Dessert et al., 2001; Philippines: 162-180; Schopka et al., 2001; Dominique: 8-69,
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Goldschmidt et al., 2010; Martinique/Guadeloupe: 48-62, Rad et al., 2006; Iceland: 6-78,

Stefansson and Gislason, 2001).

This study highlights the need to characterize and quantify temporal variations in riverine
chemistry to improve estimates of atmospheric CO. consumption by silicate weathering. Non-
thermal contribution to riverine fluxes can be a subtle portion of the fluxes at high discharge but a

non-negligible fraction of the atmospheric CO2 consumption by silicate weathering.
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Figure 7: (a) Atmospheric CO2 consumption associated with low temperature silicate rock
weathering mobilized at snowmelt in rivers draining the YPVF following a low HCOz3:Si ratio
(2.2; full bar) and a high HCOa3:Si ratio (3.2; open bar) (see section 5.4 for details). Labels:

Yellowstone River at lake outlet (YYFB), Gardner River (YGAR), Madison River (YMAD),
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Gibbon River (YGIB), Firehole River near Madison junction (YFIR), Snake River (YSNA), Fall
River (YFAL). Error bars represent the maximum variability if the processes that modulate silicon
fluxes in creeks flowing into Yellowstone Lake are applied to large rivers. (b) Annual atmospheric
CO- consumption associated with silicate rock weathering in volcanic regions with error bars as

the standard deviation on the average value (references in section 5.4).

6. Conclusions

We determined Ge/Si ratios and §%°Si values of thermal waters, rivers and creeks in Yellowstone
Plateau Volcanic Field that were collected during base flow and during high discharge (following
snowmelt) to quantify changes in the balance between thermal and non-thermal silicon sources to

rivers. The main conclusions drawn from this study are:

(i) The Ge/Si ratio (183 * 22 umol.mol?, n = 6) and the 5°°Si compositions (-0.09 + 0.04 %o) of
alkaline-chloride thermal waters from the Upper Geyser Basin reflect high-temperature
groundwater rhyolite reactions. Silica precipitation as opal does not significantly affect the Ge/Si

ratio and the 5°°Si compositions of the thermal waters.

(if) The higher Ge/Si ratio in rivers that mainly drain alkaline-chloride thermal areas (35 + 23
pumol.mol; n = 18) compared with creeks flowing into Yellowstone Lake that mainly drain acid-
sulfate thermal areas (5 + 3 pmol.mol™, n = 12) is explained by the different chemical compositions

of thermal waters.

(iii) The change in Ge/Si ratio and §%°Si in rivers and creeks following snowmelt reflects a non-

thermal contribution of silicon, 29 + 23 % for major rivers compared with base flow and 41 + 24
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% for creeks flowing into Yellowstone Lake. This increase is driven by surface runoff and shallow,

low-temperature groundwater flow.

(iv) The atmospheric CO2 consumption associated with the non-thermal contribution in the YPVF
rivers is between 0.07 and 3.03 ton.km=2.yr?. This represents 1 to 2 % of the annual mean
atmospheric CO2 consumption in other volcanic regions. This highlights the significance of
quantifying seasonal and long term (decadal) variations in chemical weathering fluxes to improve

estimates of atmospheric CO2 consumption rates.
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