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1. Introduction
The mixing of geothermal waters and glacier meltwater is a widespread phenomenon but its chemical and micro-
biological effects on water quality are not fully understood. Approximately one fifth of the 1,443 known subaerial 
Holocene volcanic centers are glaciated or have permanent snowfields (Curtis & Kyle, 2017). These glaciated 
volcanoes occur on every continent and are particularly prominent in plate boundary and hotspot volcanic regions 
including, for example, the Cascades of the American northwest, Alaska, the Andes, Iceland, and the Kamchatka 
peninsula of Russia (Curtis & Kyle, 2017). Furthermore, subglacial volcanoes and geothermal heat are renowned 
for producing large quantities of meltwater that can result in glacial outburst floods, as is commonly observed in 
Iceland (Björnsson, 2002; Tomasson, 1996) and other regions around the world (Major & Newhall, 1989; Pierson 
et al., 1990). Volcanoes and geothermal sites are widespread in the heavily glaciated region of Antarctica, includ-
ing at high elevations and along the margins of the continent in ice-free terrain (Fraser et al., 2014), as well as 
beneath the West Antarctic Ice Sheet, where 138 volcanoes have been identified (De Vries et al., 2018). Similar 
systems may also exist on other planetary bodies. For example, volcanism and glaciation have been dominant 

Abstract Environments where geothermal waters and glacier meltwater mix are common on Earth yet 
little is known about the biogeochemical processes that occur when hot, reduced geothermal water mixes 
with cold, oxidized glacial meltwater in natural systems. Mount St. Helens provides an ideal location to study 
the interaction between geothermal and glacier waters since the water sources, and their mixing environment 
in Step Creek, are exposed in the volcanic crater. We find that the two water sources contain distinct major 
ion, trace element, dissolved organic matter (DOM), and biological signatures. The hot spring contains high 
concentrations of biogeochemically reactive components (e.g., siderophile and chalcophile trace elements and 
DOM) compared to the glacier discharge but a large fraction of these solutes do not remain in solution after the 
waters mix. In contrast, glacier discharge contains fewer solutes but most of these solutes remain in solution 
after the waters mix. The mixing of glacier and hot spring water in Step Creek supports seston and benthic 
ecosystems that have higher phototrophic and microbial biomass than those in the source waters, suggesting 
that the mixing environment in this high-gradient stream provide a more comprehensive suite of soluble and 
essential nutrients that promote primary production and DOM cycling.

Plain Language Summary Most of the waters that drain from the crater of Mount St. Helens 
originate from hot spring seeps or the glacier within the crater. We found these two water sources have distinct 
chemical fingerprints. When the two water types mix in Step Creek, many of the chemical species from the 
hot spring either precipitate out of solution or are consumed by the aquatic ecosystem, while most of the 
chemical species from the glacier flow downstream. The chemical energy and the combination of essential 
nutrients  supplied by the two water sources appear to stimulate a more productive downstream aquatic 
ecosystem.
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processes on Mars and high-resolution imagery and topographic data reveal landforms indicative of volcano-ice 
interactions (Neukum et al., 2004; Orosei et al., 2018; Scanlon et al., 2014).

Warm geothermal waters usually contain high concentrations of reduced volcanic gases and solute, while cold 
glacial meltwaters are typically solute-poor and oxic. Mixing between these two water and solute sources can 
have important biogeochemical implications. First, the mixing rates between the two water sources can define 
downstream physicochemical conditions, including redox state, solute composition, and the concentration of 
volatile gases (Burns et al., 2018; Wynn et al., 2015) and thus the microbial processes that can occur. For exam-
ple, geothermal activity beneath the Icelandic glacier Sólheimajökull creates suboxic conditions that promotes 
methane production along the downstream subglacial flow path (Burns et al., 2018). Second, the mixing of such 
chemically distinct water types may provide chemical disequilibrium that microorganisms can use to fuel their 
metabolism. For example, the microbes detected in a subglacial volcanic crater lake system in Iceland were 
related to microbes capable of using sulfide, sulfur, or hydrogen (common geothermal components) as elec-
tron donors and oxygen, sulfate, or carbon dioxide (common glacier components) as electron acceptors (Gaidos 
et al., 2009). Since the mixing of geothermal waters and glacier meltwater can provide life’s basic requirements, 
such environments are high priority targets in the search for extraterrestrial life (Garcia-Lopez & Cid,  2017; 
Schulze-Makuch et  al., 2007) and have been studied in analog research on Earth (Gaidos et  al., 2004, 2009; 
Moreras-Marti et al., 2021).

Previous field studies suggest that volcanic chemical species are important energy and nutrient sources for 
cryospheric ecosystems, including snow algae communities of stratovolcanoes of the Pacific Northwest 
(Hamilton & Havig, 2016; Havig & Hamilton, 2019), the englacial microbial communities of a glaciated volcano 
on Deception Island, Antarctica (Martinez-Alonso et  al.,  2019), and subglacial volcanic crater lake (Gaidos 
et  al.,  2004,  2009) and glacially fed ponds (Moreras-Marti et  al.,  2021) in Iceland. However, the nature of 
these systems often precludes access to the discrete mixing environments that exist and/or their volcanic and 
cryospheric end-members. For this reason, Mount St. Helens provides an ideal location to study the interaction 
between glacial meltwater and geothermal waters since glacial and geothermal water sources and their mixing 
environment are exposed as surface waters in the crater.

Mount St. Helens has been studied extensively since its eruption in 1980, including research on its volcanology 
and petrology (Pallister et al., 2008; Wanke et al., 2019), geology (Gabrielli et al., 2020), the Crater Glacier in 
which recent dacite domes protrude (Price & Walder, 2007; Walder et al., 2007, 2010), groundwater systems 
(Bedrosian et al., 2007; Wynn et al., 2016), and hydrothermal crater discharge (Bergfeld et al., 2008, 2017; Goff 
& McMurtry, 2000; Shevenell & Goff, 1993; Thompson, 1990). These studies provide a framework for under-
standing the volcanic and glacial histories of the two primary water sources that mix and are discharged from the 
crater. The objectives of this study are therefore (a) to characterize the nutrients, chemical energy sources, and 
biomass associated with geothermal and glacial waters using integrated interdisciplinary analytical techniques 
and (b) to evaluate the biogeochemical and microbiological effects as these waters mix.

2. Materials and Methods
2.1. Field Site

The catastrophic eruption of Mount St. Helens volcano in 1980 removed the upper 400 m of the mountain, leav-
ing a crater 2 × 3.5 km in size (Christiansen & Peterson, 1981). During the eruption, a debris avalanche breached 
the crater to flow down the north flank, flattening the surrounding landscape and covering the area with fresh 
ash, pumice, and volcanic rocks (Christiansen & Peterson, 1981). In response to heavy snowfalls and frequent 
rock and snow debris avalanches from the crater walls, a glacier formed in the shadow along the southern rim of 
the crater. Dacite domes from the 1980–1984 eruption, and another that followed in 2004–2008, protrude Crater 
Glacier, splitting the glacier into two arms. The highly crevassed glacier quickly channels meltwater to the glacier 
bed, where it likely drains in the shallow subsurface amongst the thick layer of coarse rock debris underlying the 
glacier, largely comprised of 1980 avalanche and pyroclastic deposits (Walder et al., 2010) consisting of dacite, 
andesite, and basalt (Glicken, 1996).

Step Creek drains the western arm of the glacier (Figure 1), with discharge rates that typically peak in July/
August > 700 L/s) and recede to a baseline flow rate (∼200 L/s) throughout the winter (Bergfeld et al., 2008). 
Approximately 500 m downstream from the glacier terminus, a set of hot springs emerge from the subsurface 
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either directly into the stream bed or in one case, the stream bank within 3 m of the creek. The springs are 
thought to drain through a perched aquifer at 60–120 m depth, within or at the base of the 1980 debris avalanche 
deposits (Shevenell & Goff, 1993). These thermal waters probably originate in a hydrothermal system within 
the lava dome where water vapor is exsolved from deep cooling magma, condenses at shallower depths where it 
mixes with meteoric waters, and interacts with the still-hot dacite intrusive rock (Bedrosian et al., 2007; Wynn 
et al., 2016).

2.2. Field Methods

We visited the Step Creek watershed on 21 and 28 September 2020, a time of year in which discharge rates 
from the crater have receded from their peak in July/August (Bergfeld et al., 2008) and glacial runoff is domi-
nated by icemelt rather than snowmelt. Over the 2 days, we collected one sample of each of the following: (a) 
The glacier discharge in Step Creek, approximately 100 m from the terminus (hereafter referred to as “glacier” 
discharge), (b) the hot spring discharge draining into Step Creek (hereafter referred to as “hot spring” discharge), 
and (c) the mixed waters as well as benthic mats in Step Creek (hereafter referred to as “Mixed Downstream”) 
(Figure 1), approximately 2 km downstream, after the waters flow over a waterfall. We also sampled benthic 
biofilms and mats from Step Creek, where the hot spring and glacier waters first mix (hereafter referred to as 

Figure 1. (a) Map of Mount St. Helens study area including the two watersheds (solid black lines) and creeks (solid blue lines) that drain the crater and sample 
locations along Step Creek (“glacier”, “hot spring”, “Mixed Upstream”, and “Mixed Downstream”) and discrete conductivity and temperature measurements along Step 
Creek. (b) Detailed view (covering area indicated by the dashed box in panel (a)) showing sample and survey locations along Step Creek. The legend applies to both 
panels. Basemap derived from Mosbrucker (2014).
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“Mixed Upstream”) (Figure  1). In situ temperature and electrical conductivity measurements were collected 
along the upper reach of Step Creek, including five hot spring discharge locations as well as the Mixed Down-
stream sampling site using an Onset® HOBO® U-24-001 conductivity logger. In situ pH measurements were 
collected using a handheld pH meter (Oakton®).

Field and storage methods for aqueous chemistry and seston biomass sampling are described in Table S1 in 
Supporting Information S1. In brief, a peristaltic pump or syringe was used to filter water samples for (a) DOM 
characterization via negative-ion electrospray ionization Fourier transform ion cyclotron resonance mass spec-
trometry (FT-ICR MS) (Hendrickson et al., 2015; Smith et al., 2018), (b) Dissolved organic carbon (DOC), (c) 
major ions and nutrients, (d) alkalinity, and (e) size fractionated trace metals. The two trace metal size fractions 
are referred to as colloidal/nanoparticle (cn[element], 0.02–0.22 μm) and soluble (s[element], <0.02 μm), as 
per previous naming conventions (Hawkings et al., 2020), with dissolved (d[element]) considered as the frac-
tion  <0.22  μm. Unfiltered samples were also collected to measure fluorescent DOM and cell densities and 
samples were filtered in the field with syringe and Nalgene™ Filter tower for seston microbial biomass and 
primary producer biomass, respectively (Table S1 in Supporting Information S1).

Biofilms for pigment analysis were collected using sterile scoops, placed into 50 mL conical tubes, chilled in 
the field, and stored at −20°C until processed. Biofilms for microscopy were stored at 1–4°C until imaged. 
Digital holographic microscopy (DHM) was performed in the field (for glacier discharge samples) or with 
returned samples (within 72 hr) in the laboratory (for biofilm) using a custom instrument based upon a previ-
ously described off-axis, common-path design (Wallace et al., 2016). The instrument size was reduced relative 
to the original design by “folding” the optical train and modified for field use by interfacing it to an electronics 
card that allowed for push-button operation and battery power. The sample chambers were 0.8 mm deep and 
the lateral view was 365 × 365 μm and the spatial resolution was ∼0.8 μm. Data were collected using a custom 
software package (DHMx) available from an open source (Fregoso, 2020). Data analysis was performed using a 
Fiji reconstruction package (Cohoe et al., 2019). Tracking was performed by median subtraction of the holograms 
followed by reconstruction in amplitude (Bedrossian et al., 2020). There was no appreciable fluid flow in the 
sample chamber during image capture.

2.3. Laboratory Methods

Samples were analyzed for major ions (F −, Cl −, NO2 −, Br −, NO3 −, PO4 3−, SO4 2−, NH4 +, Na +, Mg 2+, and Ca 2+) 
by ion chromatography using a Metrohm Compact IC Flex ion chromatograph equipped with a C4 cation column 
and an aSupp5 anion column; precision and accuracy were better than 5%. Alkalinity was measured by manually 
titrating approximately 40 ml of sample with 0.0016 N or 0.00016 H2SO4 and recording the pH at regular inter-
vals. Trace metal samples were measured on a Thermo Scientific™ Element 2™ HR-ICP-MS (high resolution 
inductively coupled mass spectrometer) using indium (In) as an internal standard to correct for drift and matrix 
effects, following methods described by Hawkings et al. (2020). Precision and accuracy were determined using 
gravimetrically weighed standards and replicates of a certified reference material (SLRS-6; National Research 
Council of Canada) and were better than ±5%, apart from La, Ce, Pr, Nd, and Pb, with accuracy varying between 
±8% and 12%. DOC concentrations were measured as nonpurgeable organic carbon, after sample acidifica-
tion with 12 M HCl to pH 2, using a Shimadzu™ TOC-L high temperature catalytic combustion analyzer with 
high sensitivity catalyst. Sample concentrations were determined from an average of three injections (out of 
five) against a 6-point calibration curve ranging from 0 to 2000 ppb DOC, with a coefficient of variance <5%. 
Solid-phase extracted DOM (SPE-DOM) composition was determined after extraction onto and subsequent 
elution from PPL (Priority PolLutant) resin (Agilent Technologies) and analyzed by negative-ion electrospray 
ionization with a custom-built 21 T FT ICR-MS (Hendrickson et al., 2015; Smith et al., 2018), following sample 
preparation and analytical procedures described by Kellerman et al. (2021).

Samples for FDOM were analyzed using the bespoke Subglacial Underwater Reconnaissance Flow-through Fluo-
rescence Spectrometer (SURFFS), a six-channel flow-through analyzer originally developed for a glacier penetrat-
ing cryobot, VALKYRIE (Very deep Autonomous Laser-powered Kilowatt-class Yo-yoing Robotic Ice Explorer) 
(Clark et al., 2018). Fluorescence of the water samples was excited by 255-nm LEDs with emission monitored 
simultaneously to detect protein-like material (320 and 340 nm), fulvic acid/clay material (375 and 500 nm), and 
volcanic ash/chlorophyll material (675 nm) (Bramall, 2007; Dartnell et al., 2010; Eshelman et al., 2019; Price 
et al., 2009). Sample water was pressure driven using nitrogen gas from the sample bottles to the fluorometer and 
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the flow rate of the fluid was monitored on the output. Each data point presented herein represents the average of 
several hundred readings of the fluid flowing through the SURFFS instrument. Between samples, the system was 
cleaned using a solution of DIW and Five Star PBW™ cleaner and finally rinsed with DIW to remove trace levels 
of organics. Baseline monitoring of DIW after cleaning the system verified its cleanliness.

Epifluorescence microscopy was used to enumerate microbial cells in the water samples by concentrating 2–8 mL 
of water fixed with borate-buffered formalin onto black isopore filters, as described by Christner et al. (2018). A 
Nikon Eclipse Ni-E microscope was used to count the number of DNA-containing cells in 30–40 fields of view, 
which was used to estimate the cell concentration for each sample.

To estimate viable microbial biomass, ATP was quantified from cells concentrated on the filters and using the 
ATP Biomass Kit HS (Biothema, 266–311) following previously described methods (Christner et  al.,  2018). 
The relative luminescence units before and after addition of an internal standard (1 pmol of ATP) were used to 
calculate the concentration of ATP in each sample (Lundin, 2000). Chlorophyll-a was extracted from filters using 
90% v/v aqueous acetone as described by Welschmeyer (1994) and fluorescence was measured using a Qubit 
3 fluorometer (Excitation, 470 nm and Emission, 665–720 nm). Chlorophyll in biofilm samples (0.03–0.99 g) 
was also extracted in acetone, and water soluble pigments were extracted in 50 mM sodium phosphate buffer pH 
6.8 using a freeze-thaw method (Horváth et al., 2013). Chlorophyll-a was also measured on samples of glacier 
discharge and hot spring discharge soon using an ECO-FL-NTU(RT) Chlorophyll and Turbidity sensor (WET 
Labs Inc.) with a detection limit of 0.025 μg/L.

Widefield fluorescence and bright-field microscopy were performed on live returned unstained samples using 
an Olympus IX71 inverted microscope with a 40x objective (numerical aperture of 0.7). Fluorescence emis-
sion was collected using Hg lamp excitation with a multiband filter set (Chroma multiband filter #89402, 
391-32/479-33/554-24/638-31) captured on a Zeiss Axiocam 305 RGB camera. Data processing was performed 
using Zeiss Zen.

2.4. Data Analysis

End-member mixing analysis was used to quantify the relative proportions of glacier discharge and hot spring 
discharge to Step Creek (Equations 1 and 2). Bromide (Br −), chloride (Cl −), and fluoride (F −) serve as effective 
tracers in this system according to the conditions specified by Barthodl et al. (2011) since (a) they have extreme 
concentrations in the hot spring and glacier discharges (SI Table 1), (b) they are considered conservative in 
many aquatic systems because they do not tend to precipitate as salts, to interact with rocks along a stream 
channel, or to be significantly taken up by the biomass (Davis et al., 1998), (c) we expect concentrations in the 
source waters to have remained relatively constant over our sampling period because solute concentrations in 
discharge from glaciers without complex/dynamic subglacial drainage systems (as is the case for Crater Glacier; 
Walder et al., 2010) tend to remain stable toward the end of the melt season and Cl − concentrations in hot spring 
discharge do not fluctuate dramatically over time (Bergfeld et al., 2008), and (d) we expect the solutes to be well 
mixed at our sampling site 2 km downstream (after a waterfall).

��� = [���]�� – [���]��

[���]�� − [���]��
 (1)

1 = 𝐹𝐹𝐺𝐺𝐺𝐺 + 𝐹𝐹𝐻𝐻𝐻𝐻 (2)

where F represents the fractional contribution, HS refers to hot spring discharge, GL refers to glacier discharge, 
and DS refers to Mixed Downstream discharge. [HAL] represents the concentration of bromide, chloride or 
fluoride.

We then used the fractional contribution of the hot spring and glacier discharges from the end-member mixing 
analysis to estimate the concentration of other biogeochemical parameters, assuming conservative mixing condi-
tions (Equation 3).

[�]��� = ���[�]�� + ��� [�]�� (3)

where [X] represents the concentration of other biogeochemical parameters in glacier discharge (GL), hot spring 
discharge (HS), and modeled downstream discharge (mDS).
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Model results assume conservative mixing conditions for biogeochemical parameter [X]. We therefore compare 
our observed [X] to modeled results to determine whether parameter X behaves conservatively or whether there 
is a net source or sink for that parameter along Step Creek according to the following logic:

1.  We consider the analyte to have net source(s) if observed concentrations are greater than all three modeled 
concentrations: [X]observed > [X]modeled

2.  We consider the analyte to have net sink(s) if observed concentrations are less than all three modeled concen-
trations: [X]observed < [X]modeled

3.  We consider the analyte to behave conservatively, or have sinks that are in equilibrium with sources, if 
observed concentrations are not consistently greater than, or less than, all three modeled concentrations:  
[X]observed = [X]modeled

Mass spectra for SPE-DOM were calibrated using Predator Analysis software (Blakney et al., 2011) and molec-
ular formulae were assigned with PetroOrg software (Corilo, 2015). SPE-DOM composition was summarized by 
(a) molecular diversity (number of assigned formula); (b) heteroatomic content, as molecular formula containing 
only carbon, hydrogen, and oxygen (CHO) and formulae with nitrogen (CHON), sulfur (CHOS) or both nitrogen 
and sulfur (CHONS); (c) modified aromaticity index (AImod) (Koch & Dittmar, 2006); (d) Nominal oxidation state 
of carbon (NOSC) (Riedel et al., 2012); (e) the proportion of potentially chemically stable molecular formulae 
falling in the Island of Stability (Lechtenfeld et al., 2014); and (f) six formula categories which include condensed 
aromatics, polyphenolics, highly unsaturated and phenolic, aliphatic, peptide-like, and sugar-like following previ-
ous definitions (Kellerman et al., 2021; Osterholz et al., 2016; Spencer, Guo, et al., 2014).

The partial pressure of CO2 (pCO2) was estimated for each water sample using pH and HCO3 − concentrations 
following methods described by Raiswell and Thomas (1984). ATP concentration data for the three sample sites 
were used to estimate viable biomass with a conversion factor for aquatic systems proposed by Karl (1980):

� = 250 ���� (4)

where B is biomass in grams of carbon (g C) and ATP is in grams of ATP (g ATP).

Spearman correlation coefficients were used to assess the monotonic association between cell numbers and 
biomass. Analysis of variance (ANOVA) was used to compare ATP and cell concentrations between samples.

3. Results
3.1. Glacier Discharge

Stream water, collected approximately 100 m from the terminus of Crater Glacier, was cold (0.7°C), contained 
high suspended sediment concentrations (580 mg L −1), was dilute (low total solutes; 12 mg L −1), and had high 
pCO2 (10 −2.8 atm) compared to waters in equilibrium with the atmosphere (10 −3.4 atm). Solute was dominated 
by Si, Na +, and HCO3 −, with dissolved trace elements dominated by first series transition metals and lanthanide 
rare earth trace metals (Figures 2a and 2b), which were predominantly in the colloidal/nanoparticulate size frac-
tion (Figure S1 in Supporting Information S1). The glacier discharge contained the highest NO3 − concentrations 
(2.9 μM) and the lowest PO4 3− (1.3 μM, Figure 2), DOC (7.5 μM), and FDOM fluorescence values measured in 
this study (Figure 3). The SPE-DOM had a high molecular diversity and contained a relatively high proportion 
of oxidized and aromatic compounds, predominantly CHO and CHON in composition (Figures 3d–3i). Though 
the DOM in glacier discharge had the highest terrestrial DOM signatures of the samples explored in this study 
(e.g., abundance of polyphenolic and condensed aromatic formulae and chlorophyll-like fluorescence; Figure 3), 
the terrestrial DOM signatures in glacier discharge remain lower than those in other freshwater systems and 
glacial environments with sedimentary bedrock, developed soils and/or vegetative cover in the upstream catch-
ment (Kellerman et al., 2021).

The cell concentration of glacier discharge based on epifluorescence microscopy was 3.4 ± 0.2 × 10 4 cells mL −1 
and the concentration of ATP was 2.4 ± 0.2 × 10 −4 pmol mL −1 (Figure 4). The strong correlation between cell 
concentration and ATP across the sampling sites (rs = 0.93, p < 0.05, n = 9) was used to derive cellular ATP 
content and estimate carbon biomass, resulting in concentrations of 7.2 ± 0.4 × 10 −12 nmol cell −1 and 30.8 ± 1.9 
pg C mL −1, respectively (Figure 4). Chlorophyll-a (1.0 μg L −1) (Figure 4) was the only chlorophyll detected, and 
it was only found in the water samples as no benthic biofilms or mats were present at this site. The few motile 
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microorganisms observed in the glacier discharge were small (∼1 μm) and were therefore probably prokaryotes 
(Figure 5).

3.2. Hot Spring Discharge

The hot spring waters were warm (51.5°C) and solute-rich (41.3 meq L −1) and had high pCO2 (10 −0.7  atm) 
compared to waters in equilibrium with the atmosphere (10 −3.4 atm). In situ measurements of temperature and 
electrical conductivity along the upper reach of Step Creek identified five discrete hot spring seeps into Step 
Creek, all within 35 m. No influxes of hot spring water into Step Creek were detected outside this area.

Solutes in hot spring discharge were dominated by Na +, SO4 2−, Cl −, and HCO3 − and trace element composition 
was dominated by alkali/alkaline earth metals (Li, Sr, Cs, and Ba) and to a lesser extent siderophiles/chalcophiles 
(Mn, Mo, Co, Fe, Ni, Cd, and Cu). The hot spring waters contained 5-fold higher DOC concentrations (40.2 μM) 
than glacier discharge (Figure 3). Hot spring SPE-DOM had relatively low molecular diversity and mass, low 
AImod, and consisted of compounds with low NOSC and a high proportion of potentially stable compounds, that is, 
those in the “Island of Stability” (Lechtenfeld et al., 2014) (Figure 3). Although most SPE-DOM could be consid-
ered highly unsaturated and phenolic (%RA), there was a higher relative abundance of aliphatic, peptide-like, and 
sulfur-containing compounds than in the glacier discharge SPE-DOM (Figure 3h; %RA). FDOM in the hot spring 
was predominantly protein-like and had the highest fluorescence per unit DOC among the environments meas-
ured in this study, suggesting a higher proportion of its DOC was fluorescent. However, most FDOM in the hot 
spring precipitated out of solution when the sample was left to settle for approximately 25 min (88%, 90% 82%, 
67%, and 0% of the fluorescence at emission wavelengths 320, 340, 375, 500, and 675, respectively) (Figure 3b).

Cell concentration in the hot spring discharge (8.8 ± 0.7 × 10 3 cells mL −1) was two-fold lower than that in the 
glacier discharge. Although the ATP concentration (1.2  ±  0.2  ×  10 −4 pmol ATP mL −1) and inferred carbon 
biomass (14.9 ± 2.6 pg C mL −1) were about half of the concentrations observed in glacier discharge, the ATP 
content per cell was nearly twice that of the other samples (1.3 ± 0.3 × 10 −11 nmol ATP cell −1), although these 
differences were not statistically significant (ANOVA, p > 0.05, n = 3) (Figure 4). Chlorophyll-a, determined by 
infield measurement, was low in the hot spring discharge (0.04 μg L −1) (Figure 4) and no benthic mats or biofilms 
were visible.

Figure 2. Geochemical summary of measurements of glacier, hot spring, and Mixed Downstream discharge and modeled geochemistry (i.e., assuming only 
conservative mixing) of Mixed Downstream discharge including (a) major anion and cation concentrations, (b) dissolved trace element concentrations of “less soluble” 
lithophiles (i.e., first series transition metals, actinides/lanthanides/Y—Al, Sc, Ti, V, Cr, Y, La, Ce, Pr, Nd. and U), “more soluble” lithophiles (alkali/alkaline earth 
elements—Li, Sr, Cs, and Ba), and chalcophiles/siderophiles (Mn, Mo, Co, Fe, Ni, Cd, Cu, and Pb), and (c) dissolved nutrient concentrations.
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3.3. Mixed Waters (Upstream and Downstream)

Step Creek was cold (0.7°C) and dilute (14 µS cm −1) in the upper reach but temperature and solutes rapidly 
increased in the vicinity of the hot springs, from 7.2°C to 16.8°C and 9.6 µS cm −1 to 502 µS cm −1 (Figure 1b). 
Both temperature and conductivity showed strong gradients across the channel where the two water sources 
met (i.e., the Mixed Upstream sampling site). Benthic biofilms were observed at the Mixed Upstream sampling 

Figure 3. Summary of dissolved organic matter at the three sample sites including (a) DOC concentrations, (b) FDOM 
emission measurements (excitation wavelength = 255 nm), (c) mean fluorescence: DOC ratio, SPE-DOM (d) molecular 
diversity, (e) molecular mass (box plots display the median, the lower and upper quartiles, outliers defined by the interquartile 
range, and the minimum and maximum values that are not outliers; “x” marks the weighted average), (f) the nominal 
oxidation state of carbon (Riedel et al., 2012), (g) modified aromaticity index (Koch & Dittmar, 2006), (h) relative abundance 
of molecules that are commonly considered stable (Lechtenfeld et al., 2014), and (i) relative abundance of SPE-DOM 
(expressed by formula categories and heteroatomic content) and FDOM (expressed by emission intensity relative to the sum 
of emission intensities for all measured wavelengths) for each sample type. Note that relative abundances are standardized 
by subtracting the relative abundance for each sample from the average relative abundance among glacier, hot spring and 
downstream samples for that DOM category. Parameters that represent concentration (a–c) include modeled concentrations 
for the Mixed Downstream site but parameters derived from relative abundance data (d–i) do not. Colors represent glacier 
discharge (blue), hot spring discharge (orange), and Mixed Downstream (gray) unless indicated otherwise.
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site, where the hot spring waters mix with glacier water, and the water temperature was 26°C (Figure 1b and 
Figure 6a). Spectral analysis of pigments extracted from the benthic biofilms showed peaks for chlorophyll-a, 
carotenoids, and phycocyanin, which indicated the presence of cyanobacteria (Figure 6c). No spectra character-
istic of bacteriochlorophylls were detected, suggesting these biofilms unlikely contained anoxygenic phototro-
phic bacteria (Yurkov & Beatty, 1998). Fluorescence microscopy confirmed chlorophyll autofluorescence of the 
cyanobacteria and microminerals could be seen entangled in the biofilms (Figure 6). Stationary cyanobacteria 
could also be identified in the DHM images by their dark color indicating the presence of chlorophyll (Figure 6e). 
A large number of motile organisms with a variety of swimming speeds and sizes (1–20 μm) were present, but 
outside the focal plane of the biofilms (Figure 6e).

Approximately 2 km downstream of the confluence of the two water sources (i.e., at the “Mixed Downstream” 
sampling site; Figure 1), conductivity increased to 973 µS cm −1 and water temperature was 13.9°C (Figure 1). 
Br −, Cl −, and F − mass balance calculations (Equations 1 and 2) imply that water at the Mixed Downstream site 
was comprised of 51%–58% hot spring water and 42%–49% glacial meltwater at the time of sampling. Water 
chemistry was dominated by Na +, HCO3 −, and Cl −, with enrichment in Ca 2+ (26–78 μM), Si (42–249 μM), and 
PO4 3− (2.3–2.4 μM) and depletion in HCO3 − (191–1090 μM), K + (23–86 μM), and NO3 − (0.1–0.3 μM), compared 
to conservative behavior predicted by the mixing model (Figure 7). Dissolved trace elements were dominated by 
Alkali/Alkaline Earth metals (Figure 2), but the waters were consistently enriched (by 45%–243%) in most of the 
“less-soluble” lithophile elements (First Series Transition Metals/Lanthanides/Actinides, excluding Cr and Sc) 
and consistently depleted (by 7%–95%) in siderophiles/chalcophiles compared to predicted conservative behavior 
(Figure 7). Conservative mixing conditions suggest the hot spring supplied 5–8 times more DOC to Step Creek 
than did the glacier. The DOC concentration at the Mixed Downstream site was 14 μM (Figure 3), which is 
38%–44% (or ∼6 μM) less than the conservative mixing model predicted (Figures 3 and 5), with more depleted 
FDOM at lower wavelengths (affiliated with protein-like material) than at higher wavelengths (affiliated with 
fulvic acids and chlorophyll) (Figure 7). Although the hot springs are estimated to contribute >5 times more DOC 
to Step Creek than the glacier, the SPE-DOM at the Mixed Downstream site was remarkably similar to the compo-
sition of SPE-DOM in the glacier discharge. Specifically, SPE-DOM at the Mixed Downstream site was similar to 
glacier SPE-DOM and distinct from hot spring SPE-DOM in terms of molecular diversity (n = 19,719 formula), 
molecular mass (𝐴𝐴 𝑥𝑥  = 600 Da), oxidation state (NOSC = 0.15), and aromaticity (AImod = 0.26) (Figure 3d–g). Like 
glacier discharge, most of the downstream SPE-DOM composition was categorized as highly unsaturated and 
phenolic compounds (85% RA), aliphatics (7% RA), and peptide-like (3% RA) (Figure 3i). However, discharge 
at the Mixed Downstream site had a higher proportion of N-containing SPE-DOM than either water source and, 

Figure 4. (a) ATP versus cell density, (b) chlorophyll-a versus carbon biomass estimated from ATP concentrations in water samples at the three sample sites, and (c) 
ATP content derived from data in (a). Error bars represent 1 standard deviation when replicate laboratory measurements were taken (for glacier, hot spring, and Mixed 
Downstream (observed)) or the minimum and maximum modeled values (for downstream modeled). Note that modeled concentrations assume conservative mixing 
conditions (Equation 3).
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like the hot spring discharge, had a higher relative abundance of potentially recalcitrant DOM (i.e., those in the 
“Island of Stability”; Figure 3h and i).

Biological signatures associated with seston at the Mixed Downstream site were higher than those in the glacier or 
hot spring discharge and those predicted by the conservative mixing model (ANOVA, p > 0.05; n = 3) (Figure 7). 
For instance, cell concentrations determined by epifluorescence microscopy (5.6 ± 1.2 × 10 4 cells mL −1) were 
104%–132% higher than modeled, as were ATP (7.8 ± 1.6 × 10 −4 pmol ATP mL −1), cellular ATP content (1.4 ± 
0.4 × 10 −11 nmol cell −1), carbon biomass (99.3 ± 20.0 pg C mL −1), and chlorophyll-a (7.7 μg L −1) (336%–361%, 
33%–39%, 271%–300%, and 1373%–1632%, respectively; Figure 4 and 7). Motile eukaryotes and prokaryotes 
were associated with seston at the Mixed Downstream site (Figure 5; Movie S1 in Supporting Information S1). 
Spectral analysis of pigments extracted from benthic biofilms at the Mixed Downstream site showed peaks for 
Chl a, Chl b, and carotenoids, indicating the presence of green algae (Figure 6).

Figure 5. Images and corresponding particle speeds in untreated and unconcentrated water at the Mixed Downstream (top row) and glacier discharge (bottom row) 
sites captured via DHM. (a) and (d) are median-subtracted amplitude-reconstructed hologram images (see Movies S1 and S2 in Supporting Information S1 showing 
motility). (b) and (e) are plots showing maximum pixel change at each time point of the holograms, collected at 15 frames/second for 32 s (c) and (f) are histograms 
summarizing the speed of tracks identified in (b) and (e). Tracks identified from the software that are affiliated with large particles (>5 μm in diameter) and speeds of 
>100 μm/s were confirmed by visual inspection to correspond to cells, whereas most tracks <100 μm/s could correspond to cells or debris. In some cases, more than 
one track may be assigned to a single cell (tracks were not stitched).
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4. Discussion
4.1. Water Sources

4.1.1. Glacier Discharge

Previous studies suggest that glacier meltwater rapidly drains from the surface to the bed of Crater Glacier due 
to the abundant crevassing, permeating a shallow subsurface aquifer that is comprised of a thick layer of coarse 

Figure 6. Benthic material at the Mixed Upstream (a) and downstream (b) sampling sites shown with arrows. Note a 50-ml 
conical tube for scale in (a), with field of view in (b) at approximately the same scale as (a). (c) Pigment concentrations 
for the material in (a) and (b). Pigments were extracted in either 90% acetone or 50 mM Na3PO4 as noted. (d) Images of 
benthic material at the Mixed Upstream sampling site using fluorescence microscopy with no stain (40x). (e) Amplitude 
reconstruction of a DHM image of the benthic material at a single focal plane (z = 0) and time point for which a 
supplementary video is available (Movie S3 in Supporting Information S1), showing the presence of organisms with a range 
of swimming speeds, morphologies, and sizes. Yellow arrows in (d) and (e) show sediment.
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Figure 7. Difference between observed and modeled (assuming conservative mixing conditions) water chemistry at the Mixed Downstream sampling site calculated 
by [�]��� − [�]�������

[�]�������
× 100 , where “X” is the concentration of each chemical parameter for (a) total solutes (TS), major elements and total phosphorus (TP), (b) trace 

elements (<0.22 μM), and (c) biological indicators. Error bars indicate the variability in mixing models using Cl −, Br −, and F − as tracer elements (Equations 1–3). 
Hashed marks indicate the proportion of fluorescence that can be explained by precipitation and orange-blue colors indicate whether each parameter was relatively 
enriched in the hot spring discharge (orange) versus the glacier discharge (blue). For example, a blue bar indicates that the parameter was more abundant in the glacier 
discharge compared to the hot spring discharge. The positive and negative bars indicate whether the parameter was enriched or depleted at the Mixed Downstream 
mixed site compared to the mixing model. *Note that Cr, Mo, Fe, and Mn can show both lithophile and siderophile characteristics.
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rock debris that was produced in the 1980 avalanche and from pyroclastic deposits (Bedrosian et al., 2007; Walder 
et al., 2007). Since these waters transit through a relatively efficient drainage system (Walder et al., 2007), they 
probably remain oxic and capable of weathering the dacite that protrudes the glacier (Pallister et al., 2008) and 
the debris avalanche and pyroclastic deposits that underlie the glacier (Walder et al., 2007). The dissolved and 
colloidal material detected in glacier discharge comprises elements found in the Earth’s crust that are acquired by 
erosion and/or weathering of silicate minerals. For example, glacier discharge contained relatively high concen-
trations of first series transition metals and lanthanoids, which are commonly derived from silicate weathering 
(Fleischer, 1954; Goldstein & Jacobsen, 1988; Hans Wedepohl, 1995; Shiller & Mao, 2000), including reactive 
pyroclastic material (Malpas et al., 2001; Marra & D’ambrosio, 2012). Cl − and SO4 2− content in surface waters 
are an indicator of contact with exsolved brines/the magmatic system at Mount St. Helens (Bergfeld et al., 2008; 
Shevenell & Goff, 1993) or sulfide oxidation in glacier systems (e.g., Anderson et al., 2000; Tranter et al., 2002), 
so their relatively low concentrations in glacier meltwater (Figure 2) imply that these waters remain isolated from 
the subsurface magmatic system and experience limited sulfide oxidation.

Though the glacially derived solutes did not contain high concentrations of many inorganic nutrients (e.g., P, Fe, 
Mn, K, C, and S) compared to the hot spring, these waters contained higher concentrations of inorganic nitrogen 
and unsaturated and phenolic organic compounds. Since silicate rocks do not contain high concentrations of 
NO3 − or DOC, these components were probably derived from atmospheric deposition, though DOC could also 
have been produced by microbes on the ice surface (Spencer, Guo, et al., 2014; Stubbins et al., 2012). Concen-
trations of NO3 − (2.9 μM) and DOC (7.5 μM) in glacier discharge were consistent with atmospheric deposition 
rates and similar to, or less than, respective concentrations in other regional glaciers/snow field samples that 
overlie basaltic rocks (Fegel et al., 2016; Hamilton & Havig, 2016). The high relative abundance of unsaturated 
and phenolic compounds (84%) and protein-like fluorescence in glacier discharge (Figure 3) is also consistent 
with DOM from wet and dry atmospheric deposition or produced by autochthonous sources, as has been observed 
in other studies (Feng et al., 2018; Iavorivska et al., 2017; Kellerman et al., 2018, 2021). The DOM composition 
of glacier discharge has a relatively limited terrestrial signature (i.e., condensed aromatics and polyphenolics) 
compared to those in other freshwater systems and glacial environments with sedimentary bedrock, developed 
soils, and/or vegetative cover in the upstream catchment (Kellerman et al., 2021; Spencer, Vermilyea, et al., 2014; 
Stubbins et al., 2012).

Concentrations of cells and ATP biomass in glacier discharge were consistent with those reported in other glacial 
meltwaters (Barnett et al., 2016; Cameron et al., 2016; Sharp et al., 1999; Takeuchi, 2001). The microbes released 
in glacier meltwater typically originate from the supraglacial and subglacial environment (Hodson et al., 2008), 
where near 0°C temperatures (Margesin et al., 2002) and low nutrient availability (Anesio & Laybourn-Parry, 2012) 
often limit metabolic activity. ATP serves as a proxy for viable biomass (Lundin et al., 1986), and the low ATP 
content per cell in glacier discharge relative to those at the Mixed Downstream site implies that these cells are 
energy limited (Hammes et al., 2010) and/or comprised of dormant cells released to the supraglacial or subglacial 
environments.

4.1.2. Hot Spring Discharge

The hot springs in the Mount St. Helens crater drain a shallow aquifer that is recharged by precipitation and 
meltwater from Crater Glacier (Wynn et al., 2016). There is evidence that hot brines affiliated with this shallow 
aquifer exist near the boundary of the still-hot dacite intrusive rock (Wynn et al., 2016), and that water vapor 
is exsolved from deep cooling magma and condenses at shallower depths where it mixes with meteoric waters, 
some of which feeds the thermal springs in Loowit and Step Creeks (Bedrosian et al., 2007). The major and 
trace element composition of the hot spring discharge were consistent with waters that mix with exsolved brines 
from the magmatic system and weather fresh basalt rocks. Acidic gas species (i.e., CO2, H2S, SO2, and/or HCl) 
are released from the magma (Bergfeld et al., 2017) and can react with minerals along the subsurface flow path 
to produce SO4 2−, Cl −, and HCO3 − (Bergfeld et al., 2008). Alkali/alkaline earth elements were found at high 
concentrations in the hot springs. These elements are highly soluble in aqueous fluids, tend to concentrate in 
exsolved brines, and are preferentially weathered from rocks (Gaillardet et al., 1999; Nesbitt et al., 1980); they 
therefore likely originated from the magmatic system or freshly crystallized basaltic rocks.

High rates of mineral weathering and groundwater mixing with exsolved brines and/or magmatic gases produce 
highly reduced waters. In 2002 and 2005, Bergfeld et al. (2008) reported hot spring gas bubbles in Loowit Canyon 
to be dominated by CO2 (76.3%–80.2%) and N2 (18.6%–23.3%), while O2 concentrations (5 ppb) were well 
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below atmospheric equilibrium concentrations and reduced gas species (i.e., CH4, H2, and H2S) were detected (at 
concentrations of 0.05%–0.06%, 0.0003%, and 0.0026%, respectively). Consistent with Bergfeld et al. (2017), we 
measured high concentrations of elemental species such as sFe (21 μM) and sMn (6.7 μM). Since their reduced 
species (i.e., Fe 2+ and Mn 2+) are more soluble than their oxidized species (i.e., Fe 3+ and Mn 7+), such high concen-
trations are typically only reached in waters with circumneutral pH when an oxidizing agent (O2) is absent. We 
also measured low concentrations of oxidized species, such as NO3 − (0.7 μM), compared to regional meteoric 
water (Hamilton & Havig, 2016). NO3 − has high reduction potential and can become depleted in reduced waters 
(i.e., those without O2) where it often serves as an important electron acceptor.

The organic matter composition of the hot spring discharge possesses many features that are characteristic of 
geothermal systems. In addition to surface organic matter sources, hydrothermal waters can be exposed to subsur-
face, thermally altered, sedimentary organic matter (Clifton et al., 1990; Des Marais et al., 1981; Retelletti Brogi 
et al., 2019; Rossel et al., 2017). At Mount St. Helens, the hot springs drain through pyrolyzed organic matter 
(from the preblast coniferous forest) that was deposited amongst the pyroclastic-flow deposits (Baross et al., 1982; 
Swanson & Major, 2005). These thermally altered DOM sources could explain the 5-fold higher DOC concentra-
tions observed in the hot spring compared to the glacier discharge (Figure 2) and concentrations that are an order 
of magnitude higher than those in regional alpine snow and ice (Fegel et al., 2016; Hamilton & Havig, 2016). 
The high temperature and pressures of hydrothermal systems can degrade organic matter to gaseous end products 
(Hawkes et al., 2015; McCollom et al., 1999, 2001), resulting in DOM that have distinctive organic chemical 
characteristics. Thermally altered DOM often has low molecular diversity and mass, consists of formula with 
low O/C ratios and AImod, but a high proportion of heteroatomic compounds, particularly those containing sulfur 
(Butturini et al., 2020; Hawkes et al., 2016; LaRowe et al., 2017; Longnecker et al., 2018; Rossel et al., 2017), as 
observed in hot spring discharge (Figure 3). FDOM is often a ubiquitous fraction of the DOM in hydrothermal 
fluids (Nye et al., 2020), since aromatic DOM is largely resistant to complete thermal degradation (McCollom 
et al., 1999, 2001).

Hydrothermal waters are often saturated with dissolved silicate. As the waters cool and flow toward the surface, 
silica precipitates as sinter along the subsurface conduits, effectively isolating these waters from the intrusion of 
oxidants from the surface environment (Gibson & Hinman, 2013; Vitale et al., 2008). The absence of light energy 
to fuel photosynthesis and oxidized electron acceptors to fuel chemotrophic microbial metabolisms most likely 
restricts microbial activity in these subsurface hydrothermal waters. Consistent with this theory, we measured 
low cell concentrations, biomass, and ATP compared to glacier discharge (Figure 4) suggesting limited microbial 
activity in the subsurface hydrothermal drainage system.

4.2. Mixed Waters

The major ion and trace element geochemistry of the mixed waters in Step Creek was between that of the two 
water sources and broadly similar to those predicted by the conservative mixing model (Figure 2). Major compo-
nents of Step Creek biogeochemistry were therefore predominantly controlled by conservative mixing processes 
between the glacier and hot spring discharge. For example, Na +, Mg 2+, and SO4 2− were present at the Mixed 
Downstream site at concentrations within the range predicted by the conservative mixing model (Figure  7), 
suggesting they remain in solution as free ions or that any potential in-stream sources are in equilibrium with 
sinks. Although conservative mixing processes define major aspects of the bulk chemistry of the downstream 
waters, the concentration of many major ions differed from conservative mixing model estimates by small 
proportions (<15%), while many trace elements, DOM categories, and biological signatures differed by large 
proportions (−100%–1400%) (Figure 7). Systematic trends of enrichment or depletion among specific groups of 
solutes are consistent with in-stream biogeochemical processes that include (a) flocculation and the precipitation 
of Fe (oxy)hydroxides, (b) pH effects, and (c) the development of an in-stream ecosystem.

4.2.1. Flocculation and the Precipitation of Fe (oxy)hydroxides

An orange precipitate was observed at the hot springs and along Step Creek, which is characteristic of freshly 
precipitated Fe (oxy)hydroxides that are widely known to occur at the redox boundaries of hot springs and that 
have been described in nearby Loowit Canyon (Shevenell & Goff, 1993). Freshly precipitated Fe (oxy)hydroxides 
occur initially as poorly crystalline nanomaterial with a comparatively large concentration of reactive hydroxyl 
(OH) groups (e.g., ferrihydrite) (Drits et  al.,  1993). As a consequence, freshly precipitated nanoparticulate 
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aggregates have high adsorption capacities for many metals (Benjamin & Leckie,  1981) and DOM (Gentile 
et al., 2018). This adsorption capacity is even more prevalent during the oxidation and coprecipitation of Mn 2+ 
(Hochella et al., 2005). Since most siderophiles and chalcophiles, including Cr, Co, Ni, Cd, Cu, and Pb, have a 
low affinity for oxygen and preferentially bond with iron and sulfur, they are commonly scavenged by iron (oxy)
hydroxides (Benjamin & Leckie, 1981; Dai et al., 2017; Olivié-Lauquet et al., 2000; Regenspurg & Peiffer, 2005).

Two lines of evidence indicate the presence of an in-stream sink for a large fraction of the hot spring DOM. 
First, even though the hot spring supplied 5–8 times more DOC to Step Creek than did the glacier, the DOM in 
the mixed waters downstream had little resemblance to hot spring DOM and was instead remarkably similar to 
that from the glacier. Second, the mixed waters downstream had 38% lower DOC than would be the case if DOC 
mixed conservatively (Figure 3). Abiotic adsorption or coprecipitation of DOC with Fe (oxy)hydroxides has been 
observed at redox boundaries in many other environments (Linkhorst et al., 2017; Sholkovitz, 1976; Sinsabaugh 
et  al.,  1986), including hydrothermal systems (Gomez-Saez et  al.,  2015). However, most studies that have 
explored the DOM characteristics affiliated with Fe adsorption have observed systematic coagulation of large 
(>450 Da), oxygen-rich, and highly aromatic DOM molecules of terrestrial origin (Gomez-Saez et al., 2015; 
Linkhorst et  al.,  2017; Riedel et  al.,  2012). Compared to the hot spring discharge, the glacier discharge was 
characterized by larger, more oxygen-rich and aromatic DOM, with a greater terrestrial signature, so we would 
expect Fe-coagulation in the mixing zone to favor glacially derived DOM over hot spring-derived DOM. Instead, 
the composition of DOM at the Mixed Downstream site indicates the preferential removal of hot spring DOM. 
Fe-coagulation could preferentially remove hot spring DOM if the process occurred before the waters thoroughly 
mixed. Riedel et al. (2012), reported high rates of DOM removal with little fractionation at DOM/metal ratios 
similar to those in the hot spring (∼1), so if Fe-coagulation occurred before the waters were thoroughly mixed, 
the process may indiscriminately remove most hot spring-derived DOM. Alternatively, hot spring-derived DOM 
could be preferentially removed if it is largely hydrophobic. Hydrophobic DOM readily dissolves/stays in solu-
tion at high temperatures but not at lower temperatures (Reemtsma et al., 1999), so hydrophobic DOM would 
preferentially flocculate/precipitate when the hot spring waters (51.5°C) mix with the glacier sourced discharge 
(7.2°C).

4.2.2. pH Effects

Both water sources (glacier and hot springs) had circumneutral pH (6.4–6.6) but the mixed, downstream waters 
had a pH of 9.0. While carbonate and/or silicate weathering along stream channels has resulted in high pH in 
other proglacial streams (e.g., Crompton et al., 2015; Hawkings et al., 2016; Wadham et al., 2000), this is unlikely 
the case in Step Creek since major ion concentrations and the ionic composition do not indicate high rates of 
in-stream weathering. Substantial in-stream biological drawdown of CO2 (e.g., photosynthesis) is also unlikely 
to explain this rise in pH since such increases in pH are rare in noneutrophic waterbodies. For example, Arctic 
and subarctic kelp forests that are exposed to long photoperiods, in more poorly buffered waters, are only capable 
of raising pH by fractions of a unit (Krause-Jensen et al., 2016). Instead, CO2 gas-exchange could raise the pH 
of Step Creek since estimates of pCO2 in both hot spring (10 −0.7 atm) and glacier (10 −2.8 atm) discharge suggest 
the source waters were super-saturated with respect to atmospheric CO2, consistent with CO2 measurements at 
Loowit hot springs (Bergfeld et al., 2017). In-stream CO2 gas-exchange would reduce the pCO2 and the concen-
tration of HCO3 − in the stream water (Figure 7) and raise the pH. Further, gas-exchange would occur as the mixed 
waters flow over a 30-m tall waterfall before reaching the Mixed Downstream sampling site, where pCO2 was 
calculated to be near equilibrium with atmospheric concentrations. Although we do not have the measurements 
to verify or constrain the effects of CO2 outgassing on raising pH, it would nevertheless play an important role 
with respect to the solubility and mobility of certain dissolved aqueous species.

Discharge at the Mixed Downstream site was enriched in dSi and dissolved trace elements compared to the 
conservative mixing model, including First Series Transition Metals, Lanthanides/Y and U, which are commonly 
associated with silicate minerals (Figure 7). High pH (>8) enhances the solubility of both primary aluminosili-
cate minerals and amorphous silica (Queneau & Berthold, 1986), so the increase in pH along Step Creek would 
facilitate the dissolution of these minerals. The downstream enrichment in lanthanides/Y/U was exclusively 
in the colloidal fraction (Figure S1 in Supporting Information S1) since they readily form complexes (Byrne 
et  al.,  1988; Elder, 1975) or attach to particle surfaces (Goldberg et  al.,  1963; Turner et  al.,  1981) including 
Fe/Mn (oxy)hydroxides (Haley et al., 2004; Sholkovitz et al., 1994), volcanic ash (e.g., Bagnato et al., 2013; 
Langmann, 2013; Varekamp et al., 1986), mineral dust (Erel et al., 2006; Marx et al., 2008), or clays (Cullers 
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et al., 1975; Grandjean et al., 1987; Zhang et al., 2016). In contrast to the lanthanides/Y/U, Cs and Ba also form 
basic oxides but because they are usually less abundant in silicate minerals, we expect their dissolved concentra-
tions to decrease as the pH rises.

The increase in pH could also explain the notably higher U and PO4 3− concentrations at the Mixed Downstream 
site compared to the conservative mixing model (Figure 7). These elements are the only elements analyzed that 
were at higher concentration in the hot spring water than the glacier water and show among the highest relative 
enrichment downstream compared to the conservative mixing model (by 270% and 131%, respectively). Though 
U could be supplied by carbonate weathering along Step Creek, U and PO4 3− adsorption to Fe(oxy)hydroxides 
is pH sensitive. U and PO4 3− adsorb onto Fe(oxy)hydroxides in neutral waters (e.g., hot spring and glacier melt-
water) but desorb at high pH when Fe (oxy)hydroxides reach their point of zero charge (Aiuppa et al., 2000), as 
would be the case downstream (pH = 9). We hypothesize the desorption of negatively charged U and P species 
from the surface of Fe (oxy)hydroxides resulted in the high relative enrichment of these elements observed down-
stream compared to the conservative mixing model (Figure 7; Figure S1 in Supporting Information S1).

4.2.3. In-Stream Ecosystem

The seston communities in the mixed waters downstream contained higher concentrations of microbial cells 
and biomass (i.e., ATP and Chlorophyll-a) than either of the water sources, (Figure 4). Unlike the water sources, 
the mixed waters also contained a diverse range of motile eukaryotes with diverse morphologies and sizes and 
supported biofilms and eukaryotic algae (Figure 5). Together, these biological indicators suggest that the mixed 
waters supported a more productive ecosystem than either water source.

Mixing of the two distinct water sources could promote biological activity by introducing chemical disequilib-
rium that could fuel chemotrophic microbial metabolisms. Previous studies of a volcanic subglacial lake and 
glacially influenced volcanic lakes have found molecular evidence for chemotrophic bacteria that utilize the 
redox gradient between geothermal and glacial water sources by using iron, sulfide, sulfur, or hydrogen (common 
geothermal components) as electron donors and oxygen, sulfate, nitrate, or carbon dioxide (common glacier 
components) as electron acceptors (Gaidos et al., 2009; Moreras-Marti et al., 2021). The glacier discharge we 
sampled was cold (0.7°C) and contained a relative abundance of compounds that are common in oxidized waters 
(e.g., NO3 − and O2) but few compounds that are common in reduced waters (e.g., sFe and sMn) while the opposite 
was observed in the warm (51.5°C) hot spring discharge. The mixing of these two water sources could therefore 
supply chemical energy sources from which microbes could fuel their metabolisms, in water temperatures more 
suitable to a wide range of organisms (Podar et al., 2020).

Mixing of the two distinct water sources could also promote biological activity by providing a comprehensive 
suite of nutrients. Glacier discharge contained relatively high concentrations of dissolved inorganic nitrogen, 
whereas the hot spring contained relatively high concentrations of other dissolved macro- and micronutrients 
including PO4 3−, Fe, Mn, and DOM. Once mixed, these waters could stimulate the growth of exogenous microbes, 
aerotolerant microbes from the hot spring, or the nutrient-limited cells from the glacial melt (Facey et al., 2019; 
Kohler et al., 2016). In turn, this microbial activity would deplete concentrations of dissolved nutrients down-
stream (Figure  7; except PO4 3−, which is controlled by abiotic processes as discussed above). Heterotrophic 
microbial activity through DOC utilization could also contribute to the lower DOC concentrations at the Mixed 
Downstream sample site (Figure 7). Among fractions of FDOM, heterotrophic microbes are known to preferen-
tially utilize protein-like material (e.g., Coble, 2014; Fox et al., 2017, 2018), which was among the most depleted 
components in the mixed waters downstream (Figure 3b and 7).

Although benthic communities were not evident in either of the water sources, widespread biofilms were estab-
lished within 1 m of the initial mixing zone in Step Creek, providing strong evidence that biological activity is 
enhanced in the mixing zone. Biofilms at the Mixed Upstream site were found to contain cyanobacteria based on 
the presence of phycocyanin as well as microscopic images showing filamentous organisms (Figure 6). Cyano-
bacteria are often among the first organisms to colonize environments, particularly those with conditions too 
extreme for microalgae to exist, since they can survive in a range of water temperatures and types, including 
hot springs (Dadheech et al., 2013) and glacier ice (Chrismas et al., 2015; Kvíderová et al., 2018). Biofilms at 
the Mixed Downstream site contained both chlorophyll a and b, which is characteristic of green algae (Jeffrey 
et al., 1997). These organisms can play important roles in the cycling and storage of nutrients because they fix 
CO2, uptake nitrate (Baker et al., 2009; Herrero et al., 2001; Makhalanyane et al., 2015), and produce material 
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that can maintain redox gradients for other ecological niches (Van Goethem & Cowan, 2019). The development 
of the benthic community in the mixed waters is coincident with a more diverse pool of SPE-DOM, including 
numerous SPE-DOM compounds that were present in the mixed waters downstream but were absent in either of 
the water sources (Figure 3c). These unique SPE-DOM compounds could indicate autochthonous DOM produc-
tion, since seston and benthic communities can produce a diverse range of DOM molecules (Fiore et al., 2015; 
Kujawinski,  2010; Kujawinski et  al.,  2009; Noriega-Ortega et  al.,  2019) by passive diffusion across the cell 
membrane or by active exudation into the surrounding environment.

5. Conclusions
We characterized the nutrients, chemical energy sources, and biomass associated with hot spring and glacier 
discharges within the crater of Mount St. Helens and evaluated the biogeochemical evolution of these waters 
after they mixed in Step Creek. Glacier meltwater and hot spring discharge contained different concentrations 
and compositions of major ions, trace elements, and dissolved organic matter (DOM). The hot spring contained 
comparatively high concentrations of biogeochemically reactive components (e.g., many siderophile and chalco-
phile trace elements and DOM), but a large fraction of these components were depleted in Step Creek once the 
waters mixed, effectively diminishing the downstream biogeochemical signature of the hot spring. In contrast, 
glacier discharge contained less solute, largely derived from atmospheric deposition and silicate weathering 
within the glacial catchment, but the geochemical signatures contained in glacier discharge largely persisted after 
the waters mixed in Step Creek. The mixing of glacier and hot spring water in Step Creek supported higher seston 
and benthic biomass than those in either of the two water sources. This suggests that the mixing environment 
promotes ecosystem development, perhaps through utilization of the redox gradient established which in turn 
contributes to nutrient and DOM cycling. Conservative mixing processes do play a role in defining downstream 
biogeochemistry. However, Fe (oxy)hydroxide precipitation, changes in pH as geothermal waters degas, and the 
increasing complexity and biomass of seston and benthic ecosystems are likely key processes controlling the 
concentration and speciation of the reactive components of the system. Though the composition of hot springs 
and glacier discharge can vary between systems, these findings advance our understanding of biogeochemical 
processes that can occur at the interface between volcanic and cryospheric systems, which are widespread on 
Earth. There may also be broader relevance since the interaction between volcanic and cryospheric systems on 
other planetary bodies have been identified as potential sites to host extraterrestrial life.

Data Availability Statement
Data supporting the conclusions of this paper are available from the Open Science Framework Repository 
(FI-ICR mass spectral files; https://doi.org/10.17605/OSF.IO/PRKN9) and Zenodo (https://doi.org/10.5281/
zenodo.7102401).
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Introduction  

This supporting information provides a figure showing trace metal concentrations for the 
soluble and colloidal/nanoparticle size fractions of trace metals at the three sample sites along 
Step Creek (Figure S1). Also included are captions for Table S1, which shows field sampling and 
storage methods, and Movies S1 to S3, which snow organisms/particles in downstream (Movie 
S1) and glacier (Movie S2) water, and the upstream benthic material (Movie S3). 
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Figure S1. Observed trace metal concentrations for the soluble (<0.02 µm) and 
colloidal/nanoparticle (0.02-0.22 µm) size fractions for glacier discharge, hot spring discharge, 
mixed downstream, as well as mean modeled concentrations downstream. 
 
Movie S1. Full field of view of single plane amplitude reconstruction of mixed downstream 
sample recorded at 15 frames/sec, as depicted in Figure 5 (a)-(c) of the main article. Note the 
several large organisms that enter and exit the field of view at different time points.  
 
Movie S2: Cropped field of view of single plane amplitude reconstruction of glacier water 
sample recorded at 15 frames/sec, as depicted in Figure 5 (d)-(f) of the main article. Note the 
large number of slowly drifting particles with some evidence of active motility of micron-sized 
objects.  
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Movie S3: Single plane amplitude reconstruction of the upstream benthic mat DHM video, 
median subtracted in that plane, at 15 frames/sec. Note the large number of motile organisms, 
with a variety of swimming speeds, morphologies and sizes. 
 
 
Table S1:Field sampling and storage methods 

Analysis Field Filtration Storage  
Dissolved organic 
matter (DOM) 
characterization 

peristaltic pump platinum-cured 
silicone tubing (Saint Gobain) and 
0.45 µm polyethersulfone filter 
capsule (Geotech Environmental 
Equipment Inc.) 

1L polycarbonate Nalgene bottle 
(4°C) 

Dissolved organic 
carbon (DOC) 

40 ml amber vial Teflon-lined cap 
(40 µL 1 M HCl) (4°C) 

major ions and 
nutrients into 

30 ml high density polyethylene 
(HDPE) plastic bottles (4°C) 

Alkalinity 160 ml serum bottle, closed 
immediately with a rubber stopper 
and aluminum seal (4°C) 

Trace elements 
(<0.22 µm) 

25 ml polypropylene luer lock 
syringe with 0.22 µm Millipore 
Millex polyethersulfone (PES) filter 

15 ml low density polyethylene 
(LDPE) bottle (4°C) 

Trace elements 
(<0.02 µm) 

25 ml polypropylene luer lock 
syringe with 0.22 µm Millipore 
Millex polyethersulfone (PES) filter 
and 0.02 µm Anotop® 25 
Whatman filter 

15 ml low density polyethylene 
(LDPE) bottle (4°C) 

Fluorescent DOM 
(FDOM) 

None 60-mL and 120-mL amber glass 
reagent bottles with ground-glass 
seals (4°C) 

cell density None 50 mL conical tubes, fixed by the 
addition of borate-buffered 
formalin to a final concentration of 
5% (w/v) (4°C) 

Seston microbial 
biomass (ATP) 

10 to 40 mL of water through 
0.22 µm Millex-GS syringe filters 
(Millipore, SLGSR33SS) 

Filter papers in conical tubes (-
20°C) 

primary producer 
biomass 
estimates (Chl a) 

500 mL water through a 47mm 
glass fiber filter (GF/F) and 
NalgeneTM Filter tower with a 
nominal pore size of 0.7 µm 

Filter papers in conical tubes (-
20°C) 

Note:  
· tubing was acid washed by circulating 1M OptimaTM grade HCl for 30 minutes, 
followed by rinsing with 18.2 MΩ cm-1 deionized water (DIW; 500 ml).  
· Storage bottles were either sterile (conical tubes) or acid washed, DIW-rinsed (x6) and 
combusted (glassware only) and all equipment were rinsed with sample (x3) before samples 
were collected.  
· Protocol for trace metal samples followed Hawkings et al. (2020).   
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· Samples for Fluorescent DOM were collected directly from the stream, or by using a 
cleaned and combusted Nichipet ECO 10-mL (Nichiryo) glass pipetter (for the hot spring 
sample). 
· All samples were stored chilled (on ice) in the field and during transport and were stored 
in the laboratory at the temperatures specified until analysis.   
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