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Abstract
Manganese (Mn) plays a critical role in river-water quality becauseMn-oxides serve as sorption sites for contaminant metals. The
aim of this study is to understand the seasonal cycling of Mn in an alpine streambed that experiences large spring snowmelt
events and the potential responses to changes in snowmelt timing and magnitude. To address this goal, annual variations in river-
water/groundwater interaction and Mn(aq) transport were measured and modeled in the bed of East River, Colorado, USA. In
observations and numerical models, oxygenated river water containing dissolved organic carbon (DOC) mixes with groundwater
rich in Mn(aq) in the streambed. The mixing depth increases during spring snowmelt when river discharge increases, leading to a
greater DOC supply to the hyporheic zone and net respiration of Mn-oxides, despite an enhanced supply of oxygen. As
groundwater upwelling resumes during the subsequent baseflow period, Mn(aq)-rich groundwater mixes with oxygenated river
water, resulting in net accumulation of Mn-oxides until the bed freezes in winter. To explore potential responses of Mn transport
to different climate-induced hydrological regimes, three hydrograph scenarios were numerically modeled (historic, low-snow,
and storm) for the Rocky Mountain region. In a warming climate, Mn(aq) export to the river decreases, and Mn(aq) oxidation is
favored in the upper streambed sediments over more of the year. One important implication is that the streambed may have an
increased sorption capacity for metals over more of the year, leading to potential changes in river-water quality.
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Introduction

In alluvial rivers, substantial surface water and groundwater
exchange can occur in shallow, permeable bed sediments,

promoting biogeochemical reactions that impact watershed
reactivity (Boano et al. 2014; Boulton et al. 1998). The
hyporheic zone, where river water and groundwater mix, dis-
proportionately influences nutrient cycling (Mulholland and
DeAngelis 2000; Triska et al. 1989, 1993) and contaminant
fate and transport (Manamsa et al. 2016; Weatherill et al.
2018; Xu et al. 2017). Hyporheic zones provide surface area
for microbial attachment and function (Feris et al. 2003;
Fischer et al. 2005), and hyporheic flow delivers a mixture
of potentially limiting reactants from river water and ground-
water. The mixing of these chemically distinct waters in the
presence of active microbial communities makes hyporheic
zones particularly efficient bioreactors compared to the open
channel (Baxter and Hauer 2000; Hester et al. 2017; Peralta-
Maraver et al. 2018; Stanford and Ward 1988).

Microbial respiration involves the oxidation of an electron
donor such as an organic carbon compound, coupled to reduc-
tion of a terminal electron acceptor (TEA), at least partly based
on thermodynamic favorability (Jin and Bethke 2003;
LaRowe and Van Cappellen 2011). In hyporheic zones, river
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water can be a source of dissolved oxygen (DO), the most
energetically favorable TEA; however, streambed sediments
can be a source of other electron acceptors such as solid phase
manganese (Mn) and iron (Fe) when DO is depleted, leading
to vertical gradients in redox reactions in streambeds (Fig. 1).
When DO is available, microbial oxidation of reduced metals
such as Mn(aq) (acting as an electron donor) may be thermo-
dynamically favorable (Butler et al. 2008; Harvey and Fuller
1998; Robbins and Corley 2005). In addition to microbial
oxidation, Mn-oxides can also precipitate abiotically (Diem
and Stumm 1984; Emerson 2000), but microbial oxidation
tends to dominate (Fuller and Bargar 2014; Harvey and
Fuller 1998; Kay et al. 2001). Microbial oxidation rates of
Mn(aq) are pH-dependent, but generally increase with avail-
ability of DO, Mn(aq), and Mn-oxidizing microbial biomass
(Fuller and Bargar 2014; Fuller and Harvey 2000; Hem 1981;
Robbins and Corley 2005).

Mn-oxides play an important role in adsorbing other con-
taminant metals such as nickel, cobalt, copper, zinc, and lead
(Fuller and Bargar 2014; Fuller and Harvey 2000). In a head-
water field tracer study in Arizona, Fuller and Harvey (2000)
concluded that dissolved heavy metals in stream water were
attenuated by adsorption onto Mn-oxides in the hyporheic
zone. Kay et al. (2001) conducted a column study using sed-
iments from the same contaminated streambed and found that
Mn(aq), cobalt, and nickel adsorbed to Mn-oxides, although
the reversibility of this adsorption varied with each metal.
Further batch experiments showed that zinc attenuation was
controlled byMn-oxide formation under near-neutral pH con-
ditions (Fuller and Bargar 2014). Furthermore, Schaffner et al.
(2015) effectively demonstrated that enriching acidic streams
with Mn-oxides and hydroxides could be a cost-efficient
means of remediating heavy metals such as cadmium, cobalt,
nickel, and zinc.

Seasonal changes in hyporheic exchange can alter Mn-
oxide stability via changes in river-water/groundwater mixing
and the supply of DO, Mn(aq), and dissolved organic carbon
(DOC) to microbial communities (Battin 1999; Fellman et al.
2009; Wong and Williams 2009; Fig. 1). In snowmelt-
dominated rivers, large seasonal variations in stream discharge
and dissolved chemical concentrations occur, from low dis-
charge during late summer and fall to high discharge during

spring snowmelt (Cameron 1996). Up to 60% of the organic
carbon flux delivered to alpine rivers occurs during spring
(Raymond et al. 2007, 2016; Spencer et al. 2009), which can
stimulate microbial respiration and metal processing in the
hyporheic zone. Baalousha et al. (2018) noted that concentra-
tions of trace elements such as Fe(aq) and Mn(aq) declined in an
alpine stream during spring snowmelt compared to baseflow
conditions, indicative of a combination of retention in the
streambed and dilution. As stream discharge increases during
snowmelt, hyporheic mixing may extend deeper into the
streambed due to higher stage, greater shear stresses, and sed-
iment mobilization, and groundwater flow may reverse,
transporting stream-derived oxygen, carbon, and metals to
greater depths where they can react (Boulton et al. 1998;
Harvey and Fuller 1998; Harvey et al. 2003; O’Connor and
Harvey 2008).

Many upland headwater catchments such as those in the
Rocky Mountains of the western United States (US), are
experiencing accelerated rates of climate change (Harte et al.
2015; Pederson et al. 2011). Under future scenarios, snow
pack thickness and duration are predicted to decrease (Mann
et al. 2012), and spring snowmelt is expected to occur earlier
in the year (Stone et al. 2002). Long-term decreases in snow
pack thickness and annual runoff will impact river-water/
groundwater exchange (Cameron 1996; Mann et al. 2012;
Wondzell 2011), carbon mineralization (Fellman et al. 2009;
Holmes et al. 2012b; Spencer et al. 2008, 2009), metal oxida-
tion (Butler et al. 2008; Harvey and Fuller 1998; Robbins and
Corley 2005), and microbial community function and dynam-
ics (Baker et al. 1999; Battin 1999; Hopkinson et al. 1998).
Specifically, Striegl et al. (2005) predicted that DOC export
will decrease disproportionately with declining stream flow as
a result of increased microbial processing as solute residence
times increase. Solute exchange across the sediment–water
interface may also decrease, which may limit the oxidation
of Mn(aq) (Butler et al. 2008; Robbins and Corley 2005;
Spencer et al. 2008). A longer baseflow season is expected
to result in a prolonged period of upwelling groundwater-
dominated river flow, which may promote reducing condi-
tions in the streambed and further limit oxidation at depth
(Battin 1999; Cardenas and Wilson 2007). As hyporheic ex-
change potentially decreases with diminishing stream flow

Aerobic respiration: O2 + CH2O      CO2 + H2O
Mn-oxide respiration: 2MnO2 + CH2O + 2H+      2Mn2+ + CO3

2- + 2H2O
Mn oxidation: Mn2+ + 0.5O2 + 2OH-      MnO2  + H2Oaerobic

anaerobic

Mn2+
(aq)

CH2O, O2

MnO2 (s)

Key Reactions:Fig. 1 Conceptual schematic of
reactions governing Mn
transformation within the
streambed. Here, CH2O is used to
represent DOC
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and the DO supply from river water declines, it remains un-
clear how the hyporheic zone will function in retaining metal
oxides.

The goal of this study was to understand seasonal changes
in Mn transport within an alpine hyporheic zone (Fig. 1) and
explore potential responses to changing hydrograph scenarios.
To accomplish this goal, vertical seepage rates weremonitored
over profiles in an alluvial streambed using temperature sens-
ing, and seasonal profiles of pore-water chemistry were col-
lected from August 2016 through August 2017. Field obser-
vations were used to develop a one-dimensional (1D) reactive
transport model to simulate seasonal changes in Mn transport.
Three potential scenarios of annual river and hyporheic flow
dynamics were then modeled to test the influence on Mn mo-
bility and transport. Results show that larger snowmelt events
enhance Mn-oxide respiration and reductive dissolution in the
shallow streambed due to deeper penetration of DOC from
river water. Conversely, a longer baseflow season and
smaller snowmelt event limits the supply of DOC from
river water and increases the supply of Mn(aq) from
groundwater leading to a greater rate of Mn oxidation
in the shallow hyporheic zone.

Methods

A combination of field measurements and 1D numerical reac-
tive transport models were used to understand seasonal chang-
es in Mn transport in the bed of the East River. A description
of the field site is presented in the following, as well as field
and numerical approaches.

Field site

The East River is an alpine stream that lies within the
Gunnison River Basin in the southern Rocky Mountains of
Colorado (Fig. 2). Elevation of the watershed ranges from
approximately 2,445 to 4,100 m (Liu et al. 2016), and most
precipitation falls in the form of snow (Winnick et al. 2017).
Snowmelt is the primary source of runoff to the East River,
with peak discharge occurring between the months of May
and July (Fig. 3). Baseflow conditions prevail from August
until the bed freezes in winter. The East River watershed is
mostly undeveloped, apart from the city of Crested Butte and
the ski resort area (Spahr et al. 2000; Theobald et al. 1996).
The catchment is largely underlain by the Cretaceous Mancos
Shale Formation, which mainly consists of gray siltstone and
shale (Morrison et al. 2012) and by early Tertiary granitic
intrusions as well as Paleozoic and Mesozoic sedimentary
rocks (Gaskill et al. 1991). The Mancos Shale is overlain by
Quaternary glacial and alluvial sediments, and crops out in
several places along the East River corridor at river cutbanks
(Pai et al. 2017).

The study site lies northeast of Crested Butte (Fig. 2).
Water samples were collected at three locations, A, B, and
C, around a characteristic meander of the East River flood-
plain (Winnick et al. 2017). The site elevation is 2,760 m, and
the approximate channel slope is 0.008 in the area of the
meander. The streambed at the site is primarily composed of
gravel (Nelson et al. 2019), with calcium-rich plagioclase feld-
spar and carbonate clasts.

Estimating seepage fluxes using temperature time
series

Heat was used as a tracer to quantify seasonal changes in
vertical Darcy velocity through the streambed. Arrays of four
temperature sensors (Onset HOBO TMC20-HD) were
mounted on wooden stakes and driven into the streambed at
locations A, B, and C in August 2016 (Fig. 2). Stakes were
installed to position sensors 5, 10, 20, and 35 cm below the
sediment–water interface. Temperature was recorded every
15 min using HOBO U-Series external-channel data loggers
through August 2017. Changes in flow and bed movement
occasionally dislodged sensors, inhibiting their use in heat
tracing until they could be reinstalled. Data from the deepest
three sensors (10, 20, and 35 cm) were utilized for most loca-
tions and times because they remained undisturbed over lon-
ger intervals. However, the shallowest three probes were used
for location A for 21 August 2016 through 11 May 2017 due
to a faulty connection that compromised data collection at the
deepest sensor—at least three temperature time series are
needed for numerical analysis using the 1DTempPro software
(Koch et al. 2015).

The computer program 1DTempPro was used to determine a
best-fit (optimized) vertical Darcy velocity (q) over 1-week in-
tervals beginning every 3 days, such that there was overlap for
periods of q estimation. Although 1DTempPro allows for time-
variable estimates of q, automated vertical fluid flux optimization
can only be run for steady-state periods, which is why tempera-
ture records were divided into 1-week intervals. 1DTempPro
solves the 1D heat transfer equation in porous media:

∂T
∂t

¼ Ke
∂2T
∂z2

−q
Cw

C
∂T
∂z

ð1Þ

where T is temperature, t is time, z is depth below the sediment–
water interface, Ke is the effective thermal diffusivity of the sat-
urated sediment, q is Darcy velocity, and Cw and C are the
volumetric heat capacities of the water and saturated sediment,
respectively (Lapham 1989). Ke is defined as:

Ke ¼ λ0

C
þ β

Cw qj j
C

� �
ð2Þ

where λ0 is thermal conductivity of the bulk saturated medium,
and β is thermal dispersivity (Lapham 1989). Temperature
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signals at 10 and 35 cm were used as boundary conditions in
1DTempPro, while the 1D model was optimized for the temper-
ature signal at 20 cm by automatically determining the best fitting
q. Values for q are reported opposite of the sign convention used
in 1DTempPro: upwelling is positive and downwelling is nega-
tive. All weeks where the streambed was frozen were excluded
from this analysis, as 1DTempPro does not represent the effects
of phase changes, and vertical flow was likely minimal. The
streambed was designated as frozen when greater than 75% of
the temperature readings from one or more depths for a 1-week
period were less than 0.15 °C.

Thermal properties of the streambed (Table 1) were gener-
ally estimated with a variety of approaches detailed in the
electronic supplementary material (ESM). In brief, C and λ0
were determined for a repacked sediment sample with the aid
of a KD2 Pro Thermal Properties Analyzer (Decagon
Devices, Inc., WA, USA). Ke (and thus β) was determined
from further heat tracing analysis using the VFLUX2 program
(Gordon et al. 2012; Irvine et al. 2015).

Field methods and chemical analysis

Pore-water samples were obtained from locations A, B, and C
(Fig. 2) during four field efforts on 19 August 2016, 21–23
October 2016, 15–16 May 2017, and 22 July 2017 (Fig. 3).
Samples were obtained at 10-cm intervals using a 0.25-inch
diameter, stainless steel sipper with a 2-inch screen (MHE

Table 1 Parameters used in heat tracing. Mean values were used in
1DTempPro to estimate q. Standard deviations (SD) were also used in
Monte Carlo analysis in VFLUX to determine error bars for q estimates

Parameter Mean SD Units

n 0.27 0.027 –

β 0.01 0.0075 m

λ0 1.86 0.00267 J s−1 m−1 K−1

Cs 1,872,000 32,600 J m−3 K−1

Cw 4,184,000 5,000 J m−3 K−1

N

Crested 
Bu�e

60 m
Flow

A

B

C

Pumphouse

ISCO
YSI

2 km

Canada

United States of America

Mexico

Pa
cifi

c O
ce

an

Atlan�c 
Ocean

N

1300 km

Fig. 2 Aerial image of East River study site (38.923541, –106.951007).
A, B, and C denote locations of temperature monitoring and geochemical
sampling in 2016 and 2017. Daily average discharge is monitored near

the ‘Pumphouse’ location. The YSI and ISCO sampler are maintained by
the Lawrence Berkeley National Laboratory
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Fig. 3 Stream discharge for East River from 1 Oct. 2014 through 21
Aug. 2017 measured at the Pumphouse (Carroll and Williams 2019;
Fig. 2). Grey circles represent field sampling campaigns conducted 19
Aug. 2016, 21–23 Oct. 2016, 15–16 May 2017, and 22 Jul. 2017
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Products,MI, USA) attached to a syringe (MHEProducts,MI,
USA). The maximum sampling depth was generally 60 cm
but varied due to challenges with penetration around large
cobbles. Prior to each sample collection, 30 ml of pore water
was extracted and discarded to purge the full sipper volume.
Samples were filtered through a 0.22-μm Sterivex filter
(MilliporeSigma, Massachusetts, USA) and immediately ana-
lyzed for DO concentration using a field spectrometer
(CHEMetrics Inc., VA, USA). Because the method briefly
exposed the sample to the atmosphere, measured concentra-
tions represent a maximum, upper bound on in-situ DO con-
centrations. Measured DO concentrations in this study and
two others that used the same method (Nelson et al. 2019;
Wallace 2019) were never less than 0.0625 mM, which is here
considered to be the practical detection limit for the method.
Basic water quality parameters (pH, specific conductance, to-
tal dissolved solids, resistivity, oxidation-reduction potential)
were measured in the field using a handheld multiparameter
probe (Ultrameter II, Myron L Company, CA, USA). Two 20-
ml filtered aliquots were collected from each sampling depth
and location in a polyethylene vial and placed on ice until
transfer to a freezer. Samples were kept frozen until analysis.
One set of the aliquots was acidified in the field and was used
for cation analysis using a PerkinElmer ELAN 6000 ICP-
Mass Spectrometer. The other set of aliquots was used for
strontium isotope analysis using a Tri ton Series
Multicollector Thermal Ionization Mass Spectrometer
(TIMS; ThermoFisher Scientific). More details on analysis
methods are provided in Saup et al. (2019).

To augment the four sampling campaigns, a full year of
river-water specific conductance and DOC records were ob-
tained from the East River Data Portal (Berkeley Lab 2019).
Samples and measurements were obtained near the
Pumphouse using a Yellow Springs Instrument (YSI) and
Teledyne ISCO sampler (Fig. 4q,u) as part of the Lawrence
Berkeley National Laboratory (LBNL) Watershed
Function Scientific Focus Area (SFA). Stage height
and stream discharge were obtained from Carroll and
Williams (2019; Fig. 4a).

Reactive transport model

Conservative and reactive solute transport were simulated for
a 1D “slab” of streambed sediment with thickness of 1 m
positioned such that the top of the domain is at the
sediment–water interface and represents river water. Specific
conductance was chosen to represent a conservative “solute”
in the unsteady advection-dispersion equation:

∂C
∂t

¼ −v tð Þ ∂C
∂z

þ D z; tð Þ ∂
2C
∂z2

ð3Þ

where C is concentration (here, taken as specific conductance,
SpC), t is time, z is depth below the streambed interface, v(t) is
average seepage velocity (Darcy velocity, q, divided by po-
rosity), and D(z,t) is effective dispersion. The unsteady 1D
advection-dispersion-reaction equations were used to repre-
sent transport of DO, Mn(aq), and DOC:

∂CDO

∂t
¼ −v tð Þ ∂CDO

∂z
þ D z; tð Þ ∂

2CDO

∂z2
−βar;DOVarX ar

CDO

KDO þ CDO

� �
CDOC

KDOC þ CDOC

� �

−βMnOx;DOVMnOxXMnOx
CDO

KDO þ CDO

� �
CMn aqð Þ

KMnOx þ CMn aqð Þ

� �
ð4Þ

∂CMn aqð Þ
∂t

¼ −v tð Þ ∂CMn aqð Þ
∂z

þ D z; tð Þ ∂
2CMn aqð Þ
∂z2

−βMnOx;MnVMnOxXMnOx
CDO

KDO þ CDO

� �
CMn aqð Þ

KMnOx þ CMn aqð Þ

� �

þβan;MnV anX anI
CDOC

KDOC þ CDOC

� � ð5Þ

∂CDOC

∂t
¼ −v tð Þ ∂CDOC

∂z
þ D z; tð Þ ∂

2CDOC

∂z2
−βar;DOCV arX ar

CDO

KDO þ CDO

� �
CDOC

KDOC þ CDOC

� �

−βan;DOCV anX anI
CDOC

KDOC þ CDOC

� �
ð6Þ

where βar,DO, βMnOx,DO, βMnOx,Mn, βan,Mn, βar,DOC, and
βan,DOC are stoichiometric coefficients, Vk is the maximum

microbial rate of the kth reaction, Xk is the microbial biomass
facilitating the kth reaction, and Kj is the half saturation
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constant for the jth species (Table 2). Model reactions
include aerobic respiration (denoted with subscript ar),
Mn-oxide respiration (an), and Mn(aq) oxidation (MnOx;
Fig. 1). Mn-oxides were assumed to be abundant and
nonlimiting to the rate of Mn-oxide respiration.
Inhibition (I) of Mn-oxide respiration in the presence
of DO is represented as:

I ¼ KI

KI þ DO
ð7Þ

where KI is the inhibition constant (Table 2).
Values of v(t) were guided by the results of heat tracing with

one important difference: downwelling conditions were assigned
to the rising limb of the spring snowmelt event, and upwelling
conditions were assigned to the falling limb, despite heat tracing
results that suggested more neutral to downwelling conditions
(Fig. 4i, dashed line). These adjustments greatly improved the
match with measured specific conductance profiles in May and
July and were deemed reasonable for the following reasons:

temperature sensors were disturbed by the spring snowmelt
event, leading to greater uncertainties in heat tracing during that
interval, and heat tracing has been shown to be biased
towards downwelling conditions (Irvine et al. 2015). In
addition, the uppermost sensor at 10 cm is fairly shal-
low and is likely influenced by small-scale mixing in the
shallow streambed promoted by dunes and ripples (Cardenas
andWilson 2007) and may not capture dominant groundwater
upwelling (Cuthbert and MacKay 2013).

D(t,z) was assumed to be equal for all species: there is no
mass-dependent partitioning of solutes (e.g. Knights et al.
2017; Zarnetske et al. 2012). D(t,z) includes the effects of
pore-scale mechanical dispersion, as well as small-scale ad-
vective transport processes that occur in multiple dimensions
within the hyporheic zone but have a predominantly vertically
directed, dispersion-like effect on solute transport at shallow
depths (Grant et al. 2012; O’Connor and Harvey 2008;
Voermans et al. 2018). At the sediment–water interface (z =
0), D is dominated by effective dispersion due to small-scale

���� ��� 	�
 ���� ��� 	�
 ���� ��� 	�
 ���� ��� 	�


��
�

�

���

���

���

�
��

���
��

��

�

��

��
�

��
���

�
��

��
���


���

��
��

��
��

���
��

�
���

�
�

��
���

	
�

���

���

�

���

�

���

	���� 	���� 	���� 	����

� �!� " ���# � $�%&���% ���#

�

�

�
'��&�

��� �(� ��� ���

��� �) � �*� ���

� � �+� �,� �!�

�� ���

�-� �#�

�.� �/� �%� �'�

�
&�

&�
&�

�
&�

��� ���

��� ���

Fig. 4 Idealized inputs for the fieldmodel (first column) and three climate
scenarios: ‘historic’ (second column), ‘low-snow’ (third column), and
‘storm’ (fourth column). Inputs include a–d stage (h), e–h river
discharge (Q), i–l vertical Darcy velocity (q), m–p effective dispersion
due to hyporheic mixing [D(t,0)], q–t specific conductance of river water

(SpC), and u–x concentration of DOC in river water. The dotted line (i)
represents estimates made in 1DTempPro for location B. Estimates differ
from prescribed values in the field model due to efforts to fit observed
conservative solute profiles. Shaded gray regions denote periods of
streambed freezing
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Table 2 Model parameters

Parameter Description Value (units) Source

Physical parameters

Dp Mechanical dispersion at bottom boundary 1 × 10−7 (m2 s−1) Fitted

Dm Molecular diffusion 1 × 10−10 (m2 s−1) Ingebritsen and Ward (1998)

G Constant of decay for D(t,z) 41 (m−1) Fitted

k Permeability 2.42 × 10−9 (m2) Observed

n Porosity 0.27 Observed

qF Darcy velocity during freezing 0 (m s−1) –

S Channel slope 0.008 Observed

vk Kinematic viscosity of freshwater 1.13 × 10−6 (m2 s−1) –

Reaction kinetics

βan,DOC Stochiometric coefficient: DOC in anaerobic respiration 1 Stoichiometry

βan,Mn Stochiometric coefficient: Mn(aq) in anaerobic respiration 2 Stoichiometry

βar,DOC Stochiometric coefficient: DOC in aerobic respiration 1 Stoichiometry

βar,DO Stochiometric coefficient: DO in aerobic respiration 1 Stoichiometry

βMnOx,Mn Stochiometric coefficient: Mn(aq) in Mn oxidation 1 Stoichiometry

βMnOx,DO Stochiometric coefficient: DO in Mn oxidation 0.5 Stoichiometry

C Constant of decay for microbial biomass 3 (m−1) Fitted

KDOC Half saturation constant for DOC 0.5 (mM) Gu et al. (2007); Knights et al. (2017);
Sawyer (2015); Zarnetske et al. (2012)

KI Inhibition constant for Mn-oxide respiration 7.5 (μM) Gu et al. (2007); Knights et al. (2017);
Sawyer (2015); Zarnetske et al. (2012)

KMn,ox Half saturation constant for Mn in Mn oxidation 0.6 (μM) Tebo and Emerson (1986)

KDO Half saturation constant for DO 0.165 (mM) Abrams and Loague (2000); Gu et al. (2007);
Knights et al. (2017); Rifai and Bedient (1990);
Sawyer (2015); Zarnetske et al. (2012)

Van Maximum microbial rate of Mn-oxide respiration 0.7 (h−1) Abrams and Loague (2000); Gu et al. (2007)

Var Maximum microbial rate of aerobic respiration 1 (h−1) Gu et al. (2007); Guillemette and Giorgio (2011);
Knights et al. (2017); Zarnetske et al. (2012)

VMnOx Maximum microbial rate of Mn oxidation 0.1 (h−1) Harvey and Fuller (1998); Shiller and Stephens (2005)

Xan,GW Biomass of Mn-oxide respirers in groundwater 1 (μM) Hendricks (1996); Marmonier et al. (1995);
Schallenberg and Kalff (1993)

Xan,RW Biomass of Mn-oxide respirers in river water 0.15 (mM) Holmes et al. (2012a); Li et al. (2010);
Pallud and Van Cappellen (2006)

Xar,GW Biomass of aerobes in groundwater 10 (μM) Hendricks (1996); Marmonier et al. (1995);
Schallenberg and Kalff (1993)

Xar,RW Biomass of aerobes in river water 1.5 (mM) Battin et al. (2003); Battin et al. (2016);
Lock et al. (1984); Mendoza-Lera et al. (2017)

XMnOx,GW Biomass of Mn oxidizers in groundwater 1 (μM) Hendricks (1996); Marmonier et al. (1995);
Schallenberg and Kalff (1993)

XMnOx,RW Biomass of Mn oxidizers in river water 0.15 (mM) Emerson and Moyer (1997)

River-water concentrations

CMn(aq),RW Concentration of Mn(aq) 9 (nM) Observed

CDO,RW Concentration of DO 0.25 (mM) Observed

Groundwater concentrations

CDOC,GW Concentration of DOC 0.5 (μM) –

CMn(aq),GW Concentration of Mn(aq) 23 (μM) Observed

CDO,GW Concentration of DO 25 (μM) Observed

CSpC,GW Specific conductance 500 (μS cm−1) Observed

Hydrogeol J (2020) 28:1323–1341 1329



hyporheic mixing, which varies seasonally with bed shear
stresses according to Eq. 13 of Voermans et al. (2018):

D t; 0ð Þ ¼ 1:9ReK tð Þ2Sc tð ÞDm ð8Þ
Sc tð Þ ¼ vk

Dm
ð9Þ

ReK tð Þ ¼
ffiffiffi
k

p
u* tð Þ
vk

ð10Þ

where ReK(t) is the Permeability Reynold’s number, Sc(t)
is the Schmidt number,Dm is molecular diffusion (Table 2), vk
is kinematic viscosity of freshwater (Table 2), k is permeabil-
ity (Table 2), and u* is shear velocity:

u* tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
gh tð ÞS

p
ð11Þ

where g is gravitational force, h(t) is stage height (Fig. 4),
and S is channel slope (Table 2). Permeability was estimated
from a constant head permeameter test using a Darcy tube
(Gilson Company, Inc., OH, USA) packed with sediment col-
lected from location B. Five flow rates were measured using
five unique head differences, and permeability was deter-
mined based on Darcy’s Law. Kinematic viscosity (vk) was
assumed to be invariant with temperature.

D(t,z) was assumed to decline exponentially as the rate of
small-scale hyporheic advection declines (Elliott and Brooks
1997) and converge on a value representative of pore-scale
mechanical dispersion (Dp = 1 × 10−7 m2 s−1) at the base of
the model (Table 2). Specifically:

D t; zð Þ ¼ D t; 0ð Þ−Dp

� �
exp Gzð Þ þ Dp ð12Þ

Facultative microbial biomass in the bed of East River has
not been quantified, but inferences from Chafiq et al. (1999),
Hou et al. (2017), and Van Gestel et al. (1992) suggest there
are more microbes in near-surface hyporheic zones due to
increased hyporheic exchange and supply of DOC and DO.
It was assumed that biomass declines exponentially with
depth by approximately two orders of magnitude:

X k t; zð Þ ¼ X k;RW−X k;GW
� �

exp Czð Þ þ X k;GW ð13Þ

where k denotes aerobes (ar), Mn-oxide respirers (an), and
Mn(aq) oxidizers (MnOx). Xk,RW and Xk,GW are microbial bio-
masses in river water and groundwater, respectively (Table 2).

To solve Eqs. (3)–(6), boundary conditions were assigned
based on measured concentrations in river water and deepest
pore water. River-water concentrations varied with season
(Fig. 4), while groundwater concentrations at the lower
boundary were held constant (Table 2). Reaction kinetics were
guided by the literature (Table 2) and refined to achieve the
best visual fit with measured reactive solute concentrations
(DO and Mn(aq)). When the streambed was presumed frozen
(see section ‘Estimating seepage fluxes using temperature

time series’), advection and reactions were halted, and the
coefficient of dispersion was set to a constant equal to molec-
ular diffusion in ice (Table 2). The transport equations were
solved using COMSOL (COMSOL, Inc., Burlington, MA,
USA), a generic finite element solver. Grid sensitivity analysis
was performed and a mesh size no greater than 0.1 cm over the
1-m domain was chosen. The model reached steady annual
cycles after 1 year of spin-up, so model results are reported
from simulation year two. All model parameter values and
descriptions, along with supporting literature, are summarized
in Table 2. A sensitivity analysis with four of the less
constrained model parameters is also included in the ESM.

Model case studies

To understand the effect of changes in hydrology on Mn cy-
cling in the bed of the East River, three scenarios were simu-
lated: historic, low-snow, and storm (Fig. 4). The historic sce-
nario (Fig. 4, second column) reflects conditions similar to
those captured during field measurements, with a long winter
freezing period and a large annual snowmelt event (Fig. 3).
The low-snow (Fig. 4, third column) scenario has a freezing
period that is half the duration of the historic scenario. The
annual discharge is decreased by 50% with respect to the his-
toric scenario, corresponding with the upper limit for the pre-
dicted change in annual discharge of Colorado alpine streams
by the mid-2000s (Vano et al. 2012). Additionally, the annual
snowmelt event occurs one month earlier in the year and is
smaller in magnitude and duration (Fig. 4c). In the storm sce-
nario (Fig. 4, fourth column), the annual discharge is still de-
creased by 50% with respect to the historic scenario, but event
flow is distributed acrossmultiple storms in late winter through
early spring instead of a large snowmelt pulse, and the stream-
bed does not freeze (Fig. 4d). These three simulations represent
a wide range of end-members that bound plausible hydrograph
scenarios for the Rocky Mountains (Pederson et al. 2011;
Rood et al. 2008; Stewart 2009).

In each of the three scenarios, idealized functions were
chosen to represent the following time-dependent parameters:
stage height [h(t)], stream discharge [Q(t)], vertical Darcy ve-
locity [q(t)], effective dispersion [D(t,0)], specific conduc-
tance in the river [CSpC,RW(t)], and DOC in the river
[CDOC,RW(t)] (Fig. 4). Stage and discharge were related
through a rating curve (ESM). Darcy velocity, stream water
conductance, and stream DOC concentration were linked to
changes in stage height and discharge (ESM). D(t,0) was cal-
culated using Eqs. (8)–(11).

Results

Observations of vertical flow and geochemical transport are
presented and used to test a reactive Mn transport model. The
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effects of three unique hydrograph scenarios on Mn transport
in the streambed are then presented.

Seasonal changes in river-water/groundwater
interactions

Upwelling conditions dominated at the three locations over
much of the year, particularly during the baseflow months
(mid-August until time of freezing; Fig. 5). A switch to
downwelling conditions generally occurred when stream dis-
charge increased in the spring. Location A experienced the
longest downwelling conditions from the time of thaw in
April 2017 until monitoring ceased in August 2017.
Location C appears to have experienced a similar period of
downwelling conditions, but there was a gap in the record
during flood conditions due to sensor dislodgement. At loca-
tion B, downwelling initiated later in the spring snowmelt
season, likely around the time of peak discharge in June.
The magnitude of downwelling was also less at location B
than A and C. Location B had the greatest rate of peak

groundwater discharge (0.33 ± 0.026 m day−1) and greatest
average groundwater discharge over the year (0.11 ±
0.026 m day−1).

Location B was frozen for only 2 months, while location A
was frozen for more than four months (Fig. 5). All locations
thawed within 1 week of one another, but freeze up occurred
in early December at A, late December at C, and late January
at B. These observations are consistent with the stronger rate
of upwelling at B, which should buffer wintertime tempera-
tures. Taken together, location A is interpreted to be more
river-water influenced, while locations B and C are more
groundwater influenced.

Seasonal changes in pore-water chemistry

Specific conductance generally increased with depth below
the sediment–water interface (Fig. 6, left column). At location
A, relatively small and stable vertical gradients indicate deep
mixing of low-conductivity river water across seasons. At
location B, steeper gradients indicate upwelling of high-
conductivity groundwater over most of the year. During the
rising hydrograph inMay, however, river water mixed deep in
the bed. At location C, specific conductance values were gen-
erally intermediate between locations A and B. For all loca-
tions, conductance was notably lower in May and July, com-
pared to August and October, due to mixing of low-
conductivity river water deeper in the streambed during the
snowmelt event (Fig. 6, left column).

Strontium-87 to Strontium-86 (87Sr/86Sr) ratios have been
used as a tracer to understand hyporheic flow paths (Lyons
et al. 1995; Palmer and Edmond 1989; Stewart et al. 1998;
Fig. 6, second column). Location B had consistently higher
ratios that may reflect groundwater influence or longer resi-
dence times, while A and C had a wider range of values that
may reflect a greater portion of river-derived (hyporheic) wa-
ters with a range of residence times. Notably, August and
October ratios for location C were similar to those of B, indi-
cating older groundwater influence during the baseflow
season.

DO concentrations generally decreased with depth below
the sediment–water interface (Fig. 6, third column), as expect-
ed due to aerobic respiration and Mn(aq) oxidation (Boano
et al. 2010; Lensing et al. 1994; Zarnetske et al. 2012). For
most locations and months, a decline occurred at about a 20–
30 cm depth. DO penetrated deepest at all locations during
May (B) or July (A and C) when river discharge was high
(Fig. 6, third column). DOC concentrations were not mea-
sured due to limited sample volume, but Nelson et al. (2019)
found pore-water concentrations ranged from <0.031 (detec-
tion limit) to 0.26 mM and averaged 0.070 mM within the
study reach.

Mn(aq) concentrations at location A were low (<7.5 μM)
compared to locations B and C (Fig. 6, fourth column). At
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location B, Mn(aq) was only low in May, when DO penetrated
deeper in sediments during the flood stage. In July and
August, discharging groundwater carried Mn(aq) toward
the sediment–water interface, and Mn(aq) concentrations
increased below 20 cm (Fig. 6, fourth column). A sea-
sonal shift in the Mn(aq) profile was also evident at
location C: the peak Mn(aq) concentration shifted up-
ward from 30 cm in May to 20 cm in October, towards
the end of the baseflow season (Fig. 6l). In general,
Mn(aq) concentrations were low when DO was high
and increased with specific conductance, used here as
a proxy for groundwater influence (Fig. 7a). For com-
parison, dissolved chromium exhibited an opposite

relationship with DO, as the soluble form is the oxi-
dized form, unlike Mn (Fig. 7b). Values of pH varied
over a small range, generally between 7.5 and 8.5 (Fig.
S1 of the ESM).

Trace metals such as zinc, lead, and copper tended to have
lower concentrations in the baseflow season (~0.05–0.06 μM)
that increased during spring snowmelt (May and July) in both
river water and pore water (up to 0.4μM; Fig. S1 of the ESM).
Copper had the highest concentrations of the three metals (up
to 0.4 μM), while lead had significantly lower concentrations
for all months, depths, and locations (up to 0.03μM). Because
concentrations tended to increase in both river water and deep
pore water during the hydrograph peak, both river water and
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1332 Hydrogeol J (2020) 28:1323–1341



groundwater may serve as metal sources to the hyporheic
zone. Copper concentrations were generally lower between
10 to 30 cm below the sediment–water interface, suggesting
potential immobilization in shallow sediments, perhaps on
Mn-oxides (Fuller and Harvey 2000; Kay et al. 2001;
Schäffner et al. 2015; Fig. S1 of the ESM).

Model comparison with field measurements

Location B was identified as an ideal site for model
development because it was well represented by 1D

transport. Location A was not simulated because con-
centrations of Mn(aq) remained low over all sampled
depths and seasons. At location C, concentrations
peaked at an intermediate depth, suggesting the
possibility of multiple geochemical end members or
horizontally stratified flows that are not well captured
by a 1D vertical model. A gravel layer mapped by
Malenda (2018) may promote horizontal flow near loca-
tion C.

All modeled specific conductance profiles at location B
were in good agreement with measurements (Fig. 8a).
Specific conductance decreased in May as stream water in-
truded during the rising limb of the spring snowmelt event,
then increased in association with groundwater upwelling
(Fig. 8a). The model also captured the increase in DO and
decrease in Mn(aq) in May during downwelling conditions
(Fig. 8b). Although modeled DO concentrations decayed
faster with depth than observations (especially in May), the
sampling technique exposed samples to DO from the atmo-
sphere, and it was estimated that the practical detection limit
of this method was 0.0625 mM. The model accurately char-
acterized shifts in the Mn(aq) concentration profile over July
and August (Fig. 8c). Sensitivity of the simulated profiles to a
collection of less constrained input parameters is presented in
the ESM.

Model hydrograph scenarios

Under the historic scenario, or idealized present day condi-
tions, low-conductivity river water mixes deep into the
streambed over the rising limb of the spring snowmelt (April
through mid-May; Fig. 9d). DO penetrates deep (>50 cm) into
the streambed (Fig. 9g), while Mn(aq) concentrations decline
abruptly (Fig. 9m). This decline is primarily driven by the
advective transport of low-Mn(aq), low-specific conductance
river water down through the profile. The result is a decline in
the Mn(aq) oxidation rate, calculated as the magnitude of the

De
pt

h 
(c

m
)

0

20

40

60

SpC (  S cm  )
200 400

DO (mM) Mn      (  M)
0.1 0.2 0 10 200

Aug
Oct
May
Jul

-1
(aq)

(a) (b) (c)
Fig. 8 Comparison between
measured (solid points) and
modeled (solid lines) results for a
SpC, b DO, and c Mn(aq) using
the field model at location B for
August, October, May, and July

M
n 

   
  (

  M
)

8

8

0

0.2

20

40

60

DO
 (m

M
)

SpC (  S cm   )

(a
q)

M
n 

   
  (

  M
)

(a
q)

Cr
 (n

M
)

0

0
300 500

-1

0.1

0.312

4

12

4

(a)

(b)

200 400

Fig. 7 Mn(aq) compared to a DO, and b chromium (Cr) for all locations
(A, B, and C) and seasons (August, October, May, and July) along a
mixing line between river water (low SpC) and groundwater (high SpC;
Saup et al. 2019).Mn(aq) values lower than the detection limit are reported
as the detection limit (Bryant 2019)

Hydrogeol J (2020) 28:1323–1341 1333



third term on the right side of Eq. (5) (Fig. 9p). In May, as
DOC concentrations increase in the upper 25 cm of the
streambed (Fig. 9j), aerobic respiration restricts the depth of
DO penetration (Fig. 9g). Rates of Mn-oxide respiration also
increase slightly with the enhanced supply of DOC, leading to

a small region of elevated Mn(aq) (<0.3 μM) near 20 cm. This
subtle increase in Mn(aq) concentrations allows for a small
region where Mn-oxides form between 15 and 25 cm (Fig.
9p). In mid-May through mid-June, declining DOC concen-
trations (Fig. 9j) limit aerobic and anaerobic respiration,
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leading to a brief increase in DO between 20 and 50 cm (Fig.
9g). Rates of Mn oxidation (Fig. 9p) remain low due to a
limited supply ofMn(aq) from groundwater. Over the recession
and baseflow season (mid-June through Feb), river water pen-
etrates less deeply to about 20 cm (Fig. 9d), and upwelling
groundwater supplies Mn(aq) to shallower pore water below
20 cm (Fig. 9m). DO and DOC only mix to depths of approx-
imately 20 and 15 cm, respectively (Fig. 9g, j). As upwelling
groundwater transports Mn(aq) up through the streambed pro-
file (Fig. 9m), Mn oxidation rates increase, peaking between
15 and 25 cm (Fig. 9p). Above 15 cm, rates of Mn oxidation
are low, despite high DO concentrations (Fig. 9g), because the
supply of Mn(aq) from groundwater has been exhausted by
deeper oxidation, and river water contributes little to the
Mn(aq) supply (Fig. 9m). During frozen conditions, solute con-
centrations remain nearly steady as a result of negligible trans-
port and reactions.

The accumulation rate of Mn-oxides beneath a unit area of
streambed was calculated as the integral with depth of the
difference between Mn oxidation and Mn-oxide respiration
over the upper 50 cm of the streambed. Positive values indi-
cate more oxidation than Mn-oxide respiration, or net
sequestration of Mn as Mn-oxides (Fig. 9s). Over the
rising limb of the spring snowmelt, Mn(aq) is released
(net Mn-oxide respiration occurs) because oxidation is
limited by the supply of Mn(aq) from groundwater, and
Mn-oxide respiration is enhanced by the supply of DOC
from river water. The maximum rate of Mn mobilization
is −0.98 μmol day−1 (Fig. 9s). Mn-oxides then accumu-
late over the falling limb of the hydrograph as Mn-
oxide respiration becomes limited by declining DOC
concentrations and Mn oxidation is enhanced by an in-
crease in Mn(aq) supply from groundwater. The maxi-
mum accumulation rate of 2.26 μmol day−1 is main-
tained over most of the baseflow season. The yearly
average Mn-oxide accumulation rate is 1.06 μmol
day−1.

Mn(aq) flux, calculated as the integral of the total flux of
Mn(aq) across the sediment–water interface, is always positive,
or directed from the aquifer to the stream (Fig. 9v), despite low
Mn(aq) concentrations in the upper 15 cm of streambed.
During spring, the downward-directed advective flux is com-
pensated for by an increase in dispersive flux. This increase in
dispersive flux occurs due to a combination of increased shear
stress at the sediment–water interface (Eqs. 8–11) and a slight
increase in Mn(aq) concentrations in the upper streambed
resulting from an increase in DOC concentrations (Fig. 9j)
enhancing Mn-oxide respiration. A maximum flux of
1.03 μmol m−2 day−1 occurs in late May. Over the recession
and baseflow period, the flux decreases to 0.30 μmol m−2

day−1 as dispersion due to hyporheic mixing and the supply
of DOC for Mn-oxide respiration decrease. Assuming a ho-
mogeneous channel with an average width of 8.5 m, the

average flux to the river per linear km of channel is 2.96mmol
day−1. It is important to note that these fluxes to the stream are
very small. For comparison, the downstream flux of Mn(aq) in
the river during baseflow is ~1,400 mmol day−1 at the
Pumphouse.

In the low-snow scenario with a smaller spring snowmelt
event and shorter freezing period, baseflow conditions persist
for a greater portion of the year, about 9 months instead of 7
(Fig. 9e). During spring snowmelt, DOC from river water is
restricted to shallower depths of 20 cm (Fig. 9k) compared to
25 cm for the Historic scenario, leading to a shorter period of
net Mn-oxide respiration in April and a less negative rate of
Mn-oxide accumulation (−0.68 μmol day−1 versus
−0.98 μmol day−1; Fig. 9t). During baseflow, Mn-oxide accu-
mulation rates are lower compared to the Historic scenario
(1.88 μmol day−1 versus 2.26 μmol day−1; Fig. 9t) due to a
lower rate of groundwater upwelling, which supplies Mn(aq)
for oxidation (Fig. 9n). Averaged over the year, the Mn-oxide
accumulation rate is slightly greater than the historic scenario
(1.18 μmol day−1 versus 1.06 μmol day−1) as the result of two
effects: (1) a prolonged (but weaker) upwelling period that
promotes Mn oxidation for a greater portion of the year (Fig.
9q), and (2) a smaller pulse of DOC into the streambed during
spring snowmelt (Fig. 9k), which limits Mn-oxide respiration.

Mn(aq) fluxes across the sediment–water interface in the
low-snow scenario are significantly lower during peak
downwelling conditions compared to the historic scenario
(0.72 μmol day−1 m−2 versus 1.03 μmol day−1 m−2) due to a
decrease in dispersive mixing and DOC penetration (Fig. 9w).
Fluxes are also lower during baseflow compared to the
Historic scenario (0.20 μmol day−1 m−2 versus 0.30 μmol
day−1 m−2) due to a decrease in advective flux associated with
less groundwater upwelling (Fig. 9w). It is important to
note that lower stage height during baseflow in a low-
snow year is assumed to result in lower rates of ground-
water upwelling (ESM). This relationship may not occur
in all alpine river reaches and is hard to predict given
complex interactions between climate, vegetation, and
recharge. Averaged over the entire year, the flux to the
river per linear km is less than the historic scenario
(2.12 mmol day−1 versus 2.96 mmol day−1).

In the storm scenario with distributed, small precipitation
events, baseflow conditions span only half the year. The depth
of river-water mixing is more constant over the year and is
limited to ~35 cm during storm events (Fig. 9f). With each
storm,Mn(aq) concentrations in the upper 50 cm of the stream-
bed decline (Fig. 9o), leading to a decline in rates of Mn
oxidation (Fig. 9r). Because DOC only penetrates to depths
of ~20 cm, during storm events (Fig. 9l), rates of Mn-oxide
respiration remain limited. Only brief periods of net Mn-oxide
respiration occur (Mn-oxide accumulation rate of −0.26 μmol
day−1; Fig. 9u). Over the baseflow season, the Mn-oxide ac-
cumulation rate is the same as the low-snow scenario
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(1.88 μmol day−1) because rates of groundwater upwelling
and hyporheic mixing remain unchanged (Fig. 9u). Since the
baseflow season is shorter than either the low-snow or historic
scenarios, the annual average Mn-oxide accumulation rate is
lower (1.04 μmol day−1).

The flux of Mn(aq) to the river is more constant in
the storm scenario, with multiple small fluctuations (Fig.
9x) instead of one large pulse. Peak Mn(aq) fluxes asso-
ciated with storms are significantly less than peak fluxes
associated with snowmelt. These peaks are largely driv-
en by the increase in DOC supply to shallow sediments
(Fig. 9l). During baseflow, the flux of Mn(aq) across the
sediment–water interface is 0.20 μmol day−1 m−2 (the
same as the low-snow scenario; Fig. 9x). The yearly
Mn(aq) flux to the river per km is 2.29 mmol day−1,
which is greater than the low-snow scenario because a
long storm season with multiple small pulses of Mn(aq)
leads to a greater annual flux than one large snowmelt
event. Additionally, the streambed never freezes, so
fluxes never cease entirely (Fig. 9x).

Discussion

Under current “typical” hydrograph conditions, East River,
Colorado experiences large seasonal shifts in river-water/
groundwater mixing that lead to predictable seasonal changes
in Mn(aq) flux and Mn-oxide formation, but the dynamics
differ from observations from mining-impacted streams. In
the more pristine East River where discharging groundwater
is the main source of Mn(aq), rates of Mn-oxide formation are
greatest in the summer and fall baseflow season, zero in frozen
winter conditions, and negative in spring snowmelt, when a
greater DOC supply to the hyporheic zone drives a shift to net
Mn-oxide respiration and mobilization. Fluxes ofMn(aq) to the
river are moderate during the baseflow season, zero in frozen
winter conditions, and greatest during spring snowmelt
resulting from significant hyporheic mixing and an increase
in DOC supply for Mn-oxide microbial respiration. In con-
trast, Robbins and Corley (2005) observed increases in the
concentration of Mn-oxides in spring and summer months in
the hyporheic zone of an alpine stream in Arizona, rather than
summer and fall. Similar to Robbins and Corley (2005),
August et al. (2002) demonstrated that an alpine wetland im-
pacted by acid mine drainage functioned as a net sink of Mn
during spring snowmelt, while the East River streambed ap-
pears to be a source. In these prior studies, Mn(aq) concentra-
tions in river water ranged up to 1 mM. At East River, river-
water concentrations are generally ~1 μM, and the main
source of Mn(aq) to the hyporheic zone is groundwater.
Spring snowmelt results in downwelling river water, which
limits the supply of Mn(aq) and enhances the supply of DOC,
leading to Mn-oxide respiration. During baseflow conditions,

however, geochemically reduced groundwater suppliesMn(aq)
to the oxygenated, shallow streambed, and Mn oxidation rates
are greatest.

In pristine streambeds like that of the East River, a shift
towards a longer baseflow period under a warmer climate
should result in greater accumulation of Mn-oxides in the
shallow streambed and sequestration of metals that sorb to
them. In model scenarios shown here, a later, smaller snow-
melt event indeed favors slightly greater annual average rates
of Mn-oxide accumulation in the upper 50 cm of the stream-
bed, potentially by ~10 for a 50% decrease in annual stream
discharge (low-snow scenario). This 10% change is sensitive
to the rate of groundwater discharge during the baseflow sea-
son, since groundwater supplies Mn for microbial oxidation.
The rate of groundwater discharge during the baseflow season
is assumed to decline (by 15%) in drier years (ESM) in the
idealized scenarios, but the exact magnitude of the change in
natural alpine reaches is difficult to predict because it depends
on basin-scale flow paths that are influenced by local geology
and vegetation. If groundwater discharge to the stream during
the baseflow season is more drastically reduced, the annual
average rate of Mn-oxide accumulation will decrease, despite
the longer duration of the baseflow season. Under the storm-
dominated hydrological regime with the same 50% decline in
annual stream discharge but a shorter baseflow season, aver-
age rates of Mn-oxide accumulation decrease by ~2% instead
of increasing, and the dynamics are very different due to the
lack of a large Mn mobilization event associated with a spring
snowmelt pulse. Both warmer, drier scenarios lead to declines
in the export of Mn(aq) to pristine alpine rivers. In the low-
snow scenario, the yearly Mn(aq) flux from the aquifer to the
river decreases by ~30% compared to the historic scenario in
response to a smaller snowmelt event. Under the storm sce-
nario, the Mn(aq) flux to the river decreases by ~20%, primar-
ily due to the lack of a large snowmelt flux. These scenarios
show the combined importance of the duration of baseflow,
event flows, and frozen bed conditions for Mn fate in pristine
mountain streams.

The idealized model scenarios presented here do not
replace the need for monitoring metal export and reten-
tion in alpine streams, which are subject to heteroge-
neous and complex hydrologic and biogeochemical pro-
cesses that were necessarily simplified in the models
presented in this study—for example, the microbial
communities were assumed to remain steady in all sce-
narios. These communities are likely to respond to a
changing hydrograph. Danczak et al. (2016) show that
microbial communities in the hyporheic zone of the
Colorado River change seasonally, which could result
in changes in Mn processing (Clements et al. 2008).
Microbial communities and activities can also be affect-
ed by changes in temperature, which were not incorpo-
rated in these models (Kaplan and Bott 1989; Storey
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and Williams 2004); however, Battin (2000) showed
that hyporheic microbial activity was not well correlated
with temperature over an annual range similar to that of
the East River. Unexpected changes in the quality or
quantity of DOC in stream water were also not
accounted for, which may occur in a changing climate
(Harte et al. 2015; Mann et al. 2012; O’Donnell et al.
2010). Such changes would impact Mn transport but are
outside the scope of this study and should be assessed
in future work. The assumption was made that DOC is
limiting in groundwater, and organic matter as a source of
DOC in the hyporheic zone was not included (Knights et al.
2017; Zarnetske et al. 2012). Given the significant pulse of
DOC in the river water during spring snowmelt and the coarse
nature of streambed gravels, sediment sources of DOC are
unlikely to play a major role in alleviating DOC limitations
on Mn-oxide respiration. It is possible that groundwater
contains Mancos Shale-derived DOC, but many studies
have shown such groundwater DOC to be less labile
than terrestrially derived DOC in river water (Grøn
et al. 1992; Schindler and Krabbenhoft 1998; Sobczak
and Findlay 2002).

This study took a 1D approach to represent hyporheic
transport. As such, these models did not explicitly incorporate
multidimensional flow paths—for example, bedforms have
been shown to promote downwelling conditions that deliver
more oxygen to streambed sediments on the leeward side
(Elliott and Brooks 1997; Shen et al. 1990), resulting in hor-
izontal gradients in aerobic respiration and nitrate removal
(Boano et al. 2010; Harvey and Bencala 1993). However,
the overall effect of such small-scale features on vertical solute
transport is captured in the effective dispersion coefficient
(O’Connor and Harvey 2008; Voermans et al. 2018). This
enhanced hyporheic mixing is vital to the Mn transport
dynamics that were observed and modeled, because it
facilitates the enhanced transfer of DO and DOC to
shallow sediments, even when ambient groundwater is
upwelling during baseflow conditions. If this mixing
were absent (for example, as a result of even stronger
ambient groundwater discharge or smaller bedform-
current interactions), Mn oxides would form at the
sediment–water interface or in the river-water column
rather than beneath the sediment–water interface. In ad-
dition to the effects of small-scale multidimensional
flow paths, lateral hyporheic flow paths at the scale of
meanders connect recharge zones on the upslope edge
of the meander with discharge zones on the opposite
side of the bend (Boano et al. 2010). Such large-scale
flow paths will likely have a predictable effect on Mn
transport and transformation at the reach scale. Dwivedi
et al. (2018) modeled lateral hyporheic flow through a
meander of the East River directly downstream from
this study site. They demonstrate that groundwater flow

through the floodplain traverses redox zones in which
more energetically favorable TEAs such as DO are de-
pleted and progressively less energetically favorable
TEAs such as Fe and Mn are utilized. Lateral flow
paths may explain some of the differences in vertical
advective flux and deeper hyporheic pore-water chemis-
try between locations A and C, supported by findings of
Nelson et al. (2019). Future field observations and
streambed mapping could support the development of
multidimensional hyporheic transport models to explore
heterogeneity in Mn transport.

Mn-oxide concentrations or mineral composition were not
measured, which would have required destructive sampling of
the monitoring sites. Measuring changes in Mn-oxide concen-
trations and composition over seasons is an important area for
future study. Furthermore, these models do not capture multi-
phase transport during frozen conditions (Kalousová et al.
2014). No sampling campaigns were conducted during winter
due to difficultly extracting samples from the frozen subsur-
face. Winter is a time, however, when microbial activity
(Liang et al. 2003; Zelles et al. 1991) and fluxes (Cherkauer
and Lettenmaier 1999) are likely minimal.

Conclusion

The timing and magnitude of snowmelt events in pris-
tine alpine river systems has a large impact on Mn
transformation and mobility that differs from mining-
impacted river systems, where Mn(aq) concentrations in
river water can be much greater. During baseflow con-
ditions when groundwater delivers Mn(aq) to the
hyporheic zone, Mn oxidation occurs at shallow depths.
A reversal to downwelling conditions during spring
snowmelt results in a decrease in pore-water concentra-
tions of Mn(aq) and an increase in DOC, simultaneously
restricting Mn oxidation and enhancing Mn-oxide respi-
ration. In years with less snowmelt, a diminished supply of
DOC in spring should limitMn-oxide respiration, and a longer
baseflow season should increase the supply of Mn(aq)
from groundwater for Mn-oxide formation. The net re-
sult of greater Mn-oxide accumulation should be to cre-
ate additional sorption sites for other trace metals that
influence water quality in mountain streams. In the ab-
sence of a frozen bed and large snowmelt event, a more
subdued annual hydrograph is expected to result in
smaller annual disturbances to Mn transport. These find-
ings suggest that pristine systems such as the East River
may prove more resilient to contaminant metal fluxes as
a result of an accumulation of Mn-oxides, in contrast to
mining-impacted sites that show different seasonal be-
haviors. It is therefore important to understand the
sourcing of Mn(aq) in riverine systems because there
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are important implications for water quality and stream
health.

While many hyporheic modeling studies have focused
on carbon and nitrate, models of dynamic Mn transport
in hyporheic zones are limited. These models, devel-
oped from field observations of a pristine river, show
that dynamic hyporheic mixing has large effects on Mn
fate in streambeds. Future research should focus on two-
and three-dimensional observations and models to un-
derstand the role that lateral flow plays in Mn transport
and transformation. As climate changes and anthropo-
genic metal contamination in riverine systems inten-
sifies, it will be imperative to understand the fate of
Mn in alpine rivers and their sediments to better predict
changes in metal mobility and water quality.
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