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Local Topography and Streambed Hydraulic
Conductivity Influence Riparian Groundwater Age and
Groundwater-Surface Water Connection
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Abstract The western U.S. is experiencing increasing rain to snow ratios due to climate change, and
scientists are uncertain how changing recharge patterns will affect future groundwater-surface water connection.
We examined how watershed topography and streambed hydraulic conductivity impact groundwater age and
stream discharge at eight sites along a headwater stream within the Manitou Experimental Forest, CO USA.

To do so, we measured: (a) continuous stream and groundwater discharge/level and specific conductivity from
April to November 2021; (b) biweekly stream and groundwater chemistry; (c) groundwater chlorofluorocarbons
and tritium in spring and fall; (d) streambed hydraulic conductivity; and (e) local slope. We used the chemistry
data to calculate fluorite saturation states that were used to inform end-member mixing analysis of streamflow
source. We then combined chlorofluorocarbon and tritium data to estimate the age composition of riparian
groundwater. Our data suggest that future stream drying is more probable where local slope is steep and
streambed hydraulic conductivity is high. In these areas, groundwater source shifted seasonally, as indicated by
age increases, and we observed a high fraction of groundwater in streamflow, primarily interflow from adjacent
hillslopes. In contrast, where local slope is flat and streambed hydraulic conductivity is low, streamflow is
more likely to persist as groundwater age was seasonally constant and buffered by storage in alluvial sediments.
Groundwater age and streamflow paired with characterization of watershed topography and subsurface
characteristics enabled identification of likely controls on future stream drying patterns.

Plain Language Summary In the western U.S., climate change is causing more precipitation to
fall as rain rather than snow and it is currently unclear how, where, and when this shift is going to impact
groundwater contributions to streams, which is important for predicting streamflow and many ecosystem
services, including stream contaminant processing or thermal refugia for fish habitat. In this study, we
instrumented a small, high-elevation stream in Colorado, USA to determine (a) how much groundwater is
contributing to streamflow and (b) how long groundwater spends traveling through the subsurface before doing
so. We found that groundwater age ranged from 10 to 55 years, with older groundwater located in areas with
flat topography and where water could not move through streambed sediment quickly. We found the areas with
steeper topography had more groundwater contributing to streamflow, but this groundwater was younger. We
predict that under future climate scenarios, streams in areas with steep topography and young groundwater are
more likely to dry.

1. Introduction

Headwater streams support riparian ecosystems and control downstream water quantity, nutrients, and solutes
(Wohl, 2017), but are subject to changes in water quantity and quality as climate change impacts groundwater
recharge patterns. In the western U.S., winter snow is the main source of recharge in many mountain catch-
ments. Infiltrating snowmelt is predicted to shift in both timing and magnitude in the latter half of the 21st
century as warmer temperatures cause earlier spring snowmelt and increase the elevation of the rain-snow tran-
sition zone (Meixner et al., 2016), thus shifting the primary form of winter precipitation from snow to rain in
many areas (Klos et al., 2014). In addition, snow water equivalent declines of ~25% in the western U.S. are
expected by 2050 (Siirila-Woodburn et al., 2021). These recharge changes are expected to impact groundwater
availability (Cuthbert et al., 2019), and subsequently the timing and magnitude of transpiration (Christensen
et al., 2008; Stephens et al., 2022). Currently, the impacts of changing recharge patterns on groundwater levels
and streamflow are ambiguous because of uncertainty in both controls on groundwater-surface water connection

WARIX ET AL.

1 of 22


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2509-6849
https://orcid.org/0000-0002-0851-0094
https://orcid.org/0000-0002-6404-1237
https://orcid.org/0000-0002-0605-3774
https://doi.org/10.1029/2023WR035044
https://doi.org/10.1029/2023WR035044
https://doi.org/10.1029/2023WR035044
https://doi.org/10.1029/2023WR035044
https://doi.org/10.1029/2023WR035044
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023WR035044&domain=pdf&date_stamp=2023-09-20

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR035044

and future climate projections (Bloschl et al., 2019; Meixner et al., 2016; Musselman et al., 2021; Segura, 2021;
Siirila-Woodburn et al., 2021; Zapata-Rios et al., 2016). As a result, hydrologists are still working to predict how
headwater streamflow quantity and quality will respond to a changing climate.

Annual stream discharge and precipitation magnitude are closely linked, but during seasonal dry periods and
drought groundwater often sustains streamflow in arid and semi-arid regions (Hale & McDonnell, 2016; Hood
et al., 2006; Winter et al., 1998; Zaremehrjardy et al., 2022). Changes in the timing and source of infiltrating
water with a changing climate are expected to decrease groundwater recharge because transient rainfall infiltrates
less effectively than slow-melting snow (Earman & Dettinger, 2011; Siirila-Woodburn et al., 2021). As a result,
there is potential for groundwater levels to decline under a changing climate (Siirila-Woodburn et al., 2021) and
subsequently decrease groundwater's contribution to streams.

Characterizing watershed groundwater systems is critical to predicting future groundwater resources as there is a
relation between the residence time of water in a catchment and the timescale of a catchment's response to pertur-
bations (Althaus et al., 2009; Green et al., 2021; Jurgens et al., 2022; Katsuyama et al., 2010; Meyers et al., 2021;
Rademacher et al., 2005). Quantifying groundwater contribution to streams is important for predicting future
streamflow and water quality, and thus future impacts to water resources and stream ecosystems. Groundwater
residence-time studies can inform predictions of groundwater response to climate change by elucidating when
and where water is recharged, how groundwater is stored, and how groundwater moves through a catchment
(Uribstegui et al., 2017). Even in mountainous watersheds with frequent turnover, groundwater can be years to
decades old and is an important control on runoff generation (Abbott et al., 2016; Manning et al., 2021; Sprenger
et al., 2018). Quantifying this watershed response is important, as steady groundwater storage and discharge are
critical to maintaining catchment water balances and streamflow.

Groundwater's role in stream systems is further complicated by the fact that up to 50% of streams in the global
river network periodically cease to flow as intermittent streams (Datry et al., 2014), and this number is expected
to increase in future climate scenarios (Moidu et al., 2021; Reynolds et al., 2015; Sauquet et al., 2021). Predicting
future stream permanence is important as persistent streamflow is vital to water quality and quantity (Shanafield
et al., 2021), as well as stream and riparian ecological (Acufia et al., 2017; Stubbington et al., 2017) and bioge-
ochemical processes (Datry et al., 2014; Fovet et al., 2021). Even in a small headwater catchment, groundwa-
ter support to surface flow can vary significantly through both time and space, leading to drying (Dohman
et al., 2021; Warix et al., 2021). For headwater streams to persist under future drought conditions, ample,
well-connected groundwater will likely be required. However, hydrologists cannot currently predict how stream
intermittency will change in the future because physical watershed properties that favor well-connected ground-
water are heterogeneous and difficult and labor intensive to measure directly.

Groundwater contribution to streams is dependent on watershed topography, hydraulic gradients, and hydrau-
lic conductivity (Gleeson & Manning, 2008; Margais et al., 2022; Sprenger et al., 2019; White et al., 2021;
Winter 2001), all factors which vary with space, scale, and time. Watershed topography has been observed
to impact where water accumulates within valley networks and is hypothesized to modulate flow partitioning
between the surface and subsurface as determined by stream expansion and contraction. McGuire et al. (2005)
established a connection between stream residence time and topography at the multi-catchment scale, which
we build upon here by incorporating groundwater residence time and streambed hydraulic conductivity, within
a single catchment, to make predictions about response to future climate. Streambed hydraulic conductivity
influences the connection between groundwater and streamflow (Brunner et al., 2009; Quichimbo et al., 2020;
Tripathi et al., 2021), but it is difficult to measure at fine spatial scales due to heterogeneity at multiple scales and
difficulty in obtaining direct observations. To accurately predict how groundwater support to streams will change
in the future, we look to identify physical watershed properties that are predictive of a stable groundwater-surface
water connection.

In this paper, we identified correlations between topography, streambed hydraulic conductivity, groundwater
residence times, and groundwater-surface water connection at eight different locations in a single mountainous
headwater catchment in the western U.S. to identify groundwater support of streamflow. We ask: (a) what physi-
cal properties are correlated with spatial and temporal variations in the age of groundwater contributing to surface
flows? and (b) how does groundwater-surface connection control near-stream groundwater age and potential for
future stream drying? Our goals are to provide a foundation for identifying watershed properties predictive of
stream drying patterns at local scales, and how stream intermittency patterns may shift under a changing climate.
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Figure 1. (a) Map of sampling locations within the Hotel Gulch watershed, Manitou Experimental Forest, Colorado, USA.
Paired stilling wells and groundwater wells (GW) are displayed as multicolored dots, with a stream inset at Site 8 showing the
relative locations of the stilling wells and GW as red dots. All GW are located within a meter of the north bank of the stream.
(b) Stream profile showing that the upper watershed has lower hydraulic gradient as compared to the central watershed where
stream gradient is relatively steeper.

2. Site Description

This study was completed in the upper Hotel Gulch watershed within the Manitou Experimental Forest CO,
United States (Figure 1). This area is part of the greater Front Range province and approximately 20 miles north-
west of Colorado Springs, CO. We instrumented eight sites within the watershed with a paired stilling well and a
near-stream, shallow, groundwater piezometer. Sites are numbered from the lowest elevation to the highest (Site
1 through Site 8) and at each site stilling wells are referred to as SW(n) and groundwater piezometers are referred
to as GW(n) where n is the site number (Table 1). Seven of these sites are located along the main stem with Site
4 located on a small tributary that discharges to the main stem upstream of Site 3 (Figure 1).

The catchment is 3 km? and the main stem of Hotel Gulch is 2 km long with a stream width range of 20-60 cm.
Hotel Gulch is a small, first-order headwater stream, and from April to November 2021, the average outlet
discharge was 4 L/s. The climate is semi-arid with a mean annual precipitation of 36 cm (1979-2021)
(NADP, 2022). The Hotel Gulch watershed has steep, densely vegetated, north-facing slopes, and more gradual,
relatively sparsely vegetated south-facing slopes. Vegetation consists of pine, mixed conifers, and aspen groves,
as well as near-stream riparian vegetation such as willows. The south-facing slopes have several alluvial fan
features that cut through south-facing hillslopes and extend to the stream corridor (Figure 1). Site 1, in the lowest
portion of the watershed, has an average slope within an upstream 100-m radius <19°. The middle of the water-
shed (Sites 2-06) is incised with steeper near-stream slopes ranging from 17° to 26°. Upstream of Site 7, the stream
corridor extends into a broad floodplain and the near-stream topography is flat, relative to downstream sections
(average slope within an upstream 100-m radius <14.5°).

The Hotel Gulch watershed is underlain by two granite members of the Pikes Peak batholith. The upper portion
of the watershed is underlain by porphyritic granite of the Pikes Peak batholith (Ypb), while the lower portion is
underlain by the Pikes Peak granite (Ypp) (Temple et al., 2007; Figure 1). The two granite members are similar in
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Table 1

Table With Groundwater (GW) and Surface Water (SW) Well Coordinates, Elevation, Upstream Area, Slope, Discharge (Q) Measured in June and September, and the
Average Modeled Hydraulic Conductivity (K)

Site SW elevation Upstream Slope 100-m Q 6/10/21 Q9/25/21  Modeled
ID GW longitude GW latitude SW longitude SW latitude (m) area (km?)  upstream buffer (°) (L/s) (L/s) K (m/s)
1 —105.054215 39.0894044  —105.0542  39.0894045 2,601 3.1 18.9 4.8 12 2E-06
2 —105.048857 39.0894717  —105.04887 39.0894498 2,625 2.7 23.6 3.0 0.0 1E-03
3 —105.043235  39.0880495  —105.04323 39.0880599 2,663 23 22.0 1.9 1.1 2E-06
4 —105.041482  39.0880009  —105.04146 39.0880027 2,676 0.6 22.8 0.4 0.5 1E—05
5 —105.039514  39.0899068  —105.03948 39.0898721 2,700 1.3 26.2 0.4 0.1 2E-04
6 —105.035907  39.0906293  —105.0359  39.0906297 2,728 1.0 17.4 1.8 0.4 3E-05
7 —105.032372  39.0919627  —105.03232  39.0919573 2,749 0.9 14.2 0.9 0.2 3E-06
8 —105.029803  39.0946216  —105.02979 39.0946217 2,761 0.6 13.5 0.7 0.5 2E-07

Note. Slope was calculated by creating a 100-m semi-circle buffer upstream of each well and calculating the average slope within the polygon. The semi-circle was cut
so that the diameter is perpendicular to the stream.

composition—a hornblende-bearing biotite granite—and primarily vary in crystal size. The constituent minerals
include microcline (35%-50%), quartz (20%-35%), plagioclase (10%—20%), biotite (2%—7%), and hornblende
(0.5%—2%) (Temple et al., 2007). Accessory minerals include zircon, apatite, magnetite, and fluorite (Temple
et al., 2007; Wanty et al., 1992). The Pikes Peak granite is a fractured system (Blair, 1976), and fractures control
groundwater flow (Wanty et al., 1992). Four north-south trending faults cut or approach the stream as part of the
Mount Deception Fault System (Temple et al., 2007; Figure 1).

A series of three faults is mapped near the watershed outlet and Sites 1 and 2. The fault closest to Site 1 is
projected across the stream bed, the other two are mapped with a terminus prior to crossing the stream bed. The
comparatively small changes in discharge after storm events at Site 1, relative to other sites, as well as relatively
low stream temperatures from a longitudinal survey of stream temperature (Figure S1 in Supporting Informa-
tion S1) suggest that faulting influences streamflow at Site 1. At and around Site 2, the stream was observed to
dry in August, September, and October 2021. Sites 7 and 8 are the farthest upstream and are located in a relatively
flat portion of the watershed (Figure 1). Another fault is mapped at the upper reaches of the watershed along the
south slope. Groundwater seeps are common in this upper portion of the watershed and the floodplain is wider
than in the lower portions of the catchment.

Soils in the watershed include aquolls in the riparian zone and very gravelly coarse sandy loam to gravelly coarse
sandy loam on hillslopes (R. Moore, 1992; Soil Survey Staff et al., 2023). Detailed information about variability
in regolith thickness does not exist for the Manitou Experimental Forest; however, the maximum soil profile
thickness for mapped soil units in the watershed is 1.55 m (R. Moore, 1992). While installing riparian piezome-
ters we achieved depth to refusal at approximately 1.5-2 me deep for Sites 1-6 but did not reach refusal at Sites
7 and 8, indicating thicker regolith in the riparian zone of the upper watershed. In this upper portion of the water-
shed, we observed that soil in the riparian zone has a greater fraction of silt and clay relative to the lower portion
of the catchment, which is mostly composed of sand and gravel. This higher fraction of silt and clay leads to
lower hydraulic conductivity in the upper catchment, and this part of the field system contains numerous diffuse
groundwater seeps and pooled surface water. Channel and floodplain alluvium have been mapped throughout the
riparian zone. These sediments consist of angular to sub-rounded pebble gravel and sand and are estimated to be
0.6—1.7 m thick (Temple et al., 2007). We also observed fluorite grains in riparian soils (Figure S2 in Supporting
Information S1).

3. Methods

To characterize spatial and temporal heterogeneity in the connection between groundwater and surface water we
measured: (a) surface water discharge and specific conductivity time series; (b) groundwater level and specific
conductivity time series; (c) stream fluoride concentrations, used in an end-member mixing analysis to esti-
mate groundwater fractions to streamflow as described below; (d) groundwater chlorofluorocarbons (CFCs) and

WARIX ET AL.

4 of 22

ASULDI suowwo)) aAnear) djqedridde ayy £q pauraroS ale soNIE YO $asn Jo sa[nl 10J AIRIqI AUIUQ K3[IA\ UO (SUOIIPUOD-PUE-SULIA) /WO K3[Im’ KIeiqijaurjuoy/:sdny) SUonipuo) pue sWwd], 3yl 23S “[+207/S0/L0] U0 Areiqi autjuQ L3[IA\ ‘SAUTA JO [0049S 0peIo[o)) £q #+0SE0MMETOT/6T0T" 01/10p/wod Kafiav Kreiqrjautjuo sqndney/:sdny woiy papeo[umod ‘6 ‘€207 ‘€LO6LYT61



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR035044

tritium (*H) for residence time estimations; (€) streambed hydraulic conductivity; and (f) watershed topography.
Figure S3 in Supporting Information S1 is a summary of the methods used for groundwater age calculations and
surface water end-member mixing.

3.1. Time-Series Data Collection
3.1.1. Stilling Wells, Discharge, and Precipitation

We instrumented eight stilling wells throughout the stream with 5.1-cm (2-inch) PVC. Stream electrical conduc-
tivity was recorded by HOBO U24-001 loggers every 15 min from 10 April to 6 November 2021, and was
converted to specific conductivity. We hung HOBO U20 level loggers in each stilling well to record total pressure
every 15 min over the same time period. Total pressure was converted to water level using air pressure recorded
with HOBO U20 level loggers hung in trees near Site 1 and Site 8.

We paired manual discharge measurements with stilling well observations to create rating curves at each of the
eight sites. Manual discharge was measured 12 times at all sites except Site 4, where it was measured 14 times.
Discharge was measured using the salt dilution method as described in R. D. D. Moore (2005) with NaCl. A
large rainstorm in early August changed channel morphology and necessitated development of a secondary rating
curve at Site 4 for after the storm. Two rating curves also are used at Site 2, where early season ice (10 April-15
May) altered channel morphology. Because we do not have physical discharge measurements at high flows after
storm events, we did not calculate discharge if the measured stage was more than 1 cm higher than the maximum
stage recorded. 2.2% of stage observations were set to null values instead of being converted to discharge because
of lack of high-discharge measurements.

Weekly precipitation was downloaded from then NADP from Site CO21 (NADP, 2022), located ~2 miles west
of our most downstream location (Site 1).

3.1.2. Groundwater Wells

Shallow, hand-installed, streambank wells provide an effective, low-cost means of directly characterizing the
chemistry and age of groundwater discharge to gaining mountain streams, and have been increasingly used in
recent studies for this purpose (e.g., Manning et al., 2022). We installed eight shallow piezometers with 3.8-cm
(1.5-inch) PVC within a meter of the stream bank, adjacent to each of the eight stilling wells. Wells were installed
with an auger and drive-point rod. Groundwater wells (GW) at Sites 1-6 were installed into sandy gravel with
interspersed cobbles. In contrast, wells at Sites 7 and 8 were installed into clay and silt interspersed with sand and
gravel. Well depths ranged from 1.0 to 1.8 m, depending on the depth to refusal, and water levels in the wells were
generally <0.5 m. The refusal depths and maximum mapped soil thicknesses of <2 m (R. Moore, 1992) suggest
that the wells likely transect a significant fraction of the saturated regolith thickness. The bottom 80% of each
well was screened to capture all flowlines reaching the well with screens that spanned nearly the full saturated
thickness of the regolith. The water table was below the top of the screen for 67% of groundwater age samples
before pumping started. For all well samples, the water table dropped during pumping, typically below the top
of the screen, suggesting that we captured the majority of flow lines reaching the stream. We assume that the
wells intercept most of groundwater discharging to the stream from the right bank at the well location, given that
well depths generally exceed stream widths by a factor of 2-3. Well water had solute concentrations greater than
adjacent surface water, and we did not observe specific conductivity spikes in the wells after salt dilution tracer
tests. These two observations suggest that the wells contain minimal surface water lost from the stream. Each well
contained a HOBO U24-001 electrical conductivity logger and a HOBO U20 water level logger that recorded
every 15 min from 10 June to 6 November 2021.

3.1.3. Stream and Groundwater Chemistry

Surface water and groundwater chemistry samples were collected approximately twice a month from June to
November 2021 with additional surface water samples collected from April to June 2021. Chemistry samples
were collected before salt dilution discharge gauging was completed and GW were purged until well temperature,
pH, and specific conductivity were constant. Samples were collected with Viton tubing and a peristaltic pump
in 30-mL HDPE Nalgene bottles and were filtered to 0.2 pm with nylon syringes. The pump intake was located
approximately 5-cm above the bottom of each well during sampling. One blank and duplicate were collected
each sampling day. We measured F~ by ion chromatography and samples were frozen until analysis. Stream and
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groundwater pH, specific conductivity, and temperature were determined in the field with a Thermo Fisher Orion
Star A329 portable multiparameter meter.

3.2. Groundwater Input Endmember Mixing

Groundwater inputs to stream discharge have been classically estimated using a mass-balance approach informed
by two endmembers representing groundwater and runoff (Pinder & Jones, 1969; Sklash et al., 1976). Rather
than using water isotopes (Sklash et al., 1976) or specific conductivity (Miller et al., 2014; Saraiva Okello
et al., 2018) to define endmembers, as common in other mass-balance-based hydrograph separation, we build
upon this approach by using the chemical saturation of precipitation, groundwater, and surface water with respect
to fluorite to inform endmembers. Chemical saturation of a bedrock mineral is often not a choice because there
are few bedrock minerals with simple chemical formulae that contain elements that are not also in precipitation.
However, in this system the presence of fluorite provided a unique opportunity to use the chemical saturation
of the groundwater with respect to fluorite as an endmember representation of groundwater. We assumed that
streamflow is a mix of two water sources, with endmembers representing recently infiltrated precipitation, and
groundwater. Fluorite was chosen because the Pikes Peak granite has anomalously high fluorite (CaF,) concen-
trations at 0.35 wt. % (Wanty et al., 1992). When weathered, fluorite dissociates to fluoride and calcium:

CaF, — Ca’* +2F"

delivering fluoride as solute that in an undisturbed system such as Manitou, can only be plausibly sourced from
water-rock interactions in the subsurface as fluoride is not commonly found in atmospheric deposition or other
pedogenic or geogenic sources.

We used fluoride concentrations to calculate the amount of stream discharge from groundwater (Qy, L/s) when
chemistry samples were collected, following methods from Miller et al. (2014):

Ocw = QOsw * (M>

Fow — Fp

where, Qg (L/s) is the measured stream discharge, Fg,, (mol/L) is the measured fluoride concentration in
streamflow, F;, (mol/L) is the concentration of fluoride in the precipitation endmember, and F, (mol/L) is the
concentration of fluoride at saturation with fluorite for the groundwater endmember. We computed the mean
area-weighted groundwater discharge for each site by taking the average of all Q,, values for each site and divid-
ing by the upstream area.

The precipitation component to flow represents rain and snow that have entered the shallow subsurface and are
not geochemically evolved, representing water that has been in the subsurface for less than a year. We assumed
very dilute fluoride in precipitation with [F~] = 1 X 10~'° mol/L. A nearby NADP site (Site CO21) exists at the
Manitou Experimental Forest headquarters, but it does not report fluoride chemistry.

The groundwater endmember represents all groundwater contributing to streamflow. This includes any water
that has spent enough time in the subsurface to weather fluorite and accumulate dissolved fluoride. It does not
distinguish between bedrock and regolith storage, but instead encapsulates groundwater flow that has reached
saturation with fluorite and may include a range of groundwater sources such as deep fracture flow, groundwater
stored in regolith, and interflow, as long as fluorite saturation has been reached.

To determine the groundwater endmember, we first calculated the chemical saturation of groundwater samples
with respect to fluorite for samples that had a stoichiometry ratio of 2F:Ca, based on the mineral formula for
Fluorite (CaF,). We observed that groundwater was chemically saturated with respect to fluorite at some point
during the season at every site location. We reported the potential range and mean of groundwater discharge and
fraction of total streamflow, based on the range of fluoride concentrations at saturation with fluorite. To further
validate this endmember assumption, we then created a 1D reactive transport model with CrunchTope to evalu-
ate the residence times required for water to reach saturation with respect to fluorite. We observed that 1D flow
reached fluorite saturation at 1.5 years residence time (Figure S4 in Supporting Information S1), well within the
observed groundwater residence times at Manitou, and thus it is reasonable to expect that groundwater contribut-
ing to surface water in Hotel Gulch is saturated with respect to fluorite. Any water that is not fully saturated with
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respect to fluorite represents a mix of dilute precipitation with an evolved groundwater source. Furthermore, at all
eight sites we observed chemostatic concentration-discharge patterns for fluoride, leading to the assumption that
fluorite dissolution and fluoride concentrations in streams are at steady state. If streamflow was supersaturated
with fluorite, leading to a fraction of discharge from groundwater >100%, we assumed that all stream discharge
was sourced from groundwater. Fluorite supersaturation only occurred once for the upper limit of one date at Site
7. There is not a relation between fluoride concentrations in soils and plants (Weinstein, 1977), suggesting that
plants do not typically uptake fluoride. We do not see geochemical evidence of evaporation, so conclude that ET
is unlikely to be an important process in determining stream fluoride concentrations.

Our endmember mixing analysis does not contain a soil endmember. However, Bush et al. (2023) measured
riparian soil fluoride concentrations at several locations throughout the Hotel Gulch catchment. They observed
that shallow soil water (10-cm below the surface) was undersaturated with fluorite and had an average saturation
index of —0.96 and that fluorite saturation increased with depth in soils. Our average surface water and ground-
water fluorite saturation indices were —0.18 and —0.04, respectively. These data show that fluorite saturation
in soil water is distinct from surface water and groundwater, and more closely resembles precipitation. Within
our endmember mixing model, this dilute soil water would be attributed to the precipitation endmember as it is
geochemically unevolved from a fluorite saturation perspective and is likely sourced from recently infiltrated
precipitation or snowmelt. We observed visible fluorite grains in regolith samples, indicating that fluorite is
present in the regolith.

While we assign no age to the precipitation and groundwater endmembers, they represent relatively young and
old components to streamflow, but are independent of the young and old fraction to flow used in the ground-
water age calculation in Section 3.5 as they are informed by different data. Our reactive transport model shows
that fluorite saturation is reached within 1.5 years (Figure S4 in Supporting Information S1), so groundwater
represents water that recharged before the 2021 snowmelt period. Endmembers are based on observed behavior
captured over a 1-year period and assumes that other water years have comparable precipitation and groundwater
chemistry. We also note that none of the collected hand-samples occurred during an active storm, and thus we do
not capture or attempt to estimate unique flowpaths that may be present during storm events.

Another potential limitation of this EMMA analysis is that it does not account for areas of the stream that may
be losing, and assumes that groundwater is always contributing to streamflow. If the stream is losing at our
sampling locations, we assume that the losing water is well-mixed from a geochemical perspective, and thus
matches the chemistry of water we captured in the stream. As a result, EMMA mixing results provide a reliable
estimate for the fraction of streamflow from groundwater because it only relies on stream fluoride concentrations
and is normalized to the amount of total stream discharge which would be the only variable metric that is influ-
enced by a losing stream, under the assumption above. Regardless, we did not attempt to filter results to only
gaining reaches because our Sites are 500 m apart and may have many gaining and losing sections between our
sample locations; others have observed gaining/losing stream sections to vary over their lengths (Kasahara &
Wondzell, 2003; Rosenberry et al., 2021).

3.3. Hydraulic Conductivity

Streambed hydraulic conductivity was estimated using 1DTempPro (Voytek et al., 2014) informed by tempera-
ture measurements collected with thermochron iButtons (DS1925L-F5, measurement error = 0.0625°C). Three
iButtons were secured to wood stakes and temperature was recorded every 15-min at the stream bed, 10-cm below
the stream, and 20-cm below the stream at each of the eight locations from 0:00 28 May 2022 to 0:00 7 June 2022
(Figure S5 in Supporting Information S1). At Site 7 the 20-cm iButton was water damaged so we used temper-
ature at 1.43-m measured with a U20 Onset HOBO recording at the same time interval in the screened PVC.

1DTempPro numerically solves the flow and heat-transport equations and has a GUI that enables users to cali-
brate with Variably Saturated 2-Dimensional Heat Transport code to estimate hydraulic conductivity where head
is known. The user must provide initial estimates for a change in head between boundary conditions, hydrau-
lic conductivity, porosity, thermal conductivity, heat capacity, and dispersivity. We used the same values for
porosity (0.4), thermal conductivity (1 W/m°C), and heat capacity (3.7E+06 W/m°C) at all eight sites, based
on pre-programmed data in 1DTempPro data library. We started with a change in head of 1 cm and varied the
starting hydraulic conductivity and dispersivity for each sample in an iterative solving approach to find starting

WARIX ET AL.

7 of 22

A *6 *€T0T “ELOLYYOL

:sdny woiy papeoy

ASU2OIT suowwo)) danear) djqedridde ayy £q pauraroS are spoIIE YO fasn Jo sa[ni 10J AIrIqI AUIUQ K3[IA\ UO (SUONIPUOD-PUE-SWLIA) W0 K3[1m’ KIeIqrjauljuoy/:sdny) Suonipuo) pue sWId ], 3yl 23S *[$707/S0/L0] U0 A1eiqi aurjuQ L3[IA\ ‘SAUT JO [004S 0peIo[o)) Aq ##0SE0MMETOT/6T0T 01 /10p/wod Kafim A.



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR035044

values that enabled the model to converge. All model inputs and outputs, example iButton temperature data, and
a conceptual diagram illustrating experiment set-up are present in Supporting Information S1.

3.4. Watershed Topography

We used 1-m LiDAR for all topographic analysis and watershed delineation (Rossi et al., 2022). The watershed
boundary and upstream accumulated area was determined using watershed function tools in ArcGIS Pro. We
used the slope tool in ArcGIS Pro to calculate slope from LiDAR. We then created a circular buffer around
each well to calculate slope for a variety of contributing areas. Because unconfined groundwater often loosely
mirrors topography, we split each buffer into a semi-circle cut perpendicular to the direction of flow at the stream
adjacent to each well to avoid downgradient topography impacting the slope of contributing area (Figure S6 in
Supporting Information S1). We then averaged the slope within the semi-circle polygon using the zonal statistics
tool. Average slope was calculated in 5, 10, 20, 30, 50, and 100-m intervals and relative changes in slope between
sites scaled similarly across the eight sites regardless of buffer length, as indicated by simple linear regression.
We used a 100-m radius for statistical analysis because it captured the change in slope between the valley and
adjacent hillslopes adjacent to the stream at all sites, whereas some of the smaller intervals were not wide enough
to capture the break and slope at Sites 7 and 8, based on visual inspection.

3.5. Groundwater Age Sampling and Calculations

Samples were collected for chlorofluorocarbons (CFC-11, CFC-12, and CFC-113) and tritium (*H) to constrain
groundwater age, and for dissolved concentrations of N, and Ar gases to compute the recharge temperature and
excess air parameters required for age calculations. The first round of age-tracer sampling took place on 9-10
June 2021, including N,/Ar gases, CFCs, and tritium samples (Table S2 in Supporting Information S1). On 24-25
September a second round of CFC and tritium samples were collected, except for at Site 2 where low groundwa-
ter levels prevented collection of a reliable sample (Table S2 in Supporting Information S1). All samples were
collected using a peristaltic pump and Viton tubing. The pump intake was placed near the bottom of the water
column (approximately 5-cm above the bottom of the well) to maintain hydraulic pressure on sampled water and
minimize the potential for dissolved gas loss from bubble formation during pumping.

Nitrogen and argon gas samples were collected in duplicate 250-mL glass bottles with rubber stoppers following
methods described by the U.S. Geological Survey (USGS) Reston Groundwater Dating laboratory (USGS, 2021),
where they were analyzed. CFC samples were collected in triplicate in 500-mL glass bottles sealed with foil caps
and tritium samples were collected in 1-L HDPE Nalgene bottles, both consistent with methods described by
the University of Miami Tritium Laboratory (University of Miami Tritium Laboratory, 2021), where they were
analyzed.

Equilibrium atmospheric mixing ratios in parts per trillion by volume (pptv) were computed for the measured
CFC concentrations (Table S2 in Supporting Information S1) using standard methods described in Busenberg
and Plummer (1992) and Plummer and Busenberg (2000). The recharge elevation was assumed to be the mean
elevation of the total contributing area to each well as described above. Recharge temperature and excess air were
computed from N, and Ar concentrations (Table S2 in Supporting Information S1) using the method described in
Busenberg et al. (1993), which assumes the unfractionated air model of excess air formation (Aeschbach-Hertig
et al., 2000). Excess N, from denitrification was not suspected and assumed to be negligible. Computed recharge
temperatures range from 2.4° to 6.2°C, with a mean of 4.6°C, consistent with the site's mean annual air temper-
ature of 5°C (Manning, 2011; Seltzer et al., 2021). Computed excess air concentrations are 0.1-1.8 cm3STP/L,
within the normal range for groundwater (Stute & Schlosser, 2000). Recharge temperatures and excess air concen-
trations for the September CFC samples were assumed equal to those computed from N, and Ar gas concentra-
tions in the June samples because N,/Ar samples were not collected in September.

We used both CFC-12 and tritium to estimate a mean groundwater age for each sample, employing the Trac-
erLPM calculator (Jurgens et al., 2012). CFC-11 and CFC-113 were not used given their greater potential for
degradation under low-oxygen conditions (Bockgérd et al., 2004; Sebol et al., 2007); all wells had dissolved
oxygen concentrations <1 mg/L, as determined with CHEMets kits (K-7512) during sampling. June CFC-12 data
at Site 7 and September CFC-12 data at Sites 3 and 7 were not reported due to large SF, chromatogram peaks
that obscured the CFC-12 peak. For these samples, we estimated the CFC-12 equilibrium atmospheric mixing
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Figure 2. Plot of *H concentration (decayed to the sample year, 2021) versus

CFC-12 (pptv)

that all water in the sample is of uniform age. The EMM assumes sampled
water is discharging from the toe of a simple hillslope aquifer having uniform

CFC-12 equilibrium atmospheric mixing ratio illustrating the approach used thickness, porosity, and recharge, and has been widely assumed in catchment
to compute older fraction age, young water fraction, and sample mean age for travel time studies (e.g., McGuire & McDonnell, 2006). However, many
samples in this study. Lines are shown corresponding to the piston flow model  samples were clearly inconsistent with these two models, plotting off the PFM

and exponential mixing model. Sample points and corresponding best-fit
bimodal mixing model lines are shown for Sites 1 and 4.

and EMM model lines on a tracer-tracer plot of tritium concentration versus
CFC-12 mixing ratio (Figure 2). A binary mixing model (BMM) includ-
ing a very young (1 year old) component and an older modern (<70 years
old) component of variable age was therefore adopted for the following two
reasons. First, the model is conceptually consistent with a watershed underlain by a relatively low-hydraulic-con-
ductivity fractured-bedrock aquifer (providing the older component) with a relatively high-hydraulic-conductiv-
ity shallow layer of unconsolidated material on top of it (providing the young component as interflow; Carroll
et al., 2019, 2020; Gardner et al., 2020) and has been invoked in prior mountain watershed studies (Manning
et al., 2012; Uhlenbrook et al., 2002). Second, for all four wells having substantially different June and September
ages (Sites 1, 4, 5, and 6), the line connecting the two samples on the 3H versus CFC-12 plot referred to above
projects to the portion of the PFM/EMM lines corresponding to water 0-3 years old, consistent with both samples
containing the same older component and different amounts of a young component ~1 year old.

Figure 2 illustrates the approach used to compute the older component age, young fraction magnitude, and sample
mean age for each sample, showing Sites 1 and 4 as examples. For each site, a BMM line extending outward from
the point on the PFM line corresponding to 1-year-old water was fit to the June and September sample points
(dashed lines in Figure 2). The projected intersection of this BMM line with the PFM line was taken as the older
component, having ages of 49 and 36 years for Sites 1 and 4, respectively. Because both components are repre-
sented by the PFM, this mixing model is referred to here as a BMM-PFM-PFM. The TracerLPM fitting tool was
then applied to compute the young water fraction for each of the two samples, this being the relative distance of
the sample from the older component along the BMM-PFM-PEM line. For example, young fractions for June
and September samples are 0.42 and 0.00 for Site 1, respectively, and 0.75 and 0.57 for Site 4, respectively.
In cases where the older component could fall on either PFM or EMM lines, the older component and sample
mean ages were also computed for the latter scenario (referred to as a BMM-PEM-EMM). Site 4 presents such a
case, and its corresponding BMM-PFM-EMM line is shown as a solid orange line in Figure 2 (older component
mean age = 21 years). We acknowledge that in a dynamic headwater system such as Manitou, the age of young
and older components may be transient (Popp et al., 2021), and an infinite number of possible mixing scenar-
ios exist for each sample. The BMM's applied above are likely significant simplifications of actual sample age
distributions, and more complex and realistic types of age distributions would fit just as well with the sample
data. However, on the principle of parsimony, we have selected these BMM's because they are the simplest form
of mixing model consistent with both the data set and the hydrologic setting. We also note that, though our data
support the samples containing dominantly modern water (otherwise, samples would plot closer to the origin in
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Figures 2 and 6a), we cannot rule out the possibility of samples containing some amount of premodern water
(>70 years old), given that tracers capable of dating premodern water were not collected.

We report a lab error of +2 years for CFC PFM ages but did not quantify error associated with sample mean ages
(based on *H and CFC-12) because these were computed based on modeling assumptions and are interpreted
estimates. Certainty around the mean ages can be proxied by comparing estimates from different mixing models
for a single sample, as provided in Table S3 in Supporting Information S1. We note that while the absolute age of
samples varies between flow models, the relative distribution of ages is consistent, and this relative distribution
drives our conclusions rather than absolute ages.

3.6. Statistical Analysis

We compared groundwater ages against other variables and used Pearson's rank correlation to compute p-values.
Throughout this manuscript, we define statistically significant correlations as those having a p-value less than
0.05. We report Pearson's rho values alongside p-values, calculated using the “corr” function in MATLAB.

4. Results
4.1. Streamflow and Groundwater Observations
4.1.1. Discharge, Groundwater Level, and Specific Conductivity

Stream discharge was consistently highest among the eight sites in early May, during the peak snowmelt period,
until late May, when all snow melted (Figure 3). The highest average flows occurred at the farthest downstream
location, Site 1. Site 4 is a small tributary stream and had the lowest mean discharge. Site 2 is located near
a fault (Figure 1) and was the only location to dry during this period (Figure 3). On 10 June, during the first
round of groundwater residence time sampling, the stream was gaining except for between Sites 6 and 5 where
stream morphology transitions from broad floodplains and alluvial fans to incised valleys (Table 1; Figure S8 in
Supporting Information S1). On 25 September, during groundwater residence time sampling, the stream alter-
nated between gaining and losing with the largest loss at Site 2 where the stream was dry and the largest gain just
downstream at Site 1 near a fault (Table 1; Figure S8 in Supporting Information S1).

During June and July, summer monsoon storms caused frequent precipitation events, but the response was not
constant throughout the 2-km stream (Figure 3). Site 1 had small responses while Sites 3, 7, and 8 exhibited
flashy discharge (Figures 3b, 3d, 3h, and 3i). Precipitation was scarce from August to November and during this
time flows were low across all eight sites. Stream specific conductivity was not as dynamic across sites as stream
discharge (Figure 3). Stream specific conductivity was lowest across all sites in April and increased throughout
the summer. While there were large increases in discharge after precipitation events there were not proportional
decreases in stream specific conductivity (Figure 3). In mid-October riparian vegetation began to senesce and
stream discharge increased as a result.

Groundwater-table elevation had less variation than stream discharge (Figure 4). Groundwater levels were highest
in June and typically decreased during the summer until October, when they started to increase again. We note
that groundwater levels and discharge started to increase in the fall as riparian willows started to lose leaves
(Figure 4). All sites showed small increases in water level in response to summer rain events, but we note that
Site 7 was the least impacted by precipitation (Figure 4g). Site 2 had the largest changes in groundwater level (a
decrease of >40 cm), consistent with being the only surface-water site that dried during the summer (Figure 4b).
Groundwater specific conductivity increased throughout the summer before decreasing in October at all sites
except Site 7 where it was constant throughout the summer (standard deviation = 0.67 uS/cm), despite decreases
in water level (Figure 4g). Specific conductivity at Site 1 and Site 6 dropped after every bimonthly pumping event
for geochemical sampling, explaining the sharp decreases specific conductivity data at these sites (Figures 4a
and 4f). Sites 2 and 3 had specific conductivity behavior inverse to changes in groundwater level (Figures 4b
and 4c) exhibiting dilution behavior, while specific conductivity at Site 4 mirrored changes in groundwater level
likely due to solute mobilization (Figure 4d).

4.1.2. Groundwater Fraction Endmember Mixing

We used a two-endmember mixing model to quantify streamflow source. 95% of observations from April to
November 2021 show that the Hotel Gulch stream had a groundwater contribution greater than 60% (Figure 5).
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Figure 3. Plots showing stream discharge in blue and specific conductivity in orange from April to November 2021. Precipitation from National Atmospheric
Deposition Program site CO21 is displayed in the top left subplot. Linearly interpolated data are shown in a dashed line where data are not available because of
datalogger malfunctions, such as for specific conductivity in early October for SW1, late April to early May for SW5, and September for SW8. Manual discharge
measurements are displayed as black dots. In early April, some ice was present in the channel at Sites 1 and 5, which caused poor agreement between manual discharge
and the rating curve during the first week of the time-series record.

Site 1 has the highest average fraction of discharge from groundwater and is located near two faults (Figure 5a).
Sites 5-8 all have a comparatively low (50%—70%) fraction of streamflow from groundwater early in the season
while snow was melting, and approach 90% groundwater contribution as the summer progresses (Figures 5e—5h).
Sites 7 and 8 have the most dynamic shifts in stream source (Figures 5g and 5h).

4.2. Spatial and Temporal Groundwater Residence Time Trends

The age tracer data are consistent with most of the groundwater samples containing a bimodal mixture of very
young (~1 year old) water and older water generally 30—60 years old (Figures 2 and 6a; Table S3 in Supporting
Information S1; see Section 3.5). For the four sites with June and September samples of substantially different age
(Sites 1, 4, 5, and 6), both the June and September samples plot approximately on a single BMM line including
a young component ~1 year old and an older (but still modern) component of some age unique to each set of
samples (Figure 6a). We suspect the young component is mainly from interflow within unconsolidated material
on top of the bedrock, while the older component is mainly from the bedrock. Table S3 in Supporting Informa-
tion S1 presents the computed mean age for each sample assuming two different mixing models, including the
BMM-PFM-PFM (bimodal with a PEM older component) and, when possible, the BMM-PFM-EMM (bimodal
with an EMM older component). The BMM-PFM-PFM is consistent with all samples in the data set. It is there-
fore considered the preferred model, and all sample mean ages and young endmember fractions discussed below
assume this model. Importantly, while the different BMM's produce somewhat different sample mean ages, the

WARIX ET AL.

11 of 22

A *6 *€T0T “ELO6LYT61

:sdny woiy papeoy

ASU2OIT suowwo)) danear) djqedridde ayy £q pauraroS are spoIIE YO fasn Jo sa[ni 10J AIrIqI AUIUQ K3[IA\ UO (SUONIPUOD-PUE-SWLIA) W0 K3[1m’ KIeIqrjauljuoy/:sdny) Suonipuo) pue sWId ], 3yl 23S *[$707/S0/L0] U0 A1eiqi aurjuQ L3[IA\ ‘SAUT JO [004S 0peIo[o)) Aq ##0SE0MMETOT/6T0T 01 /10p/wod Kafim A.



V oad
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research

10.1029/2023WR035044

Water Table Elevation (m)

GW1
2592f

S

2591.8
2591.6

SC drop after GW sampling

/ Mmﬁ%«f”

2649.8
2649.6
26494
2649.2

2688.4F
2688.2|

2688f
2687.8f

2732.61

27324f MWW

2732.2f

Jun Jul Aug

Sep

Oct Nov
2021

GW2 Stream E 300
2610} - Dry
2609.8 | 1200
2609.6 | /mww
. . | " . 100
2663Fawa ) 300
2662.8 | N\M €
T 1200 g
26626 | M 4
¢~”~P&ﬁ”Aa_L,ﬂA \“*\f\\J_HWA,JN—Aﬁ\‘— EE
2662.4 . . . . . 100 S
©
>S5
GW6 SC drop after GW sampling E 300 2
2712} N T S
v
27118) WW 200 £
()
27116 L%
. . . . A 100
300
27442
2744} WMMMM 200
-«»wﬁ’\-m-— W“\/\
27438
. . . . A 100
Jun Jul Aug Sep Oct Nov
2021

Figure 4. Plots showing groundwater elevation in blue and groundwater specific conductivity in orange from June to November 2021. The left-hand-side y-axis limits
are different for each subplot due to the change in elevation between sites, but the elevation range (0.8 m) is consistent across plots. The yellow shaded section in panel
(b) represents the period when the stream was dry.
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Figure 5. Plots showing the fraction of discharge from groundwater through time at each of the eight surface-water locations. The colored shaded area in each subplot
represents the potential range of the fraction of discharge from groundwater, as a function on the minimum and maximum concentrations of fluoride in groundwater
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standard deviation of all midpoints for each subplot is displayed in the bottom left corner of each subplot. Site 1 had a consistently high and stable fraction of discharge
from groundwater, while upper Sites 7 and 8 showed the most variation through time, as indicated by their relatively high standard deviations. Point decreases in the
late summer and fall, particularly at upper sites, occurred in the days after large summer monsoon events.
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Figure 6. (a) Plot of *H concentration versus CFC-12 equilibrium atmospheric mixing ratio. Lines corresponding to the
piston flow model (PFM) and exponential mixing model (EMM) are shown in addition to all samples. Numbers next to lines
show modeled age for PFM and EMM in gray and black, respectively. Samples were collected on 09-10 June 2021 (circles)
or 24-25 September 2021 (squares). (b) Estimated best-fit bimodal mixing model-PFM-PFM mean age for samples at each
of the eight sites in both June (circles) and September (squares), 2021. The seasonal mean age average (calculated as the
average between June and September samples) is also plotted as a triangle. We show colored blocks grouping sites by relative
characteristics. These key characteristics are listed by letter for simplicity, including groundwater age (A), the temporal age
change from June to September (T), 2021, the presence or absence of faulting through the stream (F), relative changes in local
slope (i.e., shallow or steep) (S), and the presence or absence of quaternary alluvial fill (Q).

relative ranking of these mean ages remains approximately the same, and our interpretations below are based
mainly on relative age differences between samples rather than absolute ages.

Groundwater-sample mean ages ranged from 10 to 53 years in June and from 16 to 55 years in September
(Figure 6b). In June, groundwater residence time was oldest in the upper and lowermost portions of the catch-
ment, while the youngest water was located in the middle of the catchment (Figure 6b, Table S3 in Supporting
Information S1). In September, the oldest groundwater was still found in the upper and lower portions of the
catchment, but groundwater ages at Sites 5 and 6 were also greater than 40 years. Groundwater ages at Sites 3 and
4 were still relatively young (<25 years) in September (Figure 6b, Table S3 in Supporting Information S1). There
was no statistically significant correlation between upstream area and June or September groundwater age (June:
R? = 0.04, p-value = 0.65, September: R?> = 0.00, p-value = 0.96). Site 8 had the oldest water at 53 and 55 years
in June and September, respectively. Site 7 is also located in the upper watershed and had older water at 31 years
in both June and September. The lowest site, Site 1, is located near a fault and also had relatively old water at 29
and 49 years in June and September, respectively. Groundwater in the middle portion of the catchment (Sites 2—-6)
had comparatively young ages, ranging from 10 to 24 years, with the exception of September samples from Sites
5 and 6, which were 44 and 42 years, respectively (Suckow et al., 2013).

The largest shifts in residence time between June and September occurred where no alluvial fill is present near the
riparian zone, and near the downstream fault (Figure 6b). Sites 1, 4, 5, and 6 had the largest increases in residence
time at 20, 13, 34, and 25 years, respectively. The oldest groundwaters, Sites 7 and 8, had the smallest increases
in residence time of less than 2 years. The seasonal change in young fraction (Figure 6b) was proportional to the
seasonal change in mean age, with the biggest decreases in the young fraction from June to September occurring
at Sites 1, 5, and 6. We show no change in groundwater age at Site 2 because groundwater levels were too low to
collect a CFC sample in September.

4.3. Relation Between Local Slope, Streambed Hydraulic Conductivity, Groundwater Residence Time,
and Groundwater Inputs

Streambed hydraulic conductivity spanned four orders of magnitude, ranging from 1E—03 to 2E—07 m/s
throughout the watershed (Figure 7b, Table 1). The highest streambed hydraulic conductivity was found at Site 2
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Figure 7. Plots showing the best-fit bimodal mixing model-piston flow model (PFM)-PFM June mean age for each
groundwater well plotted against the average slope within a 100-m upstream buffer at each well and (b) the hydraulic
conductivity in the shallow streambed at each site. Panel (c) shows a positive correlation between the average slope within a
100-m upstream buffer at each well and the seasonally averaged upstream area-weighted groundwater discharge. All points
are colored by their site ID, as consistent with the rest of the manuscript. P-values and R? values were calculated using
Pearson's correlation test. Linear correlation equations are present in the bottom right corner of each plot.

(1E-3 m/s), coinciding with the only location where the stream dried. Sites 8 had the lowest streambed hydraulic
conductivity 2E—07 m/s and coincided with where we observed the highest fraction of silt in the streambed. Sites
1-6 ranged from 2E—06 to 2E—04 m/s.

We observed statistically significant correlations between slope in a 100-m upstream buffer, groundwater age,
groundwater inputs to streamflow, and streambed hydraulic conductivity (Figure 7). June mean groundwater ages
were correlated with the upgradient slope within a 100-m buffer (R? = 0.70, p-value = 0.009) and the streambed
hydraulic conductivity (R? = 0.70, p-value = 0.009) (Figures 7a and 7b). These relative correlations are also
present with September and seasonally weighted mean ages but are not significant at the 0.05 significance level
(Figure S9 in Supporting Information S1). We suggest that the June mean ages are more representative of ground-
water behavior because most of the stream is gaining in June. In contrast, in September there were several alter-
nating gaining and losing sections throughout the catchment (Figure S8 in Supporting Information S1) that could
potentially cause mean ages to appear younger as a result of infiltrating streamflow upgradient. Conclusions
throughout the discussion are thus based on June mean ages.

We compared the seasonal mean upstream area-weighted discharge from groundwater (L/s/km?), as determined
by the endmember mixing (section “Groundwater input endmember mixing”), to slope and found that groundwa-
ter inputs to streamflow were greater in flat areas (Figure 7¢) (R? = 0.69, p-value = 0.01).

The seasonal change in groundwater age does not correlate with the change in the fraction of discharge from
groundwater on the groundwater age sample days. Where there were large changes in the fraction of discharge
from groundwater, mean groundwater age was relatively constant (Sites 3, 7, 8, Figure S10 in Supporting
Information S1). At sites where groundwater age increased from spring to fall, the fraction of discharge from

WARIX ET AL.

14 of 22

A *6 *€T0T “ELO6LYT61

:sdny woiy papeoy

ASU2OIT suowwo)) danear) djqedridde ayy £q pauraroS are spoIIE YO fasn Jo sa[ni 10J AIrIqI AUIUQ K3[IA\ UO (SUONIPUOD-PUE-SWLIA) W0 K3[1m’ KIeIqrjauljuoy/:sdny) Suonipuo) pue sWId ], 3yl 23S *[$707/S0/L0] U0 A1eiqi aurjuQ L3[IA\ ‘SAUT JO [004S 0peIo[o)) Aq ##0SE0MMETOT/6T0T 01 /10p/wod Kafim A.



Ay
NI, Water Resources Research 10.1029/2023WR035044

ADVANCING EARTH
AND SPACE SCIENCES

Current conditions

Steep slopes Shallow slopes

Low area-weighted N
groundwater Siltly sand
discharge in stream

High area-weighted
groundwater
discharge in stream

Predictions for future climate

Steep slopes Shallow slopes

Longer buffer period
Shorter buffer period to perturbations

to perturbations

Persistent
surface flow

v A
QPrrecipitation ¢

Siltly sand

Stream drying
QPrecipitation ¢_

Figure 8. Conceptual figure showing hypothesized response to future decreased snow water equivalent and groundwater recharge in flat and steep scenarios in both

a current and future setting. Text color is linked to different water sources and is consistent across subplots. In the top panels (a, b) we show current conditions at
Manitou in a steep (panel (a)) and shallow slope (panel (b)) scenario. Currently, in steep areas streamflow is sourced by seasonal interflow and there is little to no
alluvial storage. In these steep areas, there is a low upstream area-weighted groundwater discharge in the stream and groundwater age is young. In areas with shallower
slopes, we observe little to no interflow or seasonal groundwater age shift. Groundwater age is relatively older and alluvial storage sustains high upstream area-weighted
groundwater discharge to streamflow. The bottom two panels (c, d) show these two geomorphic settings in a future climate scenario. In steep areas (panel (c)) we
hypothesize a groundwater table drop that causes stream drying. In areas with shallow slopes (panel (d)) we hypothesize that the groundwater table will still drop, but
that alluvial storage can sustain short-term droughts and the older groundwater in these areas will enable a longer buffer period to perturbations.

groundwater remained relatively constant through time (Sites 1, 5, Figure S10 in Supporting Information S1).
Site 6 was the only location that exhibited large changes in both groundwater age and the fraction of discharge
from groundwater.

5. Discussion

We combined groundwater age estimates, end-member mixing results, and topographic analyses to assess how
physical watershed properties impact streamflow resiliency in a small headwater catchment. We build on the estab-
lished connection between topography and groundwater-surface water connection to illustrate how groundwater
flow and storage vary in flat versus steep upstream contributing areas in current conditions (Figures 8a and 8b),
and predicted response to changes in recharge (Figures 8c and 8d). Figure 8 serves as a graphical summary of the
discussion section and illustrates many of the conclusions of the paper including how the hydraulic conductivity,
changes in slope, role of interflow, presence of alluvial aquifers, and changes in groundwater age will impact
future groundwater-surface water connection. The current conditions in the conceptual model are informed by
the relative differences in groundwater-surface water connection observed at Manitou, as described below and
in Section 5.2. In Section 5.3, we build off conditions observed today to predict how groundwater-surface water
connection may vary in a future climate scenario.

5.1. Links Between Topography, Geology, Groundwater Age, and Stream Source

Groundwater residence time is a function of the entire flowpath, and conceptually where groundwater flowpaths
are long, residence time will be older. However, we did not observe this trend as changes in groundwater residence
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time did not follow any spatial pattern and groundwater was oldest in the upper catchment where upstream accu-
mulation area is small. We instead show that the upstream area does not influence the residence time of ground-
water contributing to streamflow. This connection corroborates findings from McGuire et al. (2005) who used
oxygen isotopes to establish a similar conclusion that residence times are a function of watershed topography,
rather than upstream area. Here, we build on this work to examine how changes in slope impact groundwater age
and contribution to streamflow within a small headwater catchment.

In unconfined groundwater settings such as in the Manitou Experimental Forest, a steep topographic gradient
may lead to a greater hydraulic gradient, driving hillslope groundwater to travel more quickly before contributing
to streamflow and thus have a shorter residence time, as illustrated in Figure 8a. In topographically steep areas
(Sites 2—6) we observed groundwater with a relatively young mean age, a large young fraction, and large seasonal
increases in age. These factors point to a larger interflow contribution because of the temporally dynamic stream-
flow source. We attribute interflow and subsequent downslope drainage of hillslope regolith as the source of
1-year water for the young component and note that the Sites with the largest young fraction in June occur where
slopes are steep. An existing hydrology study at Hotel Gulch shows that lateral groundwater sources from adja-
cent hillslopes (5-20 m from the stream) are a primary source to streamflow (Bush et al., 2023), corroborating the
conclusion that hillslope topography is influencing groundwater in streamflow. On steeper slopes, shallow infil-
tration moves downslope more quickly and therefore may be less likely to infiltrate into the underlying bedrock,
as shown by the green interflow arrow in Figure 8a. In the late summer and early fall, snowmelt-driven interflow
may have largely drained from the system such that there is less contribution from very young water, explaining
the large shifts in age at Sites 5 and 6 shown in Figure 6b. In these steep areas, we observed a lower area-weighted
discharge from groundwater in stream flow (Figure 7c), indicating that more young, shallow flow is present in
streamflow, relative to upstream locations (blue text in bottom right corner of Figure 8a).

In contrast, where upgradient slope is relatively flat, water moves more slowly, and old groundwater is stored
before reaching the riparian zone (Figure 8b). In the flatter areas of Manitou, groundwater is routed from a
constant source seasonally, rather than the flushing of recent infiltration. This constant groundwater source is
evident in the temporally static groundwater specific conductivity patterns at Sites 7 and 8 (Figures 4g and 4h)
where slopes are flat and groundwater is old relative to downstream locations. For example, in early August there
was a large precipitation event that caused increases in discharge at all eight sites (Figure 2). There were subse-
quent decreases in groundwater specific conductivity at some locations, such as Sites 2 and 3 where slopes are
steep and groundwater is young (Figures 3b and 3c), but specific conductivity stayed relatively constant in the
upper watershed at Sites 7 and 8 where groundwater is older (Figures 3g and 3h). In addition, these flat areas had
similar groundwater ages in both June and September (Figure 6a) and had the largest area-weighted groundwater
contribution (Figure 7¢). These two factors indicate relatively large and stable groundwater inputs, rather than
distinct seasonal sources, such as the springtime interflow seen in steeper areas. The constant groundwater source
in flat areas is illustrated in Figure 8b, where we show old groundwater with a high fraction of streamflow from
groundwater in the stream, and little to no contribution from interflow.

Hillslope steepness is complicated by variable hillslope curvature patterns throughout Manitou. Others have inves-
tigated the role that curvature plays in groundwater flow and water table dynamics (Bachmair & Weiler, 2012) and
found that the effects of convergent and divergent areas cancel their respective impacts on streamflow magnitude
(Bogaart & Troch, 2006). Hillslope curvature is often simplified in groundwater flow models because of compound-
ing heterogeneity in convex and concave sections within a single hillslope (Sabzevari & Noroozpour, 2014). Recent
research has attempted to link groundwater transit time with variability in hillslope curvature and found a higher
fraction of young flow in streams adjacent to simple convex hillslopes using numerical modeling (Xiao et al., 2021).
These conclusions linking groundwater flow and hillslope curvature hold in low-frequency topography landscapes,
but at Manitou we observe high-frequency, heterogeneous hillslope curvature where convex, concave, and linear
segments can be found within a single hillslope, complicating our ability to isolate the role of curvature on ground-
water age and its ability to contribute to streamflow. We note this as a limitation of this work but posit the potential
to further improve prediction of future streamflow presence by pairing hillslope topography complexities through
numerical modeling with empirical measurements of groundwater age and streamflow source, particularly as
curvature has been shown to control the expansion and retraction of flowing streams (Prancevic & Kirchner, 2019).

In the flatter portions of the watershed, notably in the upper and lower watershed, channel and floodplain allu-
vium are mapped in the drainage bottom (Figure 1). We observed a connection between seasonal groundwater age
increases and the presence of alluvial sediment. The three sites with little to no alluvial aquifer mapped adjacent
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to the stream, Sites 4, 5, and 6 (Figure 1), have the largest seasonal shifts in age and magnitude of young fraction
(Figures 6a and 6b, Figure S11 in Supporting Information S1). The small seasonal increase in age and young frac-
tion at the other sites where alluvium is present (with the exception of the fault-influenced Site 1) suggest that in
this headwater stream, alluvial aquifers store groundwater sourced from adjacent hillslopes and provide a mixing
and storage compartment for interflow and bedrock discharge prior to discharging to streamflow, potentially
providing a buffer to hydrologic perturbations. We illustrated this concept in Figures 8a and 8b by showing allu-
vial storage in flat areas (Figure 8b) and no alluvial storage in steeper areas (Figure 8a), consistent with observed
channel and floodplain alluvium observed at Manitou. Site 1 is an exception here; we suggest that alluvial storage
and interflow both contribute to young groundwater, but that fault-driven flow dominates surface water as indi-
cated by discharge trends that are largely unresponsive to storm events (Figure 3b). Conclusions regarding the
role of alluvial storage are novel as they incorporate age tracer data into existing hillslope hydrology literature.

In a short-term drought scenario, groundwater-sourced stream segments with adjacent alluvial aquifers may be
more buffered to decreases in precipitation as compared to locations with no adjacent shallow alluvial aquifer.
This conclusion is supported by seasonal age shifts where the largest seasonal increases in age coincided with
locations where no alluvial fill is mapped, indicating a shifting groundwater source in response to recharge
decreases. We note that Site 1 also exhibited a seasonal age increase and has a significant young component to
flow, but we suggest that rather than mixing between interflow and bedrock in alluvial features, it is sourced by
groundwater flow along the adjacent fault. The ability of alluvial storage to act as a buffer to recharge pertur-
bations is also supported by a connection between low-flow area-weighted discharge and seasonal groundwater
age increases. We saw that the minimum and maximum area-weighted discharge coincided with sites that had
large and small changes in seasonal age on 25 September 2021. For example, Site 8 had the largest area-weighted
discharge (0.91 L/s/km?) and a small seasonal age shift (increase = 2 years) while Site 5 had the lowest area
weighted discharge (0.09 L/s/km?) and a large seasonal age shift (increase = 2 years), ignoring Site 2, which was
dry at the time. We suggest that the alluvial fill in flat areas offers short-term storage that sustains a constant
groundwater source during periods of limited recharge.

5.2. Connection Between Streambed Hydraulic Conductivity and Stream Discharge and Specific
Conductivity

We observed a connection between streambed hydraulic conductivity, the area-weighted discharge from ground-
water, and the mean age of discharging groundwater (Figures 7b and 7c), suggesting that shallow subsurface
material at the streambed interface is impacting groundwater-surface water connection. In areas where older
groundwater was present, there was also a relatively high fraction of precipitation in streamflow, such as at Sites
6-8 during the early season (Figures 5f—5h), compared to downstream Sites 1—4 that had a more constant frac-
tion of discharge from streamflow throughout the season (Figures 5a—5d). We suggest that the constant fraction
of discharge from streamflow is because low hydraulic conductivity soils prevented precipitation from quickly
infiltrating the subsurface in the shallow-soil zone, particularly at Sites 7 and 8 where low hydraulic conductivity
material surrounded the riparian zone. Instead, precipitation was largely routed to streamflow and potentially did
not contribute to deeper groundwater. This is demonstrated, for example, at Site 7 where groundwater specific
conductivity and groundwater level are stable through time (Figure 4g), despite flashy responses to precipitation
events in the stream (Figure 3h). In addition, we also show that the fraction of discharge from groundwater had
the largest increases groundwater age was temporally constant and hydraulic conductivity was low (Figure S10
in Supporting Information S1). This behavior is physical evidence of the preferential release of young stream-
flow because of subsurface heterogeneity as modeled in Berghuijs and Kirchner (2017) where groundwater with
increasing age cannot sustain contributions to streamflow. In addition, the groundwater at Sites 7 and 8 was oldest
and did not have a large young component during June, further indicating that recently infiltrated young ground-
water is a primary source to shallow riparian groundwater. We illustrate this concept in Figure 8 by showing that
old groundwater is located in locations with low hydraulic conductivity (Figure 8b) and that younger groundwater
is found where hydraulic conductivity is high (Figure 8a).

We initially hypothesized that stream discharge and chemistry would be more seasonally constant in areas with
old groundwater because it is more resistant to perturbations (Green et al., 2021). However, we observed that
stream specific conductivity and discharge were not more stable where old groundwater was present near the
stream, as indicated by poor correlation between mean age and the standard deviations of stream discharge
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(R?=0.07, p-value = 0.53) and specific conductivity (R?> = 0.01, p-value = 0.83) and instead conclude that stre-
ambed hydraulic conductivity is a primary control on groundwater in streamflow. We note that within the Mani-
tou system groundwater is dominantly modern, and in larger-scale systems with groundwater of more widely
varying age (up to hundreds to thousands of years old) the relation between age and stream specific conductivity
may be significant at different scales.

Not surprisingly, we observed that streambed hydraulic conductivity plays a large role in the connection between
streamflow and shallow groundwater, and thus can help inform where the groundwater-surface water connection
will persist despite changes in recharge. Here we further corroborate existing knowledge of groundwater-surface
water connection by incorporating groundwater age measurements with physical watershed properties. We
note that hydraulic conductivity is heterogeneous through space and has been observed to vary through time
(Rosenberry et al., 2021). For more robust conclusions, hydraulic conductivity should be measured at finer spatial
and perhaps temporal scales to further improve characterization of controls on groundwater flow as we have iden-
tified it as a predictor of the ability of groundwater to contribute to streamflow, which is relevant to predicting
stream permanence in future climate scenarios.

5.3. Implications for Stream Drying and Groundwater Age in Future Climate Scenarios

To predict how streams will respond to future climate change, hydrologists must be able to identify character-
istics that allow a stream system to be more resilient to perturbations. Here, we build upon existing literature to
contribute to the discussion about how headwater streams may respond to shifts in recharge patterns as a result
of climate change by using a combination of groundwater age data, slope measurements, and streambed hydrau-
lic conductivity as has been done in other studies, but incorporating groundwater age data as well. We present
evidence that potential differences in the ability of groundwater to contribute to streamflow are driven by heter-
ogeneity in physical properties such as slope and streambed hydraulic conductivity, as well as geologic features
such as alluvial aquifers and faults. In Figures 8c and 8d we show a conceptual schematic illustrating how the
groundwater-surface water connection may respond to changes in climate.

In a future where groundwater is the primary source of streamflow as recharge inputs decrease, we predict
that streamflow is likely to persist despite decreases in snowpack in topographically flat areas where streambed
hydraulic conductivity is low, as illustrated in Figure 8d. This conclusion is consistent with studies that have
focused on relations between topography and stream-drying patterns and concluded that streams are most likely
to dry in high-slope areas (Prancevic & Kirchner, 2019; Warix et al., 2021; Whiting & Godsey, 2016). However,
these studies did not explore the role of hydraulic conductivity while trying to characterize how the shallow
subsurface impacts the ability of groundwater to contribute to streamflow. In areas where streambed hydraulic
conductivity is high and younger groundwater constitutes a high fraction of streamflow, we expect that stream
drying will occur more frequently and for longer periods as decreases in hydrologic inputs cause groundwater
tables to drop and high streambed hydraulic conductivity allows this drop to happen relatively quickly, as illus-
trated in Figure 8c. This prediction is supported by the stream drying that occurred at Site 2, which has the highest
streambed hydraulic conductivity and a high fraction of discharge from groundwater in streamflow.

In Figures 8c and 8d, we show schematics illustrating predicted future changes in response to climate change
in these two geomorphic settings. In both geomorphic settings we predict decreased water table elevation and
increased mean groundwater age, relative to conditions today. In Figure 8c, where slopes are steep, we expect to
see increases in stream drying as interflow contribution declines as a result of decreased infiltrating snow. We
suggest that riparian groundwater at Manitou is partially sourced by interflow in steep areas. We observed the
most dynamic shifts in groundwater age and lowest area-weighted groundwater discharge in steep areas where
interflow contribute to streamflow. In a future climate scenario where precipitation decreases, sites primarily
sourced by interflow will likely be among the first to dry as the precipitation available to supply interflow
decreases (Figure 8c). In Figure 8d, we show flowing streams, despite decreases in water table elevation. Here,
we suggest that where older, slow-moving groundwater as a result of low streambed hydraulic conductivity
exists, old groundwater will act as a buffer to perturbations and enable groundwater supported streamflow to
persist. Shallow alluvial aquifers throughout the watershed provide storage for this shallow old groundwater, as
indicated by the seasonally constant groundwater age where alluvium is present. These shallow alluvial aquifers
likely provide a buffer to hydrologic perturbations at short timescales, but have the potential to be depleted by an
extended multi-year drought (Figure 8d).
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The mean residence time of near-stream shallow groundwater at Manitou was 10-55 years; this timescale and
potential lag in perturbations to streamflow is longer than most long-term hydrologic and geochemical data sets,
acknowledging that groundwater celerity is often faster than its velocity (McDonnell & Beven, 2014). At the time
of writing, the USGS hosts 72,485 hydrologic data sets with a mean data range of 14 years, with no constraints on
continuous data collection. While many studies have focused on long-term changes in hydrologic and geochem-
ical fluxes in headwater environments (Foks et al., 2018; Heil et al., 2022), the range of residence times we
observe here and seen in other similar headwater environments (Georgek et al., 2017; Manning et al., 2012; Warix
et al., 2021) exceeds the length of most long-term hydrologic and geochemical data sets. To observe how changes
in climate are impacting how groundwater is stored and transported, the hydrologic community must continue to
prioritize long-term data sets (Singha & Navarre-Sitchler, 2021), regardless of the age of groundwater.

We note a few limitations of these projections. Climate change is expected it impact multiple components of
the Critical Zone, and we assume that vegetation uptake magnitudes and timing will not change, however it
is currently unclear and beyond the scope of this paper how vegetation will respond to a changing climate.
This study also only measured groundwater age tracers capable of dating modern groundwater (<70 years old).
Premodern groundwater (>70 years old) has been observed in some mountainous bedrock catchments (Frisbee
et al., 2013; Yager et al., 2013) and may discharge to streams (Bourke et al., 2014). Our samples therefore may
contain some unaccounted-for premodern water, meaning our mean groundwater age estimates could be biased
young due to our choice of age tracers (Mccallum et al., 2014). More data sets that incorporate a full suite of age
tracers that can date both modern and premodern water are required to understand how climate change might
affect the balance of modern and premodern water discharging to mountain streams.

6. Conclusions

We compared local slope, streambed hydraulic conductivity, and geology to mean groundwater age and ground-
water contribution to streamflow at fine-spatial scales to identify topographic and subsurface characteristics
that impact groundwater-surface water connection. While others have characterized controls on stream perma-
nence, here we combine empirical groundwater age data with hydrograph separations to assess characteristics
that enable stable surface flow today, and make predictions about future stream drying patterns.

We predict that stream drying is more probable where local slope and streambed hydraulic conductivity are high
as we observed the most dynamic shifts in groundwater age and lowest area-weighted groundwater discharge in
these steep areas. In relatively flatter areas, we predict more persistent streamflow despite recharge decreases
as older groundwater residence times are more resistant to perturbations and shallow alluvial aquifers, in this
system, provide some limited storage during drought periods. In this study, we demonstrate that watershed topog-
raphy and hydraulic conductivity influence groundwater-surface water connection and may serve as predictors
of future stream resilience in a headwater stream. Conclusions from this study likely vary at different watershed
scales and serve as a starting point for improving quantification of how groundwater age and groundwater-surface
water connection may change in the future.

Data Availability Statement

The timeseries, chemistry, and temperature profile data, as well as the reactive transport code used for evaluating
changes in flow, end-member mixing analyses, and streambed hydraulic conductivity modeling in the study are
available at Hydroshare at https://www.hydroshare.org/resource/46dc8efda0dd44a095592817d481fb1f.
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