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Abstract

Stream reach mass-balance can be used to estimate groundwater age at scales larger than individual wells. Atmospherically
derived SF, was used as an age-dating tracer in reach mass-balance analysis of six stream reaches in Nebraska, USA. The
goal was to estimate the flow-weighted mean SFg concentration in the groundwater discharge to each reach (C,,,) and the
groundwater mean transit time (MTT) based on C,,,. The C,,, in one reach (1.48 fmol/kg) was consistent with a MTT of
27 years. High uncertainty in C,,, prevented plausible MTT estimates in the other reaches. Monte Carlo analyses indicated
that low rates of groundwater inflow to the stream reaches (Q,,,) led to high uncertainty in C,,,. This issue can affect the
success of any reach mass-balance analysis, for age dating tracers or other solutes. To improve the likelihood of success in
future applications of reach mass-balance, two new planning metrics are proposed for use, separately or together: the ratio of
groundwater recharge rate (R) to stream density (D) within a watershed, and the long-term average OQon/Qy in a stream reach
(where Q, is stream discharge at the downstream end of the reach). In comparison to the Nebraska study site (R/D =107 m?/
year), more accurate estimation of C,,, was achieved in a previous SF study in North Carolina (USA) with greater R/D (231
m?/year). Larger Q,w/Qq 1s associated with more accurate outcomes in reach mass-balance, and long-term average Q,,,/Qy
in stream reaches may be estimated by GIS analysis of watershed areas and/or stream lengths.

Keywords USA - Groundwater/surface-water interaction - Age-dating tracers - Field techniques - Sulfur hexafluoride - High
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Introduction

Groundwater age is a fundamental variable in hydrogeol-
ogy that can inform understanding of groundwater flow
rates, recharge rates, and contaminant transport. In surficial
(unconfined) aquifers, groundwater age has been estimated

< Craig R. Jensen
crjense2@ncsu.edu

Department of Marine, Earth, and Atmospheric Sciences,
North Carolina State University, Raleigh, NC, USA

Conservation and Survey Division, School of Natural
Resources, University of Nebraska, Lincoln, NE, USA

Biological Systems Engineering Department, University
of Nebraska, Lincoln, NE, USA

Department of Geology and Geophysics, University of Utah,
Salt Lake City, UT, USA

Department of Earth and Atmospheric Sciences, University
of Nebraska, NE, Lincoln, USA

Published online: 06 January 2022

with a variety of atmospherically derived age-dating tracers
suitable for dating groundwater back to roughly the mid-
twentieth century: chlorofluorocarbons (Busenberg and
Plummer 1992), *H/He (Poreda et al. 1988; Schlosser et al.
1988; Ekwurzel et al. 1994; Cook and Solomon 1997), and
sulfur hexafluoride (Busenberg and Plummer 2000; Zoell-
mann et al. 2001; Katz 2004; Alvarado et al. 2005; Delin
et al. 2007; Sanford et al. 2015; Lauffenburger et al. 2018).
Typically, these tracer methods are applied to estimate the
ages of groundwater samples collected at wells, giving ages
at individual points in a groundwater system. Vertical pro-
files of such ages have been used to estimate recharge rates
or groundwater mean transit time (MTT; Bohlke and Denver
1995; Alvarado et al. 2005; Chacha et al. 2018), provided
that a groundwater transit time distribution is assumed (tran-
sit time refers to the groundwater travel time from recharge
at the water table to discharge at a stream bed or other dis-
charge face).
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Stolp et al. (2010) and Solomon et al. (2015) introduced
a new approach to applying these atmospherically derived
age-dating tracers at a larger scale, in streams rather than
wells. This “reach mass-balance” approach involves for-
mulating a ‘conservation of mass’ equation for a tracer in
a reach (a section) of a stream channel, and measuring all
variables in the equation except one, which is then com-
puted: the flow-weighted mean tracer concentration in the
groundwater discharge to the stream reach (C,,,). Mean
groundwater age is then estimated from C,,,. Measurements
required include the tracer concentrations and stream flow
at the upstream and downstream ends of the stream reach,
and the rate of gas exchange between the stream water and
overlying air (for a gaseous tracer).

Stolp et al. (2010) used the reach mass-balance approach
for tritiogenic *He, in order to apply the *H/°He age dating
method at reach scale, and Solomon et al. (2015) used it
with SF. In both cases the calculated tracer concentration
was used to determine the mean age of the groundwater dis-
charging into a stream reach. Because the mean age calcu-
lated from reach mass-balance inherently flow-weights all
groundwater discharge to the stream reach, this age is the
MTT of the groundwater discharge to the reach (Stolp et al.
2010; Solomon et al. 2015).

Calculation of C,,, by reach mass-balance has been
applied to solutes other than groundwater age-dating trac-
ers such as 2*?Rn (Genereux and Hemond 1990; Genereux
et al. 1993), toluene and other volatile organic compounds
(VOCs) (Kim et al. 1995; Kim and Hemond 1998), nitrate
(Gilmore et al. 2016a), and heavy metals (Kimball et al.
2001). The general concept has also been used to estimate
solute mass loading to stream reaches (mass/time) without
explicit calculation of ng (Holtzman et al. 2005; Banks

Fig.1 Location of the study

and Palumbo-Roe 2010). These efforts to determine C,,,
or mass loading required knowledge of Q,,. the rate of
groundwater discharge into a stream reach. Cook (2013)
provides a thorough review of the opposite problem: deter-
mining Q,,, from C,,,. The two problems, finding C,,, from
Q, and Q,,, from C,,, share a common conceptual and
mathematical basis and the goal of detecting a groundwa-
ter “signal” in a stream.

The reach mass-balance approach to estimation of MTT
has different strengths compared to sampling at wells (Gil-
more et al. 2016a). This includes sampling over a larger sup-
port volume to obtain a MTT value at km scale as opposed
to the point scale of an individual well, and lower analytical
costs because MTT is determined from sampling at only
two points in the stream (the ends of the reach) rather than
numerous wells. These advantages are based on the integra-
tive nature of groundwater discharge to streams and make
reach mass-balance a potentially powerful tool that merits
development.

While reach mass-balance analysis of age-dating tracers
to determine groundwater MTT holds promise for under-
standing groundwater transit times at larger scales, few stud-
ies have utilized this method, namely Stolp et al. (2010)
using *H/’He in Austria and Solomon et al. (2015) using
SF¢ in North Carolina, USA. The study reported here is an
additional evaluation of the approach in the semiarid Sand
Hills area of western Nebraska, USA. Sulfur hexafluoride
was used as the age-dating tracer. The goals were to quantify
C,,, and groundwater MTT to several stream reaches, com-
pare results with prior similar efforts, and analyze sources
of uncertainty. In addition, new concepts and tools are pro-
posed for planning successful reach mass-balance work at
new field sites.
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Fig.2 The study site included
the South Branch Middle Loup
(SBML) River and an unnamed
tributary of the river. A culvert
in the tributary was assigned as
an arbitrary zero-point for the
measurement of distance along
the channel. Flow is from west
to east
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The study site is the watershed of the South Branch Mid-
dle Loup (SBML) River. The 271 km? watershed lies in the
Nebraska Sand Hills, an aeolian dune field covering approxi-
mately 58,000 km? (Fig. 1; Qi 2009). The dunes reach up to
100 m above the surrounding valley floors and are responsi-
ble for complex groundwater flow patterns (Gosselin et al.
1999). Within the historical record, the Sand Hills have been
stabilized by grass; however, the geologic record shows mul-
tiple instances of vegetation loss in the last 15,000 years that
correlated with destabilization and migration of the dunes
(Loope and Swinehart 2000; Billesbach and Arkebauer
2012).

Average annual precipitation and evapotranspiration in
the Sand Hills are 44.8 and 41.6 cm, respectively (Chen
et al. 2019). Evapotranspiration is greatest in the “wet
meadows”, which are drained wetland valleys with sig-
nificant groundwater discharge to streams and/or uptake
by plant roots (Gosselin et al. 1999). The dunes and dry
valleys are areas of groundwater recharge (Gosselin et al.
1999). Some of this recharge replenishes the regional flow
system in the High Plains aquifer, which underlies the
Sand Hills (Szilagyi and Jozsa 2012). Regional ground-
water flow is west to east (Miller and Appel 1997).

The work was carried out at Gudmundsen Sandhills
Laboratory (GSL), a cattle ranch owned and operated
by the University of Nebraska-Lincoln. Sampling and
measurements were made at two locations on the SBML
River and two locations on an unnamed tributary (Fig. 2).
Near a culvert designated as the zero-point for measur-
ing distance along the channel (Fig. 2), the tributary was
straightened and deepened into a drainage ditch in the
1930s to drain the wet meadow at GSL for hay produc-
tion (Gosselin et al. 1999). This ditch transitions to a
natural meandering channel roughly 2.7 km upstream of
the confluence with the SBML River. Previous research
by Gosselin et al. (2006) suggests groundwater flows to

the tributary under the dune on the south side of the
valley (i.e., this dune is a topographic divide but not a
groundwater divide), while the northern dune acts as a
groundwater divide between the tributary and the SBML
River. The SBML River meanders strongly as it winds
through a valley between the dunes, and oxbows (cutoff
meanders) are common.

Reach mass-balance SF¢ age-dating was performed in
six reaches in four areas of the channel system (Fig. 2).
Reaches A, B, C1, and D1 were studied in May 2019,
while reaches C2 and D2 were studied in August 2019.
Reaches C2 and D2 are located in roughly the same loca-
tions as reaches C1 and D1, respectively (Table 1).

Methods
Reach mass-balance

At baseflow, the SF¢ concentration in stream water (after
correction for gas exchange with the air) represents the
flow-weighted mean concentration of SF¢ in the groundwa-
ter discharging to the stream (C,,,). Further, the MTT of
groundwater discharge to the stream can be estimated from
C,y, (Solomon et al. 2015). C,,, was computed using a reach
mass-balance approach:

046 - 0.C, — TkSF6§(Eeq -0

W
ng

ey

where Q is the volumetric flow rate of the stream, Q,,, is
equal to Q4 — O, (subscripts “d” and “u” indicate the down-
stream and upstream ends of the stream reach, respectively),
C is the SF; concentration in the stream water, C, is the
SF¢ concentration the stream water would have if it were
at equilibrium with the atmosphere at the temperature of
the stream water, kg, is the first-order gas exchange rate
constant for SFy in the stream reach (time™"), the overbar
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Table 1 Information on the six study reaches, including field measurements and calculated values used in Eq. (1)

Parameter Reach

A B Cl1 C2 DI° D2°
Study date in 2019 19 31 27 6 26 8

May May May Aug May Aug
Reach location (km)?* 0.6-2.6 6.0-7.0 12.4-14.0 13.3-14.2 19.4-21.8 20.5-21.9
Q,: stream flow at upstream SFg station (L/s) 27 203 1,060 171 1,567 184
Qy: stream flow at downstream SFg station (L/s) 61 222 1,135 185 1,899 199
Q. groundwater discharge (L/s) 34 19 75 14 332 15
Qo Q4 57% 8% 7% 7% 17% 7%
C,: upstream SF, concentration (fmol/kg) 3.06 2.10 2.29 1.91 2.31 1.60
C,: downstream SF¢ concentration (fmol/kg) 2.43 2.11 2.39 1.72 2.34 1.60
Ceq: equilibrium SF¢ concentration (fmol/kg) 3.60 2.72 2.46 2.29 2.61 2.30
7 travel time (min.) 765.4 76.3 65.0 56.3 69.0 55.8
Mean stream depth (m) 0.34 0.53 0.63 0.22 0.87 0.24
kcaps (day™) 12.1 12.1 5.3 12.1 213 272
Vesng (m/day) 4.1 6.4 33 2.7 18.7 6.6
kgps (day™") 8.2 8.4 3.7 8.5 14.6 19.1
Vgpe (m/day) 2.8 44 23 1.9 12.7 4.6
a 54 5.1 24 43 3.6 9.5

#Location in km downstream from the culvert at the zero-point (Fig. 2)

"There is a 140-m oxbow between 20.96 and 21.10 km downstream from the zero-point that is cut off from the SBML River. This oxbow is not

included in the total reach length

Table 2 Uncertainty in the input variables for calculating C,,, with
Egs. (1) and (3). Error is reported as a percent of the best estimate.
Variables are defined in the text below Egs. (1) and (3). Details are in
section S2 of the ESM

Variable Uncertainty average Uncertainty range
C 5.0% 5.0%

Ceq 2.4% 1.1-5.5%
Dcing 3% 3%

Dgre 3.6% 3.6%

kcsug 19.2% 5.9-53.2%
ksre 21.8% 10.2-53.9%
n 21.4% 21.4%

T 0.5% 0.1-0.6%

0 2.7% 0.5-8.4%
(O 31.8% 14.8-55.7%

indicates a reach average value equal to the average of the
values at the upstream and downstream ends of the reach,
e.g., a = (Q, + Q4)/2, and 7 is the stream water travel time
through the reach. This equation was derived from the gen-
eral steady-state, one-dimensional (1D) transport equation
for a volatile (gaseous) dissolved solute in a stream (Gener-
eux and Hemond 1990; Cook 2013; Solomon et al. 2015).
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Data collection

Each study reach was defined by upstream and downstream
measurement stations at the ends of the reach (Table 1).
Solving for C,,, with Eq. (1) required determination of four
variables at each measurement station: Q, C, travel time
to the station from a tracer injection location upstream of
the reach, and the concentration of an injected gas needed
to determine kgpe. The main methods are summarized in
the following, along with the uncertainties of the variables
needed to apply Eq. (1) (Table 2). The electronic supplemen-
tary material (ESM) has additional details on measurements
(section S1 of the ESM) and uncertainty (section S2 of the
ESM).

Q was determined by standard salt-dilution stream gaug-
ing (e.g., Kilpatrick et al. 1989; Oviedo-Vargas et al. 2015);
2-6 kg of high purity NaCl were dissolved in 7-30 L of stream
water in 19-L buckets and instantaneously released over the
width of the stream channel at the tracer injection location.
The conductivity breakthrough curve at each measurement
station was measured with a HOBO® conductivity data log-
ger. The travel time 7 through the reach was determined as
the difference between the times to peak conductivity on the
breakthrough curves at the upstream and downstream stations.
All conductivity data were temperature corrected to 25 °C
using established methods (US Geological Survey 2019).



Hydrogeology Journal

Stream water samples for SF analysis were collected
at the upstream and downstream ends of each study reach
in 1-L plastic-coated amber glass bottles (US Geologi-
cal Survey 2018; Busenberg and Plummer 2000; Solomon
etal. 2015). A submersible pump with outlet tubing at the
bottom of the bottle was used to flush and overflow each
bottle multiple times before it was capped.

The value of kg was determined with widely used gas
exchange methods (Kilpatrick et al. 1989; Genereux and
Hemond 1992; Parker and DeSimone 1992; Choi et al
1998; Jones and Mulholland 1998; Hope et al 2001; Wal-
lin et al. 2011; Oviedo-Vargas et al. 2015; Natchimuthu
et al. 2017). At the tracer injection site upstream of each
reach, high purity 99.0% propane (Airgas Inc.) was con-
tinuously bubbled into stream water from a standard 20 b
(9 kg) liquified propane tank using fine-pore diffusers at
165-179 kPa. In each reach, the gas exchange rate constant
for propane (kc3pg) Was calculated as:

1 [C3H8]uQu
konro = ~qpf L2 8u=u
C3Hs = n< [C3H8]de) )

where [C;Hg] is the concentration of propane in the stream
water (Wallin et al. 2011; Oviedo-Vargas et al. 2015; Natchi-
muthu et al. 2017).

It was assumed that reaching steady-state propane
concentrations at each measurement station would require
steady propane injection for a period equal to at least four
times the travel time between the injection site and the
measurement station (Kilpatrick et al. 1989). However,
in cases where large eddies were present in the stream,
propane delivery was extended up to 14 times the travel
time to better ensure steady state. Stream water propane
analyses were conducted on-site by gas chromatography
(see ESM).

Values of k3 Were converted to kgpg using a well-known
relationship (e.g., Jdhne et al. 1987; Cook et al. 2003):

kSF6 — < DSF6 >n (3)

kC3H8 DC3H8

where D is the aqueous diffusion coefficient and »n is a con-
stant between 0.5 (turbulent conditions) and 1 (non-turbulent
conditions). The value of n was 0.7, the mean of published
experimentally-determined values (see ESM). Dgg, and
D5 are temperature dependent and were calculated based
on the measured stream-water temperature and empirical
equations from King and Saltzman (1995) and Wise and
Houghton (1966), respectively. The ratio of kg to kcspg
ranged from 0.65 to 0.71 in May 2019 and from 0.60 to 0.62
in August 2019.

Cq for use in Eq. (1) was computed from data on stream-
water temperature from the HOBO data loggers at the ends

of each reach and data on the SF atmospheric mixing ratio
of modern air from a monitoring station (at Niwot Ridge,
Colorado) of the Earth System Research Laboratory (ESRL)
at the US National Oceanic and Atmospheric Administration
(NOAA 2020). Niwot Ridge, which has data from Decem-
ber 1994 to the present, is the closest SF, monitoring sta-
tion to GSL and is generally upwind. For each measurement
period, 5 months of NOAA data on SF¢ atmospheric mixing
ratios were averaged to reduce the effect of any outliers:
March—July 2019 data for the May 2019 reach mass-balance
work, June—October 2019 for the August 2019 work. A mod-
ified Henry’s Law was used to convert the mixing ratio to
the Ceq value for each stream reach (Weiss and Price 1980):

Ceq = KHx(S]F6 (Patm - pH20) (4‘)

where Ky is the Henry’s Law constant for SF¢ (mol
kg~! atm™"), P, is the atmospheric pressure at the field
site (atm), pypyo is the water vapor pressure (atm), and x’gpg
is the atmospheric mixing ratio for SF, for the May 2019
or August 2019 reach mass-balance work (10.086 or 10.126
parts per trillion by volume, respectively). Ky and py,q are
temperature dependent and were calculated using the tem-
perature data from the HOBO data loggers and empirical
equations from Bullister et al. (2002) and Weiss and Price
(1980), respectively. P, was estimated based on elevation
(List 1949, see ESM).

In three reaches, groundwater samples were collected
beneath the streambed for analysis of SF: reaches B (28
May), C1 (27 May), and D1 (19 May). The groundwater
samples were not necessary for the reach mass-balance anal-
ysis (Eq. 1), but measured SF4 concentrations in the samples
provided a point of comparison for C,,, values calculated for
those three reaches with Eq. (1). The groundwater samples
were collected with streambed piezometers inserted 50 cm
into the streambed using methods outlined by Gilmore et al.
(2016b). The groundwater seepage rate (specific discharge)
was measured at each groundwater sampling point using
automated tube seepage meters (Solomon et al. 2020), allow-
ing calculation of the flow-weighted mean groundwater SF¢
concentration for the 4-6 groundwater samples collected
within a given reach (the SF¢ concentration and associated
age at each streambed sampling point were weighted by the
specific discharge at the same point).

Age dating: estimating MTT from C,,

Henry’s Law was used to relate C,,, to xgp, (Busenberg and
Plummer 2000):

C W
- )

Xqpg = ——————————
> KH(Patm _PHZO)
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where X is the atmospheric SF¢ mixing ratio that would
be at equilibrium with the computed C,,, value. Ky and pyy
were calculated using the average groundwater recharge
temperature at the study site, 11.4 °C. Average recharge
temperature at the site was estimated by applying noble gas
thermometry to groundwater samples collected during the
same time period as the reach mass-balance work reported
here (unpublished data). P, was estimated based on eleva-
tion (List 1949; see ESM).

For each xgpg value from Eq. (5), the “forecasting”
function in the USGS Excel workbook TracerLPM (Jurgens
et al. 2012) was used to find the groundwater MTT that
would give that observed xggq value in the decimal year
2019.5 (the approximate time of field sampling in 2019),
for the exponential mixing model (EMM). The use of
EMM seems reasonable and physically plausible for a
sandy unconfined aquifer without impervious surface to
impede recharge, given the integrative nature of reach
mass-balance with all groundwater flowpaths contributing
to a stream reach in proportion to their flow rates. The
data used for the SF¢ atmospheric curve in TracerLPM
came from two sources: SFy data from the NOAA ESRL
Niwot Ridge station (1995-2020) and the Maiss and
Brenninkmeijer (1998) values preloaded in TracerLPM
(1950-1994).

Reach mass-balance results

Groundwater input to the six study reaches ranged from 7 to
57% of Q4 and the gas exchange velocity vgpe (the product of
kspe and mean stream depth in the reach) ranged from 1.9 m/
day to 12.7 m/day (Table 1). Among five of the reaches (A,
B, C1, C2, and D2) vgg had a smaller range of 1.9-4.6 m/
day which is within the range in the literature (see ESM).
The high vgge in reach D1 (12.7 m/day) occurred during

high stream flow on 26 May 2019, when large eddies along
with active destabilization and erosion of stream banks
were observed. It seems possible that these conditions pro-
moted greater gas exchange between the stream water and
atmosphere.

Successful application of the reach mass-balance
approach to estimating groundwater MTT requires the
stream water and overlying air not be in equilibrium with
regard to SF, i.e., that C < C,, indicating at least partial
retention of the “groundwater age signal” in the stream water
(Solomon et al. 2015). This criterion was met in all cases
(Table 1), an encouraging sign for reach mass-balance esti-
mation of groundwater MTT.

The SF¢ concentrations in stream water samples were
converted to ages using Eq. (5) and TracerLPM to give the
minimum apparent age of each sample, 2—24 years based
on the EMM (Fig. 3). Conceptually, this minimum ground-
water age computed for stream-water samples reflects the
flow-weighted mean age of all the groundwater discharged
into the SBML River and its tributaries upstream of the
point of stream sample collection. It is a minimum because
it does not account for gas exchange between the stream
water and air. Such gas exchange would decrease the
apparent groundwater age; water fully equilibrated with
the atmosphere with respect to SF concentration would
have zero age.

The observed partial retention of the groundwater age
signal in the stream water is consistent with the values of
a (Table 1), defined as vgge/v,,, Where v, is the specific
discharge of groundwater into the stream (Cook 2013;
Sanford et al. 2015; Solomon et al. 2015). For a wide
shallow channel, v,,, is approximately Q,,, divided by the
length and width of the stream reach. At greater a, more
of the groundwater age signal is lost by gas exchange.
Solomon et al. (2015) advised that a should be less
than 10 so that at least 10% of the groundwater signal

Fig.3 The minimum appar- 30
ent groundwater age based on
stream-water samples analyzed 25

for SF¢. Each bar represents

the average of two samples col-
lected at the site. The error bars
represent the sample standard
error of the mean. In two cases,
the downstream end of reach B
and the upstream end of reach
DI, only one stream water sam-

20

Age (Years)
>

-
o

ple was available for SF¢ analy-
sis and +1.61 years is shown
as a red error bar (the overall

[é,]

= Upstream 1
Downstream

of the mean was 1.61 years)
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is retained by the stream, a criterion met by the study
reaches (Table 1).

C, and Cj less than C, (Table 1), nonzero minimum
ages (Fig. 3), and a < 10 (Table 1) were three positive
indicators for the potential success of reach mass-
balance. However, the ng and MTT results from
reach mass-balance in the six reaches included more
implausible than plausible results. The estimated C,, in
reach D1 was 1.48 fmol/kg, corresponding to a plausible
MTT of 27 years. It was not practical to account for
groundwater excess air in this calculation, and the
estimated MTT could be low by a few years if typical
amounts of excess air were present (1-3 cc/kg at STP).
The estimated C,,, of reach C1 was 3.50 fmol/kg, which
is greater than the expected C,y, an implausible result
that would suggest age in the near future. Estimated C,,,
values for the remaining reaches A, B, C2, and D2 were
negative, which is not a physically meaningful result;
thus, in spite of the three positive indicators previously
listed, the reach mass-balance analysis (Eq. 1) led
to unrealistic results in most cases. This motivated

an in-depth analysis of uncertainty in the C,, values
calculated through reach mass-balance.

Monte Carlo analysis
Uncertainty in C,,

A Monte Carlo analysis was performed to determine the
approximate “one-sigma” confidence interval for the C,,,
of each reach, meaning the limits that would contain the
central 68% of the area of each Monte Carlo histogram
(Fig. 4). For each reach, each variable in Eqgs. (1)—(3) was
varied randomly over 15,000 iterations, producing 15,000
simulated C,,, values that were then binned and plotted in
a histogram. The lowest and highest 2400 C,,, values (low-
est and highest 16% of the 15,000) defined the boundaries
on the middle 10,200 values, and thus the lower and upper
68% confidence limits of Cg,,. The NORM.INV function in
Microsoft Excel was used to randomly vary each variable
around its mean (the best estimate of the variable), within

Fig.4 Histograms of Monte 3000
Carlo results (15,000 itera- 2500 Reach A ReSCT E o hist
: _ b Monte Carlo histogram 7 onte Carlo histogram )
t%ons‘) for the SF, Con?entra A Eqn 1:-2.79 fmol/kg, age undefined A Eqn 1:-0.97 fmol/kg, age undefined
tion in groundwater discharge 2000 4 —  Histogram median: -2.71 fmol/kg, {— Histogram median: -0.97 fmol/kg, age undefined
to each stream reach, based age undefined X Sﬁr?g?be?/fw: 0.16,0.17,0.29, 0.39, 0.54,
on reach mass-balance. C,,, 1500 1 © Ceq: 3.60 fmol/kg 1o Ce _2n71§ g
a cone 0, 1 mi . e
calculated from Eq. (1) using 68% Confidence limit fn?ol/kg :
best estimates of all input vari- 1000 4 T 68%
ables is shown along with the : Confidence H
. . 500 - : B limit :
median simulated C,,, from the : :
Monte Carlo analysis. The 68% 0 : L i @ , , i AXX e ,
confidence interval from Monte 3000
Carlo analysis is shown. Ceq s Reach C1 Reach C2 .
the stream SF, concentration 2500 - Monte Carlo histogram 12 ’l\zﬂonf Czaf;g P'St?/ifam defined
that would have been in equilib- A Eqn 1:3.50 fmol/kg, age: 0 yr an 1~/ f MoV, 8gs uncetine
. ith th h d h 2000 4 — Histogram median: 3.39 fmol/kg, age: 0 yr | — Histogram median: -2.76 fmol/kg,
rium with the atmosphere at the - X Streambed gw: 0.28, 0.46, 2.23, 3.02 fmol/kg age undefined
stream water temperature in the S 15004 @ Ceq: 246 fmolikg 1 ® Ceq: 2.29 fmol/kg
reach. For five of the histograms 3 -+ 68% Confidence limit - 6(8:% -
(all except for reach B), simu- 1000 - 4 Iirgir: laence
lated C,,, values that extended
beyond the lower and/or upper 500 + 1
limit of the SF axis were accu- - H : i L
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a normal distribution defined by the mean and an estimated
standard deviation (the uncertainty in Table 2).

On average for the six reaches, the median simulated
C,,, from Monte Carlo analysis differed by only 0.04 fmol/
kg from the C,,, value estimated by direct application of
Eq. (1) with best estimates of the input parameter values,
suggesting that 15,000 iterations were sufficient in the
Monte Carlo analysis. However, 68% confidence intervals
for C,,, were all quite wide (Fig. 4), indicating relatively
high uncertainty in C,,. The 68% confidence interval
for the Monte Carlo estimate of C,,, included physically
impossible negative values for every reach except reach D1,
and implausibly high values above C, for one reach (C1).

A meaningful groundwater age can be calculated if C,,,
falls between 0 and C,,. For a given Monte Carlo analysis,
the percentage of simulated C,,, values that fall in this range
represents the likelihood that MTT could be estimated for a
given reach. Reach D1, with plausible C,,, and MTT values
(1.48 fmol/kg and 27 years, respectively) had the highest
likelihood of success, 73.6%. Other likelihoods of success
were 15.9% for reach A, 28.3% for reach B, 24.1% for reach
Cl1, 5.5% for reach C2, and 0.2% for reach D2.

Groundwater samples collected with streambed pie-
zometers in three reaches had SFq concentrations within
or close to the C,,, 68% confidence intervals from the
Monte Carlo analysis (Fig. 4) in part because the 68%
confidence intervals were quite wide. The streambed
groundwater samples had SF, concentrations from 0.12
to 3.02 fmol/kg, representing piston flow ages between 3
and 46 years (from TracerLPM). It is reasonable to infer
these ages based on the piston flow model (PFM) since
these samples were collected through short 5-cm screens
in the streambed (Kennedy et al. 2009; Gilmore et al.
2016b). Flow-weighting the PFM ages of these samples
as explained in the section “Data collection” results in
MTT values of 39 years in reach B, 18 years in reach C1,
and 41 years in D1.

The groundwater samples from reach C1 are arguably
the most comparable to the reach mass-balance C,,, because
they were collected on the same day as the reach mass-bal-
ance data. The SF, concentrations of these samples collected
on a transect across the channel near the center of reach
C1 (the 13,235 m mark) range from 0.28 to 3.02 fmol/kg
(Fig. 4); the flow-weighted mean concentration was 1.82
fmol/kg. In comparison the C,,, calculated in Eq. (1) was
3.50 fmol/kg.

The groundwater samples from a transect at 20,300 m
in reach D1 were collected 7 days before the reach mass-
balance work and had a narrower range of SF¢ concentra-
tions (Fig. 4) with a flow-weighted mean of 0.26 fmol/kg.
Thus, as in reach C1, the streambed groundwater samples
in reach D1 had lower SF¢ and greater age than the C,,, and
MTT from reach mass-balance (1.48 fmol/kg and 27 years).
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Reach

Parameter A B Cc1 c2 D1 D2

n 1% -1% 1% 0% 2% -1%
Qu 4% 2% -1% -1% © -10% 2%
Qq 1% 2% -3% -3% 6% -3%
Qgw 3% -11%  -73%  -19% -42% | -54%
T 2% 2% 4% 1% 2% -1%
Dses 3% 2%  -3% -1% 2% -1%
Dc3ns 3% 0% -1% 0% 1% 1%
Kcans -6% -2% 0% -1% -5% 0%
G 1%  -10% -8%  -13% -2% -2%
G -43%  -40% 1% | -29% -18% -12%
Ceq -6% 1% 4% 0% 1% 2%

Fig.5 Percent change in the width of the 68% confidence inter-
val from the Monte Carlo analysis when the uncertainty in a single
input variable was reduced to zero. A negative change (shown in red)
means that C,,,, became more certain

Sensitivity of C,, to each variable in Eq. (1)

To identify the main sources of the uncertainty in the C,,,
values from reach mass-balance, Monte Carlo analysis of
each reach was rerun 11 times, each time with the uncer-
tainty in one input variable set to zero, to show how much
the confidence limits on C,,, would change. The results show
how much the uncertainty in each variable contributes to
the uncertainty in ng. For instance, for a given reach, the
uncertainty of Q, was set to zero in the Monte Carlo analy-
sis, and the percent change in the C,,, confidence interval
for the reach (compared to the confidence interval in Fig. 4)
was determined. This was repeated for each variable in
Egs. (1)-(3), for each reach.

o Was the largest single source of uncertainty in C,,,
in three of the six reaches (C1, D1, and D2) and the second
largest source in two reaches (B and C2) (Fig. 5). This is
related to Q,,, being computed as a relatively small differ-
ence between two much larger numbers, 0, and Q,. Q,,, in
reaches B, C1, C2, and D2 was only 7-8% of Q.

In reach A, the large influence of uncertainty in Cy
(Fig. 5) is due to the unusually large difference between the
replicate samples for C4. Beyond that, the importance of
uncertainty in C4 seems surprising: it was the largest con-
tributor to C,,, uncertainty in reaches B and C2 as well as
the second largest contributor in reaches D1 and D2. Also,
uncertainty in C,,, was more affected by C, than by C,. This
seems nonintuitive, given that uncertainties in C4 and C,
were low and identical to each other; SF concentrations in
stream water at the upstream and downstream ends of each
reach were determined by the exact same sampling and labo-
ratory processes and have the same percentage uncertainty.
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Table 3 Uncertainty in key variables in recent applications of reach
mass-balance SF¢ groundwater age-dating. The only major difference
between the present study and Solomon et al. (2015) is the larger
uncertainty in Q,,, in the Sand Hills study

Variable Average uncer- Average
tainty uncer-
(present study) tainty
(Solomon
etal.
2015)
Tracer used SFq SFq
C: tracer concentrations 5% 5%
Cq: equilibrium concentration 2.4% 3%
k: gas exchange rate constant 21.8% 15%
Q: stream discharge 2.7% 3%
0, groundwater discharge 31.8% 3%

The nonintuitive outcome arises because contributions to the
uncertainty in C,,, depend on the mathematical sensitivities
of C,,, to each input variable (i.e., the value of the partial
derivative of C,,, with respect to each variable), not just
the uncertainty in each variable (e.g., Taylor 1982; Kline
1985; Genereux 1998). From Eq. (1), 0C,,/0Cg has a larger
absolute value than 0C,,/dC, (see ESM), making C,,, more
sensitive to uncertainty in Cy than to uncertainty in C,,.

Uncertainty in Q,,,, and planning reach
mass-balance work

Overview

The reach mass-balance results and uncertainty analyses
(Tables 1-2; Figs. 4-5), along with a comparison to the
only other reach mass-balance age-dating study using SF¢
(Table 3), suggest that reach mass-balance estimation of
groundwater age and MTT is a useful technique if Q,,, into
the stream reach is not too small relative to the stream dis-
charge rates at the ends of the reach (Q, and Q,). When Q,,,
is small relative to Q4 and Q,, the uncertainty in the Q,,,
value is large owing to the standard calculation of uncer-
tainty in Q,,, as the square root of the sum of the squared
uncertainties in Q4 and Q, (see ESM). The ratio of Q,,, to
Q4 ranged from 0.07 to 0.57 (mean of 0.17) in the six Sand
Hills reaches, resulting in a mean uncertainty of about 32%
in the Q,,, values for these reaches; this proved problematic
for constraining MTT. Meanwhile Solomon et al. (2015)
reported an uncertainty of 3% in Q,,, which was associated
with ng/Qd=0~5 and a well constrained value of MTT
(Table 3).

Those observations, along with a standard calculation of
uncertainty in Q,,, suggest that Q,,/Q greater than or equal
to about 0.4 would generally give reasonable uncertainty

180 ‘
\ \
160 - \.\ (I assuming Qg = Qq - Q,
| .
X 04 0]\ and that uncertainty
b3 [N in Q, and Q,, is:
<) : d u
oo e 20%
c v\ - o,
21004 iy N 100A>
- \\ \ N TTmTmTmTmT 6%
L0804 i\ \ —_— 5%
o VA
€ \
o 60 4
2
S 40
20
0 . . , :
0.0 0.2 04 06 08 1.0
ng /Qd

Fig.6 Uncertainty in Q,, as a function of Q,,/Q, for assumed
uncertainties of 3-20% in Q, and Q,

in Q,,, (Fig. 6). For example, Q,,/Qy=0.4 results in<15%
uncertainty in Q,,, if uncertainty in stream discharge is 5% or
less. While the significance of and tolerance for uncertainty
in Q,,, may vary among studies, a Q,,,/Q4 value of about
0.4 can be considered a reasonable design target in planning
reach mass-balance studies to determine C,,, for age-dating
tracers or other solutes. Uncertainty obviously exists in other
variables and may be significant. But uncertainty in Q,,,
stands out as potentially critical: it can be either harmfully
large or acceptably small (Fig. 6), depending on the choice
of field site and measurement locations.

Q,./Qq4 above a certain threshold is not the only consid-
eration for good outcomes from reach mass-balance. For
example, the suggestion that the a parameter be small, pref-
erably <<10 (Solomon et al. 2015), is also relevant. Cook
(2013) makes a number of suggestions related to successful
determination of Q,,, from C,,, (the “inverse” of the problem
discussed here), some of which are also relevant to determi-
nation of C,,, from Q,,, and other data.

With regard to the recommendation here concerning
selection of reaches with large groundwater input, two new
planning concepts and tools are proposed:

1. The ratio of groundwater recharge rate (R) to stream den-
sity (D) may be a general screening metric for assessing
the relative likelihood of successful reach mass-balance
work: successful outcomes are more likely in watersheds
with higher R/D.

2. Within a particular watershed, analysis of watershed
areas and/or stream lengths using a digital elevation
model (DEM) in a geographic information system
(GIS) can be used to estimate whether long-term average
Q,w/Qq in a specific reach is likely to exceed a desired
minimum (e.g., the value of 0.4 mentioned previously
or another chosen threshold).
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Table 4 Recharge rate (R) and stream density (D) estimates for the
SBML River watershed (Nebraska Sand Hills) and the West Bear
Creek watershed (North Carolina coastal plain)

Parameter SBML River, West Bear
NE Creek, NC
(present (Solomon
study) et al. 2015)

Recharge rate, R (mm/year) 50 210

Total perennial stream length (km) 105.5 55.5

Watershed area (km?) 225 61

Stream density, D (km/km?) 0.47 0.91

RID (m*/year) 107 231

The following sections describe the application of these
concepts at the Sand Hills study site and outline their use as
planning tools in selecting locations and measurement sites
for field application of reach mass-balance.

R/D for screening among potential study
watersheds

The greater the recharge per unit area of watershed (R), and
the smaller the cumulative length of stream channels avail-
able for groundwater discharge per unit area of watershed
(D), the greater Q,,, is likely to be for a given stream reach,
and the less likely it would be that large uncertainty in Q,,,
interferes with estimation of C,,, and groundwater MTT.

To test the viability of R/D as a screening metric, R and
D from the Sand Hills study site were compared with the
only previously published reach mass-balance study using
SF, for groundwater age-dating (Solomon et al. 2015).
Recharge estimates came from available literature (Szilagyi
etal. 2011; Szilagyi and Jozsa 2012; Solomon et al. 2015;
Gilmore et al. 2018). The National Hydrography Dataset
(NHD) (US Geological Survey 2021) and 10 m DEMs
were used to calculate D. Details are in section S5 of the
ESM.

R/D at West Bear Creek was estimated to be 231 m?/
year (Table 4) and is associated with a well-constrained
application of reach mass-balance; Solomon et al. (2015)
reported a C,,, of 0.55 fmol/kg and 68% confidence limits
of about +0.21 fmol/kg, with corresponding uncertainty of
about +4 years in MTT. R/D in the Nebraska Sand Hills was
107 m?/year and was associated with a much less well-con-
strained application of reach mass-balance (this paper). For
even the best case among the six Sand Hills reaches (reach
D1, Fig. 4), the 68% confidence limits were much broader
(about=+ 1.1 fmol/kg); in some cases, confidence limits for
the other Sand Hills reaches reached implausible values,
e.g., above C,, (implying future age) or below zero (not pos-
sible). These results are consistent with the suggestion that
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successful reach mass-balance outcomes are more likely in
watersheds of greater R/D.

In the preceding comparison, only perennial streams
were considered in the calculation of R/D. The exclusion of
ephemeral streams seemed reasonable given that the West
Bear Creek data (Solomon et al. 2015) were collected dur-
ing low summer baseflow in July when ephemeral streams
were not active and Q,y/Qq Was 0.5 (there are no ephemeral
streams identified by the NHD in the SBML River watershed
in the Nebraska Sand Hills, so R/D there was necessarily
based only on perennial streams).

An attempt to determine groundwater MTT at West Bear
Creek under early spring baseflow in March (stream flow
10 X higher than in July) was not successful as C,,, was
too similar to C,, (Solomon et al. 2015). Intermittent and
ephemeral streams were likely active at West Bear Creek in
March; Q,,,/Q4 in March was only 0.17 and R/D consider-
ing both perennial and ephemeral streams was 104 m*/year,
much lower than the July value (231) and close to the value
for the Sand Hills (107) (Table 4). This again emphasizes
the potential significance and usefulness of R/D, because
the decrease in R/D at West Bear Creek, from July to March,
was associated with a change from favorable to unfavorable
conditions and outcomes for reach mass-balance. In some
places the relevant value of D may be higher under wet con-
ditions if ephemeral channels become active. The West Bear
Creek results suggest that reach mass-balance in a watershed
with a significant length of ephemeral channels may be more
successful under low baseflow conditions.

There is significant variation in R/D across the 48 con-
tiguous US states (Fig. 7). Locations of higher R/D include
the northeastern US, the Laurentian Great Lakes region,
northern Florida, the Pacific Northwest and some areas in
the Mountain West. Given the R/D values above for the Sand
Hills and West Bear Creek (107 and 231 m?/year, respec-
tively), the yellow zone in Fig. 7 (R/D of 111-230 m?/year)
may represent the transition between areas of high and low
potential for successful reach mass-balance. When only per-
ennial streams are considered (Fig. 7b), parts of the Ameri-
can West have high R/D values because of the relatively low
stream density for perennial channels. However, high R/D
in these desert-like areas due to very low D (e.g., in west
Texas, and central New Mexico) is unlikely to be associated
with successful reach mass-balance. Given that the Nebraska
Sand Hills have higher recharge than much of the American
West, and MTT was not well constrained by reach mass-
balance in the Sand Hills, reach mass-balance may not be
feasible in most places in the US west.

While the NHD is a useful dataset, variations in the input
data affect the calculation of stream density. For example, in
the NHD, 1:24,000 topographic maps were generally used
to identify streams. However, if even a single 1:24,000-scale
map was not available in a 1:100,000-scale quadrangle, then
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Fig.7 R/D in the 48 con-
tiguous US states in m?/year.
a All streams identified by

the National Hydrography
Dataset (NHD) were included
in the analysis; b Only peren-
nial streams were included

in the analysis (intermittent
and ephemeral streams were
removed). A raster of recharge
in the 48 contiguous US states
(Reitz et al. 2017) was averaged
for each 12-digit hydrologic
unit (HUC12) in the NHD.
The stream density for each
HUC12 unit was calculated
using the NHD and the methods
of US Environmental Pro-
tection Agency (2016). For
each HUC12 unit, the aver-
age recharge was divided by
the stream density. The black

dots represent the field sites in
the Nebraska Sand Hills (this
paper) and in North Carolina
at West Bear Creek (Solomon
et al. 2015)

I <20 or NA

less detailed 1:62,500-scale topographic maps were used
instead for the entire 1:100,000-scale quadrangle (Anne
Neale at the US Environmental Protection Agency, personal
communication, 19 August 2020). Also, some state-to-state
variation in the definition of stream channels and thus R/D
is apparent (e.g., the low R/D in Indiana).

Figure 7 provides an example showing that the data
required for use of the R/D metric are broadly available,
that R/D can be computed and mapped using standard GIS
files and methods, and that there is a significant range of
R/D at the continental scale likely controlled by climate
and other factors; it also gives a broad indication of areas

21-110

1,500 km

R/D (m? year™)
111 - 230 231-500 [ 501-1000 [ = 1001

where R/D is higher in the US and therefore reach mass-
balance is more likely to be successful. However, carefully
determined values at a smaller scale (e.g., Table 4) may
be more useful for planning reach mass-balance work in
a specific area.

Reach-specific screening based on watershed areas
or stream lengths

In a watershed with acceptably high R/D, a simple geospa-

tial analysis may be useful in selection of a stream reach for
reach mass-balance work. The analysis proposed is based
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on watershed areas or stream lengths that can generally be
estimated via GIS.

If a watershed experiences neither net gain nor loss of
water by groundwater flow beneath topographic divides, the
long-term average rate of volumetric groundwater discharge
to a stream will be RA, the area of its watershed (A) times
the average groundwater recharge rate (R) in the watershed.
Assuming uniform recharge within the watershed, the long-
term average rate of groundwater discharge to a stream

reach, ng, is:

Quy = 04— 0, =R(A;-A,) (6)

where “d” and “u” refer to the downstream and upstream
ends of the reach, respectively, Q is the long-term aver-
age rate of baseflow (the stream flow due to groundwater
discharge), and A is the watershed area upstream of “d” or
“u”. Ay — A, can be considered the contributing area of the
reach. Assuming that the recharge in the contributing area
is eventually discharged to the reach, the long-term average
Q,/Qq for the reach is:

%—(1_A_”> 7
Qi Ay @

Given that A, and A, are defined by the locations of the
upstream and downstream ends of the stream reach, Eq. (7)
implicitly gives the value of Q,,/Q, for a reach of any cho-
sen length at any place in the watershed. Equation (7) sug-
gests a GIS-based approach for defining a stream reach for
reach mass-balance work:

1. Choose the desired minimum “threshold” value of
O,/ Qg for the study reach (see the “Overview” section).

2. Pick two points on the stream to serve as the upstream
and downstream ends of a reach.

3. Delineate the watersheds for both points using a DEM
in GIS.

4. Calculate A /A4 from the delineated watersheds. Use
Eq. (7) to predict Q,,/Q,.

5. Compare the predicted Q,,/Q4 from Eq. (7) with the
threshold value. If the predicted value is lower than the
threshold value, lengthen the reach by moving at least
one end of it, and/or move the reach farther upstream.

6. Repeat steps 3-5 until the predicted value of Q,,/Qq
from Eq. (7) meets or exceeds the desired minimum
value.

Groundwater recharge rate does not appear in Eq. (7)
because the equation assumes uniform recharge. If there is
a difference in groundwater recharge rate between the water-
shed areas A, and A, (e.g., due to an elevational gradient in
R), the different rates R, and R, can be taken into account if
the ratio R /R, can be estimated from hydrologic information
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(Eq. 8). If the stream reach of interest includes a confluence
with a tributary, the influence of the tributary can be sub-
tracted to keep the focus of the analysis specifically on the
groundwater discharge to the channel of the main stream
(Eq. 9).

A similar analysis can be carried out using stream length
rather than watershed area. R/D can be considered the long-
term average volume of groundwater per stream length avail-
able for discharge to the stream, per unit time. Thus, long-
term average baseflow is the product of R/D and L, where L
is the total stream length (including tributaries) upstream of
a given point in the stream channel. If R/D is uniform within
the watershed, then Q,,,/Q4 can be estimated using Eq. (10),
which is analogous to Eq. (7). Versions of Eq. (10) appropri-
ate for R, # R, and reaches with tributary confluences can be
written (Egs. 11 and 12).

L, and L, can be calculated within a GIS program by
summing the lengths of all streams and tributaries upstream
of the two ends of the stream reach. To do this, the local
stream network can be obtained from a GIS shapefile, aerial
imagery, or a watershed delineation. L /L; may be useful
in situations where a high-resolution DEM is not available
for watershed delineation or where groundwater flow is not
closely related to topographic boundaries.

For the six Sand Hills study reaches, the predicted Q,,,/Q4
values based on Egs. (7) and (10) are generally lower than
the field measured Q,,,/Q, values based on stream discharge
measurements (Fig. 8), but the relative variation among
the reaches is similar (i.e., values are relatively higher for
reaches A and D1 compared to the other four reaches).
Based on this, reaches A and D1 seem most suitable for
reach mass-balance. This held true for D1, the only reach
where a realistic C,,, value was calculated; a realistic C,,,

60

50

40 -

30

Percent

20 A

Stream Reach

Fig.8 Field measured Q,,/Q4 compared to the Q,,/Q, values pre-
dicted by 1 — A /Ay (Eq. 7) and 1 — L /L, (Eq. 10) at the Nebraska
Sand Hills study site
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Table 5 Models for prediction

of 0,0, from watershed areas Equation number Equation for predicting Q,/Q4 Conditions
and stream lengths (see text). Eq. (7) Ou _ 1 A, Uniform recharge
The subscript “t” refers to the 0 Ay
watershed of a tributary Eq. (8) Qow _ 1 - R4y R,#Ry
Q4 R4Aq
Eq. (9) Qo _ 1 - RAs _ RA R,#R; and tributary input to study reach
Qd RdAd RdAd
Eq. (10) v _ | _L Uniform recharge
Qd Ld
Egq. (11) O _ | _RL R,#R,
[N R4Ly
Eq. (12) Qov _ 1 - Rly _ RL R,# R, and tributary input to study reach

Ryly

was not calculated in reach A, mainly due to unusual uncer-
tainty in Cy in reach A, not uncertainty in Q,,, (Fig. 5). Con-
sistent with Fig. 8, reach A was the only reach in which Q,,,
did not contribute much toward the total uncertainty in Cy,,.

The simple analysis in Table 5 is based on long-term
averages; it is focused on baseflow, not temporal variation
associated with changing hydrologic conditions. However,
the results (Fig. 8) suggest Egs. (7-12) may provide at least
a relative index that could be useful in choosing the loca-
tion and length of a stream reach for successful reach mass-
balance groundwater age dating or reach mass-balance work
for a solute other than an age-dating tracer.

Summary and conclusions

Atmospherically derived SF4 was used as an age-dating
tracer in the reach mass-balance analysis of six stream
reaches in the Nebraska Sand Hills. The goal was to esti-
mate C,,, the flow-weighted mean SF¢ concentration in
the groundwater discharge to each reach, and to estimate
groundwater MTT from C,,. The calculated C,,, in reach
D1 (1.48 fmol/kg) was consistent with a groundwater MTT
of 27 years, roughly triple the minimum groundwater age in
this reach based on stream water SFy concentrations uncor-
rected for gas exchange (Fig. 3). Estimated C,,, values from
reach mass-balance in the other reaches were not plausi-
ble. From the Monte Carlo analyses, it is apparent that the
uncertainty in computed C,,, values was large. Low rates of
groundwater inflow to the stream reaches (ng) led to large
uncertainty in ng, which in turn was a major contributor
to uncertainty in C,,,. Reaches where uncertainty in Q,,, is
high are, in general, not good candidates for reach mass-
balance work.

In reach mass-balance, ng is calculated as the difference
between volumetric stream flow at the upstream and down-
stream ends of a stream reach (Q4—Q,). When Qv is small
compared to stream flow, Q,,, will be highly uncertain as a
small difference between two much larger numbers. When
planning reach mass-balance, emphasis should be placed
on maximizing Q,,/Q, in order to better constrain C,,, and

MTT. Field measurements of stream flow and/or ground-
water discharge are the best way to determine Q,,/Q4 and
the suitableness of a stream reach for reach mass-balance.
In the absence of such data, two screening metrics may help
identify suitable reaches prior to the start of field work and
increase the likelihood of successful outcomes in reach
mass-balance. The first metric is for broad screening related
to climate (recharge rate) and stream networks (the “density”
of drainage, cumulative channel length per watershed area).
The second metric is designed to be applied to a specific
stream reach, preferably but not necessarily in a watershed or
region that has passed the first metric. Thus, the two metrics
are useful in different ways, and offer researchers interested
in reach mass-balance two options for screening potential
field sites.

Successful outcomes in reach mass-balance may be
more likely in watersheds with a higher ratio of ground-
water recharge rate (R) to stream density (D). R/D values
for the Nebraska watershed studied here and a North Caro-
lina watershed previously studied with the same approach
(Solomon et al. 2015) were consistent with this, when only
perennial streams were considered: a better outcome was
achieved in the North Carolina watershed, which had higher
R/D than the Nebraska watershed (231 vs. 107 mz/year).
Estimates of recharge can often be obtained from a variety
of methods and existing literature, while stream density can
be calculated in a GIS using publicly available data.

Going further to focus on reaches of specific length in
specific locations in a potential study watershed, a GIS
based analysis of watershed areas at the upstream and down-
stream ends of a reach (A, and A, respectively) can be used
in the planning stages of reach mass-balance work to assess
whether Q,,,/Q, for the reach may reach a desired minimum
value. A similar analysis could be based on cumulative
stream lengths upstream of the two ends of the reach (L, and
Ly). Many proposed reaches could be screened for suitable
Q,y/Qg prior to field measurements, considering the broad
availability of DEMs and stream network data.

Thus, selecting watersheds with high R/D and, within
those watersheds, reaches with a large predicted Q,,/Qy
(Egs. 7-12) is recommended in order minimize the
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uncertainty in Q,,, and increase the probability of a suc-
cessful application of reach mass-balance. Further devel-
opment and application of these screening metrics may
increase confidence in reach selection in future studies,
allowing reach mass-balance to become a more versatile
tool in hydrogeology.
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