
ABSTRACT 

JENSEN, CRAIG RYAN. Estimating Groundwater Age in the Nebraska Sand Hills from SF6 in 

Stream Water. (Under the direction of Dr. David Genereux). 

 

Knowledge of the mean transit time (MTT) of groundwater discharging to surface water 

can inform water quality decisions and allow inferences about the expected time course of 

contaminant movement through an aquifer to surface water. Developing and testing tools to age-

date groundwater is important, as employing multiple methods increases the certainty of an MTT 

estimate. Stream reach mass-balance has previously been employed only once in conjunction 

with sulfur hexafluoride (SF6) as an age-dating tracer to estimate groundwater MTT in the North 

Carolina coastal plain. In this work I further examined this age-dating approach by applying it in 

a drier mid-continent location in Nebraska. 

Reach mass-balance age-dating with SF6 was used to estimate the MTT of groundwater 

discharging to the South Branch of the Middle Loup (SBML) River and its major tributary 

stream in the Nebraska Sand Hills. Work was carried out over a variety of flow regimes (27 – 

1899 L/s) spanning wet conditions in May 2019 and much drier conditions in August 2019. Five 

of the six stream reaches had SF6 concentrations less than expected in modern water, which 

suggests the SF6 tracer signal in the groundwater is at least partly preserved in the stream water 

(i.e., not completely eliminated by gas exchange between the stream water and atmosphere). 

Minimum apparent ages not accounting for gas exchange ranged from 2 to 19 years. Cgw values 

among the six study reaches suggested one plausible MTT of 20 years and another that was 

about zero. However, four of the calculated Cgw values were negative, which is not physically 

possible. Monte Carlo analyses showed that the Cgw values were highly uncertain. 

By using the Monte Carlo analyses to examine the sources of uncertainty in the Cgw 

values, low groundwater discharge was identified as the main source of error in the Cgw and 



MTT estimates; the SF6 concentration in stream water at the downstream end of a stream reach 

(Cd) unexpectedly emerged as a second significant contributor to uncertainty, due to the 

mathematical sensitivity of the reach mass-balance calculation to Cd, not due to large 

measurement uncertainty in Cd. Comparing the results from the present study with those from 

prior work in the NC coastal plain, it seems that the groundwater recharge rate divided by 

watershed drainage density (R/D) may be a useful screening tool to assess the likelihood of 

success in using reach mass-balance age-dating to estimate a groundwater MTT in a given area 

or watershed. 
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1. Introduction 

The transit time of water passing through an aquifer from recharge to discharge is a 

powerful concept in hydrology. Knowing the transit time can inform water quality decisions and 

allow inferences about the expected time course of contaminant movement through an aquifer to 

surface water. Transit times can be estimated using naturally occurring chemical tracers. Several 

atmospherically derived chemical or isotopic tracers have been used to estimate the age of 

groundwater of intermediate age (0 to 60 years) such as 3H, 3H/3He, 85Kr, chlorofluorocarbons 

(CFCs), and SF6 (Busenberg and Plummer 1992; Cook and Solomon 1997; Busenberg and 

Plummer 2000; Browne and Guldan 2005; Gilmore et al. 2016a; Solomon et al. 2015). All these 

gaseous tracers have well-documented atmospheric histories, dissolve in water in quantifiable 

amounts, and their concentrations in groundwater associated with the year of groundwater 

recharge over the past several decades. By averaging the flow-weighted mean concentration of 

an age-dating tracer in the groundwater discharge to a stream or river, the groundwater mean 

transit time (MTT) can be approximated. The MTT is the flow-weighted mean apparent age of 

groundwater that has exited the aquifer (Kennedy et al. 2009; Gilmore et al. 2016a). 

Age is often determined for groundwater samples collected in wells or boreholes. 

(Schlosser et al. 1988; Busenberg and Plummer 1992; Chacha et al. 2018). However, this method 

requires the building of wells (if not already available) and requires significant well sampling 

and modeling to calculate the MTT (Alvarado et al. 2005). An alternate method to estimating the 

MTT of groundwater involves tracer mass-balance in a stream or river segment (reach). Rivers 

are natural discharge points for groundwater and effectively integrate all the groundwater flow 

paths into them (Gilmore et al. 2016b). In reach mass-balance, the stream water is sampled 

directly for the age-dating tracer at the upstream and downstream ends of a reach (Genereux and 
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Hemond 1990; Stolp et al. 2010). If any sources or sinks of the tracer are accounted for, the 

difference in tracer concentration between the sampling locations indicates the flow-weighted 

mean tracer concentration in the groundwater discharge to the reach (Cgw) and the MTT can be 

estimated from Cgw (Stolp et al. 2010; Solomon et al. 2015). Potential benefits to a reach mass-

balance approach to dating groundwater, relative to smaller point-scale sampling are that it 

provides a large-scale estimate of MTT (relevant to the full volume of the aquifer that discharges 

to the stream reach), with fewer tracer measurements than would be needed for point-scale 

sampling of such a volume (reach mass-balance requires only two, one at the upstream end of the 

reach and the other at the downstream end (Gilmore et al. 2016b). 

Sulfur hexafluoride (SF6) is an inert but potent greenhouse gas (GHG) used for industrial 

purposes as an electrical insulator (Rinsland et al. 1990). With a 100-year global warming 

potential (GWP) of 23,500 compared to carbon dioxide (CO2), and a 3,200-year estimated mean 

residence time in the atmosphere, SF6 is regulated under the Kyoto protocol (Myhre et al. 2013). 

SF6 is of particular interest as an age-dating tracer due to its increasing presence in the 

atmosphere. The mixing ratio of SF6 in the atmosphere has been steadily climbing since the 

1970s, making SF6 an ideal age-dating tracer on a decadal time scale (Busenberg and Plummer 

2000). 

SF6 has been used to age-date groundwater samples from wells, boreholes, seeps, and 

springs in a variety of environments (Busenberg and Plummer 2000; Zoellmann et al. 2001; Katz 

2004, Delin et al. 2007; Sanford et al. 2015; Lauffenburger et al. 2018). However, SF6 has only 

once been used in combination with reach mass-balance. Solomon et al. (2015) used reach mass-

balance SF6 age-dating to determine the MTT of small stream (50 – 575 L/s) in the coastal plain 
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of North Carolina. While this age-dating method shows promise, it has only been tested in one 

place in a relatively humid environment and under a limited range of flow regimes. 

To test this method in a different environment, I used reach mass-balance SF6 age-dating 

on 6 reaches on the South Branch of the Middle Loup (SBML) River and an associated tributary 

located in the semi-arid Nebraska Sandhills, in May and August 2019. River flow in these six 

reaches ranged from 27 to 1899 L/s. I also performed Monte Carlo analyses on each of the 

reaches to determine the uncertainty of Cgw and MTT. 

2. Study site 

2.1 Overview, geology, climate 

Covering 174,000 square miles, the High Plains aquifer (Figure 1) underlies parts of 8 

states and much of Nebraska (Miller and Appel 1997). The High Plains aquifer is integral to the 

economy of the Great Plains, providing water for crops in the region via irrigation 

(Lauffenburger et al. 2018). Recently the productivity and long-term viability of the High Plains 

aquifer has come into question as groundwater levels are dropping due to over-production of 

wells, though groundwater levels are fairly constant in Nebraska (Sophocleous 2010). In general, 

regional groundwater flow is from west to east (Miller and Appel 1997). 
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Figure 1. The High Plains aquifer extends across much of Nebraska and underlies the vast 

majority of the Nebraska Sand Hills. The study area is inside the South Branch of the Middle 

Loup River watershed (U.S. Geological Survey 2020b). 

 

The High Plains aquifer is composed of 4 main geologic units; from bottom to top they 

are the Brule Formation, the Arikaree Group, the Ogallala Group, and Quaternary 

unconsolidated deposits. All of these units are alluvial and aeolian in origin. The Brule 

Formation of the White River Group is a massive siltstone unit that is generally an aquitard but 

forms the lowest part of the High Plains aquifer where it is locally fractured (Barrash and Morin 

1987; Miller and Appel 1997). Overlying the Brule Formation, the Arikaree Group contains fine 

to very fine-grained sandstone. The Arikaree Group reaches a maximum thickness of 1000 ft but 

is only located in the western Sand Hills; it is not present directly below our field site but may be 

upgradient of the regional groundwater flow system (Swinehart and Diffendal 1989; Miller and 

Appel 1997). Within the aquifer, the Ogallala group is the main geologic unit. Dating back to the 

Miocene, the Ogallala group is composed of primarily unconsolidated sand size sediments that 
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were deposited by braided streams. Underneath our field site, the Ogallala group is roughly 500 

ft thick (Swinehart and Diffendal 1989; Miller and Appel 1997). Overlying the Ogallala Group is 

unconsolidated alluvial sand and silt of Quaternary age. These sediments separate the Ogallala 

group from the surface sand dunes (Loope et al. 1995). 

The characteristic aeolian dunes of the Nebraska Sand Hills include a variety of 

ecosystems such as marshes, dry valleys, and sub-irrigated wet meadows (Gosselin et al. 2006; 

Billesbach and Arkebauer 2012). The dunes can reach 100 m above the surrounding valley floors 

and are responsible for complex flow patterns for groundwater (Gosselin et al. 1999). High relief 

between the dunes and the valley floors allows for areas of groundwater discharge that can 

support lakes and wetlands (Gosselin et al. 1999). Within the historical record, the Sand Hills 

have been stabilized by grass. However, the geologic record shows that multiple times in the last 

15,000 years, the Sand Hills lost their vegetation, leading to destabilization and migration of the 

dunes, with the most recent destabilization event occurring 800 – 1000 years ago (Loope and 

Swinehart 2000; Billesbach and Arkebauer 2012). 

Climate-wise, the Nebraska Sand Hills region is semi-arid with an annual precipitation of 

44.8 cm and an annual evapotranspiration of 41.6 cm. (Chen et al. 2019). Evapotranspiration is 

greatest in the wet meadows and during the growing season (Gosselin et al. 1999). Meanwhile, 

the dunal-uplands and the dry valleys act as areas of recharge for the Sand Hills (Gosselin et al. 

1999). It is suspected that some of this recharge replenishes the regional flow system in the High 

Plains aquifer (Szilagyi and Jozsa 2012). 
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2.2 Field site 

Our field work occurred at Gudmundsen Sandhills Laboratory (GSL), a cattle ranch 

owned and operated by the University of Nebraska. GSL straddles parts of Cherry, Grant, and 

Hooker counties and covers 52 km2 in the center of the Nebraska Sand Hills. Due to its size and 

availability of facilities, the ranch has hosted a variety of research on the Sand Hills (Gosselin et 

al. 1997; Gosselin et al. 2006; Chen and Hu 2004; Billesbach and Arkebauer 2012; Chen et al. 

2012). 

The focus of our field work is the South Branch of the Middle Loup (SBML) River and 

an associated unnamed tributary that runs through GSL (Figure 2). About 8 km of the tributary 

and 14 km of the SBML, as measured along the channel, were under study. Near the zero-point, 

the tributary is an east-flowing drainage ditch that was built in the 1930s to drain a sub-irrigated 

wet meadow for hay production. This tributary transitions to a natural meandering channel 

roughly 2.7 km upstream of the confluence with the SBML. 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. The SBML meanders strongly 

as it winds through a valley between the dunes, and oxbows (cutoff meanders) are common. 
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Figure 2. The study site spanned the South Branch of the Middle Loup (SBML) River and an 

associated unnamed tributary south of the river. A culvert in the tributary was assigned as an 

arbitrary zero-point. Locations in the river were defined as the distance from the zero-point as 

measured along the channel. Flow is from west to east. 

 

3. Study design 

3.1 Reach selection 

For successful application, the reach mass-balance approach to age dating requires a large 

amount of groundwater input to overcome the uncertainty in the stream discharge measurement 

through the reach (Solomon et al. 2015). Therefore, we used stream discharge measurements 

from (1) USGS measurements with a Sontek FlowTracker and (2) chemical dilution stream 

gauging with bromide performed by the University of Utah in Sept. 2018, Feb. 2019, Apr. 2019, 

and May 2019 to select study reaches with the highest apparent rate of groundwater input in 

different areas of the SBML watershed. Four different reaches were selected for study: two from 

the tributary and two from the SBML (Table 1). Reaches A and B are located in the tributary 

with A in the drainage ditch and B in the natural channel. Reaches C and D are both in the 
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SBML river. C and D are further subdivided into C1, C2, D1, and D2 as the end points of the C 

and D reaches were slightly different between May and August 2019 (Figures 3 – 8). 

 

 

 

 
Figure 3. Reach A was located in the unnamed tributary. At this point in the tributary, the 

channel is a man-made drainage ditch that drains the surrounding wet meadow. The GSL ranch 

buildings are located in the top right. A culvert in the tributary was assigned as an arbitrary zero-

point. Locations in the river were defined as the distance from the zero-point as measured along 

the channel. Flow is from west to east. 

Table 1. Description and location of study reaches for SF6 mass-balance. Date refers to the 

date of field data collection in each reach, and location refers to the distance, as measured 

along the channel from the zero-point shown in Figure 3 to the upstream and downstream ends 

of each reach. 

Reach 

ID 
Dates Reach Description Location (km) 

A May 19th, 2019 Unnamed tributary-drainage ditch 0.60-2.59 

B May 31st, 2019 Unnamed tributary-natural channel 6.00-7.00 

C1 May 27th, 2019 SBML 12.35-14.00 

C2 August 6th, 2019 SBML 13.26-14.22 

D1 May 23rd and 26th, 2019 SBML 19.40-21.66 

D2 August 4th and 8th, 2019 SBML 20.49-21.75 
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Figure 4. Reach B was located in the unnamed tributary. At this point in the tributary, the 

channel transitions from the man-made drainage ditch to meandering naturally. Flow is from 

west to east. 

 

 

 

 
Figure 5. In May 2019, reach C1 was located in the SBML River. Flow is from west to east. 
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Figure 6. In August 2019, reach C2 was located in the SBML River. Flow is from west to east. 

 

 

 

 

 

 
Figure 7. In May 2019, reach D1 was located in the SBML River. Flow is from west to east. 
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Figure 8. In August 2019, reach D2 was located in the SBML River. Flow is from west to east.  

3.2 May 2019 field season 

Field work in reaches A, B, C1, and D1 was carried out between May 16 – 31, 2019. 

Reaches were chosen with the goal of being long enough that they would have a significant 

amount of groundwater input, but not so long that injected propane concentrations at the 

downstream ends of the reaches would be too low to quantify. The May 2019 field season saw 

heavy rains and snow melt that increased stream discharge in both the tributary and the SBML. 

As noted earlier, the reach mass-balance approach requires a high rate of groundwater input to 

the reach. When stream discharge rises due to runoff, but groundwater input remains relatively 

constant, the ratio of groundwater input to stream discharge decreases, making reach mass-

balance more difficult. 

The high discharge in May also made it difficult to measure gas exchange. The volatile 

tracer injected into the stream to measure gas exchange (discussed in detail in Section 4.3) is 

diluted as it travels downstream due to groundwater input and loss to the atmosphere. Hence, 

there is a point downstream where the volatile tracer can no longer be reasonably quantified, 
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constraining the reach length for the gas exchange measurement. When stream flow is large, as 

was the case in May, the feasible reach length may be shorter, in part due to dilution of injected 

tracer by the high stream discharge. As such, with the exception of reach B, each gas exchange 

measurement in May occurred over a subsection of a full reach (Table 1, Figures 3 – 8) in which 

SF6 reach mass-balance was performed. These representative sections ranged from 10 to 100% 

of the full reach (Table 2). In each of these reaches, a representative subsection of the reach was 

selected for the gas exchange experiment while Equation 1 (Section 4.1) was solved for the 

entire reach (it was assumed that the full reach has the same gas exchange characteristics as the 

subsection). 

 

3.3 August 2019 field season 

After the May 2019 field work, analysis of the data indicated that the high flow 

conditions experienced in May were not ideal for reach mass-balance, a method in which 

computation of groundwater input depends on the difference between stream discharge at the 

upstream and downstream ends of the reach (when stream discharge is very high, the 

groundwater input can be a small difference between two large numbers, and thus may have 

Table 2. Reach lengths for SF6 reach mass-balance and subsections for gas 

exchange measurements. 

 

Reach 

ID 
Dates 

Length of SF6 

Reach, Eqn. 1 

(km) 

Length of Gas 

Exchange Reach, 

Eqn. 3 (km) 

Percent of 

Full Reach 

A May 19th, 2019 1.990 0.200 10% 

B May 31st, 2019 1.000 1.000 100% 

C1 May 27th, 2019 1.650 0.740 45% 

C2 August 6th, 2019 0.960 0.960 100% 

D1 May 23rd and 26th, 2019 2.260 0.475, 1.300 21, 58% 

D2 August 4th and 8th, 2019 1.255 1.255 100% 
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significant uncertainty). For this reason, a follow-up field campaign was carried out under lower 

stream discharge in August 2019. In August 2019, SF6 sample collection and propane injections 

occurred in reaches C2 and D2. As expected, flow in the SBML was far lower in August 2019 

than in May 2019. For instance, the upstream propane sampling station in reach D1 (20405 m) 

had stream flow 22 times higher on May 23rd than at the upstream station in reach D2 (20490 m) 

on August 4th. Conditions in August 2019 allowed the gas exchange measurements to occur over 

the full reach in which SF6 reach mass-balance was performed in reaches C2 and D2. 

3.4 Lack of reach mass-balance results for reaches D1 and D2 

Two reaches (D1 on May 23rd and D2 on August 4th) could not be used for reach-scale 

SF6 age dating. Reach D1 on May 23rd was not used because stream flow was not measured at 

the stream water collection stations (19.4 km and 20.6 km). This is because the May 23rd gas 

exchange experiment was done for practice while waiting for flood waters to recede. Reach 

mass-balance was performed in full on May 26th on reach D1. Reach D2 on August 4th was not 

used for reach-scale SF6 age dating because a thunderstorm interrupted field work. Reach D2 

was reanalyzed on August 8th. More information on these circumstances is described in the 

Appendix. Data collected on May 23rd and August 4th are presented when available. 

4. Methods 

4.1 Reach mass-balance 

Streams are natural discharge points for groundwater and effectively integrate all 

groundwater flow paths that end at the stream (Gilmore et al. 2016b). In a groundwater-

dominated stream (i.e., a stream in which essentially all the water is derived by groundwater 

discharge into the channel), the SF6 concentration in the stream water will (after correction for 

gas exchange with the air) represent the flow-weighted mean concentration of SF6 in the 
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groundwater discharging to the stream. It follows that the MTT of groundwater discharging into 

a given reach can be obtained by analyzing SF6 in the stream water (Solomon et al. 2015). Using 

Henry’s Law, the flow-weighted mean concentration of SF6 in the groundwater discharging into 

a stream reach (Cgw, obtained by measuring SF6 in the stream water and correcting for gas 

exchange) can be compared with historical atmospheric SF6 data to determine the MTT of the 

groundwater entering the reach (Stolp et al. 2010; Solomon et al. 2015). This reach mass-balance 

method of determining the MTT of groundwater allows for the study of a large stream reach with 

relatively low cost in both analysis and time (Gilmore et al. 2016b). For a given stream reach, 

Cgw can be calculated using Equation 1, derived following Genereux and Hemond (1990) and 

Solomon et al. (2015): 

 
6k ( )d d u u SF eq

gw

d u

Q C Q C Q C C
C

Q Q

− − −
=

−
  1 

where 

Q= the volumetric flow rate of the stream 

C = the SF6 concentration in the stream water 

Ceq = the SF6 concentration in the stream water if it were at equilibrium with the 

atmosphere, at the temperature of the stream water 

kSF6 = the first-order gas exchange rate constant for SF6 in the reach (time-1) 

u, d = subscripts that indicate the upstream and downstream ends of the reach 

overbar = indicates a reach average value (average of the values at the upstream and 

downstream ends of the reach) 

τ = the stream water travel time through the reach. 

 

Equation 1 was derived from the general, steady-state, one-dimensional transport 

equation that accounts for a volatile (gaseous) dissolved solute in a stream (Genereux and 

Hemond 1990). Since SF6 is stable in the environment and does not experience radioactive 

decay, Equation 1 only needs to take gas exchange with the atmosphere and dilution from stream 

water into account to calculate Cgw (Busenberg and Plummer 2000). Equation 1 was used in 
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“forward calculation” of Cgw, and results were compared against an iterative approach for 

estimation of Cgw using the RADIN13 solute transport model (Solomon et al. 2015). 

In this research, Q and τ were measured via the release of a sodium chloride slug into the 

stream, while kSF6 was measured from an injected tracer gas, propane (Oviedo-Vargas et al. 

2015). Stream water SF6 concentrations in samples collected at GSL were measured at the 

University of Utah, and Ceq was determined using the modern mixing ratio of SF6 in the 

atmosphere (NOAA 2020). These techniques are elaborated on in the following sections. 

4.2 Salt slugs 

Q and τ were measured at nearly every propane and SF6 sampling station with a NaCl 

slug of 2-6 kg NaCl dissolved in 2-8 gallons of stream water in 5-gallon buckets. The slugs were 

instantaneously released over the width of the stream channel at an adequate distance upstream 

of the upstream-most sampling station (upstream end of the study reach) to allow for full mixing 

across the stream cross-section (necessary for the one-dimensional data analysis, Equation 1). 

HOBO© conductivity data loggers were stationed at each sampling station to monitor the 

breakthrough curve. The time of the peak of each breakthrough curve was used to determine τ 

between sampling stations. In order to calculate Q, all conductivity data were temperature 

corrected to 25 °C using Equation 2 (U.S. Geological Survey 2019): 

 25
1 0.019( 25)

S
S

T
=

+ −
   2 

where 

S = Conductivity 

S25 = Conductivity corrected to 25 °C 

T = Temperature in °C. 
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The temperature corrected conductivity was then converted to a NaCl concentration using 

a calibration curve generated in the lab (see Appendix). When stream discharge (Q) is measured 

using a salt slug injection, Equation 3 is used (Kilpatrick et al. 1989; Oviedo-Vargas et al. 2015): 

 
M

Q
A

=   3 

where 

M = the mass of the NaCl slug (g) 

A = the area under the curve. 

 

Salt slugs were weighed out on a VWR P-Series Portable Balance (3000 ± 0.2 g). In one 

instance, Q was measured at the upstream SF6 sampling site (19.4 km) on reach D1 for May 26th 

using a FlowTracker® (https://www.sontek.com/flowtracker2). 

4.3 Gas exchange correction 

Sampling stream water for SF6 groundwater age-dating involves an additional 

complication over direct groundwater sampling; upon discharge into a stream, SF6 from 

groundwater will begin equilibrating with the atmosphere, necessitating correction for gas 

transfer of atmospheric SF6 into the stream water. In Equation 1, this is accounted for with the 

term containing kSF6. In general, an injection of a volatile gas into a study reach can be used to 

estimate gas exchange; SF6, SF5CF3, 
85Kr, and various hydrocarbons have all been used as 

tracers to study gas exchange in streams (Tsivoglou et al. 1965; Busenberg and Plummer 2010; 

Jin et al. 2012). 
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Figure 9. The blue and white fine-pore diffusers were connected to a propane tank and placed in 

the stream to bubble propane into the stream water. In May, the diffusers were stabilized during 

high flow conditions by attachment to the steel frame pictured above. 

 

Gas exchange was measured using methods pioneered by the USGS (Kilpatrick et al. 

1989) and utilized in a variety of subsequent publications (Parker and DeSimone 1992; Choi et al 

1998; Jones and Mulholland 1998; Genereux & Hemond 1992; Hope et al 2001; Wallin et al. 

2011; Oviedo-Vargas et al. 2015; Natchimuthu et al. 2017). High purity propane (99.0% 

liquefied propane, Airgas Inc.) was continuously bubbled into stream water from a 20 lb tank 

using fine-pore diffusers at 24-26 psi (Figure 9). The diffusers were stabilized by attachment to a 

galvanized steel array (Figure 9) during the May field campaign and by PVC pipes inserted into 

the stream bed in the August field campaign. The value kC3H8 in each reach was calculated from 

Equation 4 (Wallin et al. 2011; Oviedo-Vargas et al. 2015; Natchimuthu et al. 2017): 

 
 

 
3 8

3 8

3 8

1
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uu
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dd

C H Q
k
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=  

 
 

  4 

 

where [C3H8] is the concentration of propane in the stream water. 

Equation 4 assumes steady state conditions in the stream (i.e., that the stream discharge is 

steady, the propane injection is steady, and the propane concentrations at the measurement 

locations have built up to their steady-state values). It was assumed that reaching steady state 

propane concentrations at each measurement station would require steady propane injection for a 
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period equal to at least 4 times the travel time between the injection site and the measurement 

station (Kilpatrick et al. 1989). However, in cases where the water was turbulent or eddies were 

present, propane delivery was extended up to 14.2 times the travel time to ensure steady state 

was achieved (Table 3). 

Table 3. Duration of the propane injection, listed in both hours and the number of travel times 

through each reach. 

 

 Reach 

Parameter 
A 

(5/19) 

B 

(5/31) 

C1 

(5/27) 

C2 

(8/6) 

D1 

(5/23) 

D1 

(5/26) 

D2 

(8/4) 

D2 

(8/8) 

Injection Duration 

(hours) 
5.25 11.53 4.50 5.43 2.87 6.88 7.00 4.55 

Injection Duration 

(travel times) 
5.11 9.07 9.26 5.79 14.14 11.66 7.37 4.89 

A constant rate of propane delivery into the stream water is required for steady state to be 

reached. Since the diffuser delivery method works by bubbling propane into the stream water, 

and the dissolution of propane bubbles into the stream water is a temperature dependent process, 

the propane delivery to the stream water can considered steady if the stream water temperature 

remains fairly constant throughout the course of the injection. This was easily achieved in May, 

when there was little diurnal variation in stream water temperature (Figure 10a). In the August 

field season though, the diel temperature variations were larger (Figure 10b). The solution in 

August was to have the injection occur in the early morning during a relatively flat portion of the 

diurnal temperature cycle. This constrained the length of the reach because longer reaches would 

not reach steady state before the stream heated up. This is why the August reaches C2 and D2 

were shorter than their May counterparts. The range of stream water temperature variation during 

each propane injection (from start of injection to end of sampling) was 0.39 °C to 5.84 °C with 

an average of 2.51 °C. 
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Figure 10. Stream water temperature at the downstream stations of reaches D1 and D2 during 

the May 26th (a) and August 8th (b) propane injections. Orange points indicate when the propane 

injection occurred. The summer field season saw large swings in the stream water temperature, 

necessitating that propane injections take place around dawn when the temperature was most 

stable. 
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I also developed, and applied in one May injection (reach A), an experimental method 

that was based on injecting water with dissolved propane, rather than propane gas bubbles, into 

the stream. This method of injection is not sensitive to temperature variation during the injection, 

as the water carrying the propane was injected from large Tedlar bags with zero headspace using 

a high-precision metering pump. A few previous studies used an aqueous tracer solution to inject 

a gaseous tracer into a river (Tobias et al. 2009; Jin et al. 2012), but these studies allowed for a 

headspace in the tracer solution container; in general this could allow gas to volatize out of 

solution as temperature increases and thus potentially change the aqueous concentration of the 

gaseous tracer in the tracer solution, and therefore the delivery rate of the tracer to the stream, 

during the injection. Testing of the zero-headspace bag method showed that it works best on 

small streams with short travel times because the bags have a relatively limited supply of 

propane to deliver to the stream, compared to a propane tank. More information is available in 

the Appendix.  

Stream water samples for propane analysis were collected in glass and/or plastic syringes 

at 2-3 locations downstream of each propane injection, after waiting an appropriate period to 

allow the stream propane concentration to reach steady state. Plastic syringes were used for 

propane sample collection on reaches B, C1, and D1 while ground glass syringes were used on 

reaches A, B, C2, and D2. The samples were put on ice within minutes of collection and 

transported to a laboratory on-site. Once in the laboratory, the samples were brought to room 

temperature, and a headspace of high-purity nitrogen gas was introduced into each syringe to 

extract propane from the stream water (Oviedo-Vargas et al. 2015). After equilibration, the 

headspace was injected through a gas sampling valve (1.6 mL sample loop) into an SRI 8610C 

gas chromatograph equipped with a HayesSepD packed column and a flame ionization detector 
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with a methanizer. In addition to propane, each analysis also yielded peak areas for naturally-

occurring methane and carbon dioxide in the stream water. 

As shown in Equation 5, the ratio between kC3H8 and kSF6 is proportional to the ratio 

between the respective gases’ diffusion coefficients (D), raised to an exponent "n" (Jähne et al. 

1987a): 

 6 6

3 8 3 8

n

SF SF

C H C H

k D

k D

 
=  
 

  5 

The exponent, n, is a constant that should theoretically fall between 0.5 (turbulent conditions) 

and 1 (non-turbulent conditions), though various studies have attempted to measure n (Table 4). 

The mean of the experimentally determined n values was 0.7, which was used for subsequent 

calculations.  

Table 4. Reported exponent values Equation 5. Values shown are from either field experiments 

or lab experiments. 

n Study Design Reference 

0.5 Study of temperature dependence on k Daniil and Gulliver 1988 

0.5 Lab experiment (N2O and Freon-12) Durán and Hemond 1984 

0.7 Stream measurement (C2H6 and C3H8) Genereux and Hemond 1992 

0.5 Lab flume experiment (O2) Gulliver and Halverson 1989 

0.74 Analysis of prior field data Hammond 1975 

0.5 – 0.7 Lab experiment (CO2, CH4, He, Kr, and Xe) Jähne et al. 1987b 

0.73 Reanalysis of Torgersen et al. (1982) data Jähne et al. 1987b 

0.73 Lab experiment (O2 and C3H8) Madsen et al. 2007 

1 Lab experiment (O2 and H2S) Yongsiri et al. 2004 
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Hence kSF6 was calculated from kC3H8 and the diffusion coefficients of the two gases in 

water. The following empirical equations were used to calculate the diffusion coefficients found 

in Equation 5: 

 3 8

19.3
0.029expC HD

RT

 
= − 

 
  6 

 6

18.2
0.031expSFD

RT

 
= − 

 
  7 

 

where 

R = the gas constant (kJ mol-1 K-1) 

T = temperature (K). 

 

Equation 6 was empirically derived in Wise and Houghton (1966) by measuring DC3H8 in 

pure water between 10 °C to 60 °C. Equation 6 was used to calculate DC3H8 in each reach using 

temperatures recorded in the field. Equation 6 fits with measured diffusion coefficients with a 

standard deviation of 3% (Wise and Houghton 1966). Likewise, Equation 7 was empirically 

derived in King and Saltzman (1995) by measuring DSF6 in water at 5 °C, 15 °C, and 25 °C. 

Equation 7 used to calculate DSF6 in each reach using temperatures recorded in the field and had 

an estimated uncertainty of 3.6%. The temperatures used in Equations 6 and 7 were the average 

temperatures of the stream water from up to an hour before propane and SF6 sample collection 

until the sample collection finished. Temperature was recorded by the HOBO© conductivity data 

loggers.
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4.4 SF6 stream water samples 

Stream water samples for SF6 analysis were collected at the upstream and downstream 

ends of each study reach in 1 L plastic-coated amber glass bottles 

(https://water.usgs.gov/lab/sf6/sampling/; Solomon et al. 2015; Busenberg and Plummer 2000). 

Each bottle was filled from the bottom with stream water using a submersible Whale pump. The 

bottles were rinsed by allowing at least 3 L of stream water to overflow each bottle, after which 

the pump tubing was withdrawn from the bottle and the bottle was tightly capped. Screw caps 

with conical liners were used to ensure zero headspace (Busenberg and Plummer 2000). SF6 

analyses were carried out at the Noble Gas Laboratory at the University of Utah using methods 

outlined in Busenberg and Plummer (2000). These samples were kept at ambient temperature 

during transport to the lab building at GSL and were then refrigerated 1-14 days until they were 

transported in coolers again at ambient temperature to the University of Utah. Samples were 

analyzed within 4 months of delivery to the University of Utah. According to the Noble Gas 

Laboratory, replicate analysis of SF6 standards produces a standard deviation of 5% on any given 

day. 

4.5 Equilibrium SF6 concentrations 

As noted in Section 4.1 the equilibrium SF6 concentration (Ceq from Equation 1) is the 

concentration of SF6 in the stream water if the stream was at equilibrium with the atmosphere 

with respect to SF6 concentration. Data on the SF6 atmospheric mixing ratio of modern air came 

from the Niwot Ridge monitoring station of the Earth System Research Laboratory (ESRL) at the 

National Oceanic and Atmospheric Administration (NOAA) 

(https://www.esrl.noaa.gov/gmd/hats/). For each field season, 5 months of SF6 atmospheric 

mixing ratios (March through July 2019 for the May field season and June through October 2019 
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for the August field season) were averaged to reduce the effect of any outliers. A modified 

Henry’s Law was used to convert the mixing ratio to Ceq (Weiss and Price 1980): 

 ( )6 2eq H SF atm H OC K x P p= −   8 

where 

KH = the Henry’s Law Constant for SF6 (mol kg-1 atm-1) 

Patm = the atmospheric pressure at the field site (atm) 

pH2O = the water vapor pressure (atm) 

xSF6 = the modern atmospheric mixing ratio for SF6. 

 

KH is temperature dependent and was calculated from Equation 9 (Bullister et al. 2002): 

 
100

exp 98.7264 142.8030 38.8746 ln
100

H

T
K

T

     
= − + +     

     
  9 

where T is the temperature (K), taken to be the stream water temperature, recorded by the 

HOBO© conductivity data loggers. Temperature readings were recorded every 10 seconds (every 

30 seconds at 2590 m on Reach A) meaning there are up to 360 temperature readings at each 

sampling station. However, field logistics in some cases led to shorter periods of temperature 

measurement, for example, the upstream SF6 collection stations on reaches B and C1 and the 

downstream SF6 collection stations on reaches A and B have fewer than 360 temperature 

readings. These stations would be under-represented if an average of all the temperature readings 

within a reach was used. To account for this under-representation, the mean of all the 

temperature readings at the upstream SF6 sample collection station and the mean of all the 

temperature readings at the downstream SF6 sample collection station were calculated. The value 

of T for use in Equation 9 (and subsequent uses of T) was defined as the average of these two 

means for each reach. 

pH2O is a function of temperature (T) and was calculated using Equation 10 (Weiss and 

Price 1980): 
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 ( ) ( )( )2 exp 24.4543 67.4509 100 / 4.8489ln /100H Op T T= − −   10 

Equipment to measure Patm was not available at GSL, therefore Patm was estimated using 

Equation 11 (Cook and Herczeg 2016): 

 exp
8300

atm

H
P

− 
=  

 
  11 

where H is the elevation relative to sea level. According to topographic maps, the elevation of 

the surface water along the SBML River and the tributary ranged from 1045 m (downstream end 

of reach D2) to 1079 m (upstream end of reach A) (U.S. Geological Survey 2017a; U.S. 

Geological Survey 2017b). The average of these elevations (1062 m) was used to calculate Patm 

in Equation 11. 

4.6 Age dating 

Despite controls on the release of SF6 into the atmosphere, atmospheric SF6 (Figure 11) 

has continued to increase since 1970 allowing for its use as an age-dating tracer (NOAA 2020). 

Monthly data on the SF6 atmospheric mixing ratio was obtained from the Earth System Research 

Laboratory (ESRL) at the National Oceanic and Atmospheric Administration (NOAA) 

(https://www.esrl.noaa.gov/gmd/hats/). Data from the Niwot Ridge monitoring station was used 

to date groundwater (Niwot Ridge is the closest SF6 monitoring station to GSL and includes data 

dating from December 1994 to the present). Henry’s Law was used to equate Cgw with x1
SF6 

(Equation 12): 

 
( )

1

6

2

gw

SF

H atm H O

C
x

K P p
=

−
  12 

where x1
SF6 is the mixing ratio of SF6 in the atmosphere at the time of recharge, while KH and 

pH20 were calculated using Equations 9 and 10 respectively using the recharge temperature (11.4 

°C). Recharge temperature at GSL was estimated by the University of Utah using noble gas 
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thermometry for groundwater samples collected at the study site during the same time period as 

the reach mass-balance work reported here (D.K. Solomon, personal communication January 

21st, 2020). The estimated x1
SF6 was assigned a recharge date based on a regression of the Niwot 

Ridge atmospheric data (Equation 13): 

 ( ) ( )
3 2

1 1 1

6 6 69.80 273.29 3650.40 10105.34SF SF SFt x x x= − + −   13 

where t is the time (days) since December 1st, 1994 (the first date for which data are available 

from Niwot Ridge). Converting t to years and adding it to 1994.91 ("decimal year" for December 

1, 1994) gives the year of groundwater recharge. 
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Figure 11. Atmospheric SF6 reported in parts per trillion (ppt) at the nearest monitoring station 

in Niwot Ridge, Colorado. Data from the Earth System Research Laboratory (ESRL) at the 

National Oceanic and Atmospheric Administration (NOAA). 
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5. Field data 

5.1 Discharge and travel times 

Discharges and travel times (Table 5) were calculated using conductivity data, 

specifically the conductivity breakthrough curves in the stream water downstream of the salt slug 

injections. Groundwater input ranged from 1% to 57% of the downstream stream flow. Between 

May 20th and May 23rd, 2.78 inches of precipitation fell at GSL, leading to flooding and 

increased stream flow (High Plains Regional Climate Center 2020). Reach A, which had been a 

small tributary on May 19th, swelled to a small lake as it overflowed its banks (Figure 12). The 

continued draining of the lake contributed to high flow conditions experienced downstream. A 

second round of precipitation began on May 27th (after work on reach C1 wrapped up) and lasted 

until May 29th in which 1.36 inches of precipitation fell (High Plains Regional Climate Center 

2020). Due to this, the propane injection in reach B began in the evening of May 30th and 

continued into the morning of May 31st to allow flood waters to recede before sample collection. 

Two small precipitation events occurred on August 4th (0.35 inches) and August 7th (0.11 inches) 

(High Plains Regional Climate Center 2020). These precipitation events did not have as dramatic 

of an effect on stream flow as the May 2019 precipitation events did. 
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Table 5. Discharges and travel times in each reach. Q and τ were not measured in reach D1 on 

May 23rd (Refer to Section 3.4). 

A: Location in meters downstream from the culvert at the zero-point. 

B: 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. This oxbow is not included in the total reach length. 

 

    

Figure 12. Reach A 1.9 km downstream from the zero-point on May 19th (left) and reach A 

viewed from a distance on May 22nd after both rain and snow fell on the Sand Hills (right). The 

small lake that formed in and around reach A took days to drain. 

 

 Reach 

Parameter 
A 

(5/19) 

B 

(5/31) 

C1 

(5/27) 

C2 

(8/6) 

D1 

(5/26)B
 

D2 

(8/5)B
 

D2 

(8/8)B
 

Reach Location 

(km)A 

0.60-

2.59 

6.00-

7.00 

12.35-

14.00 

13.26-

14.22 

19.40-

21.80* 

20.49-

21.885* 

20.49-

21.885* 

Qu: Upstream SF6 Station 

(L/s) 
27 203 1060 171 1567 224 184 

Qd: Downstream SF6 Station 

(L/s) 
61 222 1135 185 1899 226 199 

Groundwater Input 

(L s-1 km-1) 
17 19 45 14 147 2 12 

Groundwater Input as 

Percentage of Qd 
57% 8% 7% 7% 17% 1% 7% 

τ 

(min.) 
765.4 76.3 65.0 56.3 69.0 57.0 55.8 
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5.2 Gas exchange 

As noted previously, propane injections to measure gas exchange were carried out 8 

times over 6 different reaches in May and August 2019 at GSL (Table 6). Both kC3H8 (calculated 

from Equation 4) and kSF6 (calculated from Equation 5) are reported. To compare gas exchange 

rates between reaches of differing channel dimensions, it is common to multiply k by the mean 

stream depth to obtain the gas exchange velocity (v). Among the 8 gas exchange measurements, 

vSF6 ranged from 1.9 m day-1 to 12.7 m day-1. However, in most of the reaches (A, B, C1, C2, 

and D2) vSF6 had a smaller range of 1.9 m day-1 to 4.6 m day-1 which is within the range of vSF6 

values in the literature (Table 7). The vSF6 values in reach D1 (8.8 m day-1 on May 23rd and 12.7 

m day-1 on May 26th) may have been higher due to the large stream flows alluded to previously. 

On May 23rd, flow was highly turbulent in reach D1, leading to the formation of large eddies 

(Figure 13) and the active destabilization and erosion of the stream banks. It is possible that this 

allowed more gas exchange between the stream water and the atmosphere. For example, it seems 

possible that water trapped in large eddies in meanders may have experienced significant gas 

exchange before mixing back into the main flow and arriving at the downstream measurement 

station. These characteristics were still present on May 26th, though diminished compared to May 

23rd. 
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Table 6. Gas Exchange Results. 

 

 Reach 

Parameter 
A 

(5/19) 

B 

(5/31) 

C1 

(5/27) 

C2 

(8/6) 

D1 

(5/23) 

D1 

(5/26)B 

D2 

(8/4)B 

D2 

(8/8)B
 

C3H8 Injection Bag Diffusers Diffusers Diffusers Diffusers Diffusers Diffusers Diffusers 

Injection 

Location 

(km)A 

1.65 5.90 13.16 13.12 20.26 20.26 20.26 20.26 

Mixing Length 

(km) 
0.050 0.100 0.100 0.140 0.145 0.240 0.230 0.230 

Injection 

Reach Length 

(km) 

0.200 1.000 0.740 0.960 0.475 1.160 1.255 1.255 

τ (min.)C 61.7 76.3 29.2 56.3 12.2 35.4 57.0 55.8 

Mean Stream 

Depth (m) 0.34 0.53 0.63 0.22 1.20 0.87 0.22 0.24 

kC3H8 (day-1) 12.1 12.1 5.3 12.1 11.2 21.3 24.3 27.2 

vC3H8 (m day-1) 4.1 6.4 3.3 2.7 13.5 18.7 5.4 6.6 

kSF6 (day-1) 8.2 8.4 3.7 8.5 7.4 14.6 17.3 19.1 

vSF6 (m day-1) 2.8 4.4 2.3 1.9 8.8 12.7 3.9 4.6 

α 5.4 5.1 2.4 4.3 10.2 3.6 4.0 9.5 

A: Location in meters downstream from the culvert at the zero-point. 

B: 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. This oxbow is not included in the total reach length. 

C: Travel time (τ) listed in this table was used to calculate kC3H8 with Equation 4. For reaches B, 

C2, and D2, this was also the τ for the reach in which SF6 reach mass-balance was carried out. 

For the other reaches, the reach for determination of kC3H8 was only a subset of the larger reach 

for SF6 mass-balance, and so τ in this table is smaller than τ for the larger reach. 
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Table 7. Literature vSF6 values. 

 

 

 

Figure 13. A large standing eddy in reach D1 on May 25th, 2019. Stream flow is from left to 

right while the red arrows show the circulation pattern of the eddy. A video can be found here: 

https://unl.box.com/s/z1v6pnksr4hl0zkewwu55e7sw5b756dd. 

 

 

VSF6 (m/d) Location Reference 

0.33-1.97 Hudson River, NY Clark et al. 1994 

0.29-1.85 
Minnesota and North Western 

Wisconsin 
Hibbs et al. 1998 

0.74-0.98 West Bear Creek, NC Solomon et al. 2015 

0.84-1.44 Sugar Creek, IN Tobias et al. 2009 

6.96 Walker Branch, TN Wanninkhof et al. 1990 

https://unl.box.com/s/z1v6pnksr4hl0zkewwu55e7sw5b756dd
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When stream water concentrations of an age-dating tracer (such as SF6) are used to 

determine groundwater age, the retention of the “groundwater signal” in the stream water is 

necessary (Solomon et al. 2015). Previous studies that have used stream water concentrations of 

SF6 to age-date groundwater discharging to the stream have used the term α to determine if the 

groundwater signal is retained by the stream water: 

 6SF

gw

v

v
 =   14 

where vgw is the average specific discharge of groundwater to a stream (Sanford et al. 2015; 

Solomon et al. 2015). Effectively, α is the ratio between the rate of SF6 leaving the stream and 

the rate of groundwater entering the stream. Solomon et al. (2015) recommended that α be less 

than 10 in order for at least 10% of the groundwater signal to be retained by the stream. Every 

reach, save for reach D1, had an α value of under 10 (Table 6). This suggests that the 

groundwater signal is retained enough by the stream for reach mass-balance age-dating to occur. 

5.3 Stream water SF6 

For a useable age date to be obtained, the SF6 based age signal from the groundwater 

should be present in the stream. In other words, the stream water concentration of SF6 should be 

less than Ceq if the groundwater discharging to the reach is older than modern water. With the 

possible exception of the downstream end of reach C1, reach D1 on May 23rd, and reach D2 on 

August 5th, the stream water concentrations of SF6 are less than the Ceq in every reach (Figure 

14). 
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Figure 14. Equilibrium SF6 concentration in stream water compared to the SF6 concentration 

measured in the stream water. Equilibrium SF6 (Ceq) is defined as the concentration of SF6 that 

would exist in the stream water if the stream was at equilibrium with the atmosphere with respect 

to SF6 partitioning on the day of sampling, at the measured temperature of the stream water. The 

error bars on Ceq represent the error in the Ceq calculation (Section 6.12). The upstream and 

downstream bars represent the average SF6 concentration at each station while the error bars 

show the range of concentrations at each station. Only one stream water sample was collected for 

SF6 at the downstream station of Reach B due to bottle availability, and one of the two upstream 

bottles from reach D2 broke before analysis. With the possible exception of the downstream end 

of reach C1, reach D1 on May 23rd, and reach D2 on August 5th, stream water samples generally 

had SF6 concentrations that were below Ceq, meaning that some evidence of groundwater age 

was preserved in the SF6 concentration of the stream water (it was not fully "erased" by gas 

exchange between the stream and atmosphere). 
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The SF6 concentrations in stream water samples were converted to ages using Equations 

12 and 13 to give the minimum apparent age of each sample, based on the SF6 groundwater age-

dating method (Figure 15). This minimum groundwater age computed for stream water samples 

reflects the age of all the groundwater discharged into the SBML River and its tributaries 

upstream of the point of sample collection. This minimum age does not take into account gas 

exchange. Any gas exchange with the atmosphere would decrease the apparent age calculated in 

this way; water fully equilibrated with the atmosphere with respect to SF6 concentration would 

have zero age. As such, the ages shown in Figure 15 represent the minimum apparent age of 

groundwater. 
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Figure 15. The minimum apparent age of stream water samples collected for SF6 analysis. The 

bars represent the minimum apparent age associated with the average of the two samples 

collected at each site. The error bars represent the sample standard error of the mean (the average 

sample standard error of the mean was 1.22 years). Stream water samples for SF6 analysis were 

collected on May 30th in reach B, but were not used in the reach mass-balance calculation for 

reach B (May 31st samples were used in that analysis). In reach B at both sampling sites (6 km 

and 7 km) on May 30th and the downstream sampling site (7 km) on May 31st, only one stream 

water sample was collected. The glass bottle holding one of the two stream water samples 

collected at the upstream station (19.4 km) of reach D1 (May 26th) broke prior to analysis and is 

not included in the figure or in the reach mass-balance calculation for reach D1. In these cases 

when only one stream water sample was available for analysis at a sampling site, the average 

sample standard error (±1.22 yr) is shown as the error bars for that sampling site.  
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6. Reach mass-balance results 

6.1 Results 

The best estimates of Cgw were calculated using Equation 1 (Table 8). The estimated Cgw 

in reach D1 (May 26th) was 1.48 fmol kg-1 corresponding to an age of 19.6 years. The estimated 

Cgw of reach C1 was 3.50 fmol kg-1 which is higher than the expected Ceq. Using a strict 

extrapolation of the NOAA SF6 mixing ratio data, this Cgw corresponds to a recharge date 2.2 

years in the future. A likely explanation of the age of groundwater discharging to reach C1 is that 

the water is predominantly modern in origin, and the uncertainty inherent in the reach mass-

balance approach caused the apparent future age of the groundwater. The estimated Cgw for the 

remaining reaches A, B, C2, and D2 (August 8th) was negative, which is not a physically-

possible result. Thus, even though stream water at the site has in general partly retained the SF6 

age signal of the groundwater from which the stream water was derived (Figure 15), correcting 

for gas exchange in a reach mass-balance framework (Equation 1) led to unrealistic results in 

many cases. This motivated an in-depth analysis of the uncertainty in the reach mass-balance 

results. Low groundwater discharge into a reach is known to lead to high uncertainty in reach 

mass-balance (Solomon et al. 2015). With Qgw under 20% of Qd in all reaches save for reach A, 

low groundwater discharge seems likely to be at least one significant element of uncertainty. 

Table 8. Reach mass-balance results from Equation 1. 

 Reach 

Parameter 
A 

(5/19) 

B 

(5/31) 

C1 

(5/27) 

C2 

(8/6) 

D1 

(5/26) 

D2 

(8/8) 

Cgw 

(fmol kg-1) 
-2.79 -0.97 3.50 -2.77 1.48 -5.15 

Age (years) Undefined Undefined -2.2 Undefined 19.6 Undefined 
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6.2 Radin13 comparison 

Radin13 is a Microsoft Excel based model developed by Peter Cook (CSIRO Land and 

Water) and utilized for SF6 age-dating by Solomon et al. (2015). Radin13 basically solves 

Equation 1, using values of Ceq, Cgw, Cu, kSF6, Qgw, Qu, stream width (w), and mean stream depth 

(d) as inputs to compute the stream water concentration of SF6 at the downstream end of a stream 

reach (Cd). In order to estimate Cgw (and determine the MTT of their reach), Solomon et al. 

(2015) used an iterative approach (inverse calculation) to vary Cgw until the simulated Cd 

matched the observed value from the field. 

I used the same approach, using the “Goal Seek” function in Excel to vary Cgw until the 

simulated downstream SF6 concentration matched the Cd measured in the field. With the 

exception of reach A, values of Cgw calculated with Radin13 agreed well with the Cgw values 

calculated with Equation 1 (Table 9), providing confidence that the Cgw values were at least 

computed correctly, even though some were negative. Differences between the forward 

(Equation 1) and inverse (Radin13) calculations could be due to the uncertainty in the stream 

width estimate. Stream width measurements were unavailable, so stream width was estimated 

using Equation 15: 

 
Q

w
Ld


=   15 

where L is the length of the reach. 
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Table 9. Radin13 calculated values of Cgw and vC3H8. 

 Reach 

Parameter 
A 

(5/19) 

B 

(5/31) 

C1 

(5/27) 

C2 

(8/6) 

D1 

(5/23) 

D1 

(5/26) 

D2 

(8/4, 

8/5) 

D2 

(8/8) 

Radin13 

Calculated Cgw 

(fmol/kg) 

-4.06 -0.94 3.45 -2.77 NA 1.49 NA -5.06 

Percent Change 

from Cgw 

Calculated in 

Equation 1 

45.6% -2.6% -1.3% 0.0% NA 0.8% NA -1.7% 

Radin13 

Calculated 

vC3H8 (m/d) 

3.51 6.45 3.39 2.68 13.47 17.87 5.38 7.71 

Percent Change 

from vC3H8 

Calculated in 

Equation 4 

-13.9% 1.2% 1.6% -0.1% 0.4% -4.3% -0.4% 17.7% 

 

Solomon et al. (2015) also used Radin13 to estimate the gas exchange rate constant (k) of 

their gas exchange tracers Kr and Xe, with kKr and kXe varied until the simulated downstream 

concentrations of Kr and Xe matched the concentrations measured in the field. I used Radin13 to 

estimate kC3H8, and compared the results to the kC3H8 values from Equation 4. As inputs, the 

values of Cu, Qu, and Qgw matched the values used in Equation 4, when Ceq and Cgw for propane 

were set to 0 nM. With the exception of reaches A and D2 (8/8), kC3H8 values lined up well 

between the forward and inverse calculations. 

6.3 Approach to defining uncertainty 

A Monte Carlo analysis was performed on each reach to determine the 95% confidence 

interval for the Cgw of each reach. Each variable in Equations 1 and 5 was varied randomly over 

15,000 iterations to produce an artificial Cgw for each iteration. The NORM.INV function in 

Microsoft Excel was used to randomly vary each term around a mean (the measured or 
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calculated value) with a normal distribution based on an estimated standard deviation (the 

“uncertainty” in Table 10). 

Table 10. Uncertainty in input variables for calculating Cgw (right-hand side of Equation 1). 

Error reported as a percent of value. 

 

Variable 
Uncertainty 

Average 

Uncertainty 

Range 
Explanation 

C: SF6 Concentrations 5.0% 5.0% 
Lab reported standard deviation of 

replicates. See Section 6.4. 

Ceq: Equilibrium 

Concentration 
2.4% 1.1 – 5.5% 

Range of possible values. See Section 

6.12. 

DC3H8: Diffusion 

Coefficient for Propane 
3% 3% 

Literature reported uncertainty (Wise 

and Houghton 1966). See Section 6.5. 

DSF6: Diffusion 

Coefficient for SF6 
3.6% 3.6% 

Literature reported uncertainty (King 

and Saltzman 1995). See Section 6.5. 

KC3H8: Gas Exchange 

Rate Constant for 

Propane 

19.2% 5.9 – 53.2% 
Propagation of error. See Section 

6.10. 

kSF6: Gas Exchange 

Rate Constant for SF6 
21.8% 10.2 – 53.9% 

Propagation of error. See Section 

6.11. 

n 21.4% 21.4% Literature Review. See Section 6.6. 

τ: Travel Time 0.5% 0.1 – 0.6% Sampling interval. See Section 6.7. 

Q: Stream Discharge  2.7% 0.5 – 8.4% Propagation of error. See Section 6.8. 

Qgw: Groundwater 

Discharge into Reach 31.8% 14.8 – 55.7% Propagation of error. See Section 6.9. 

 

6.4 Uncertainty in measured SF6 concentrations in stream water 

The Noble Gas Lab at the University of Utah reports the typical error of SF6 analysis of 

water is 5% of the SF6 concentration. An error of 5% was used as the concentration uncertainty 

(WCu and WCd) in the Monte Carlo analysis. The exception is reach A where the downstream 

(2.59 km) stream samples had a standard of 22%, far higher than the other reaches (Figure 14). 

As such, Monte Carlo analysis was run on reach A twice, once with a WCd of 5% and once with a 

WCd of 22%. 
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6.5 Uncertainty in aqueous diffusion coefficients, DC3H8 and DSF6 

As mentioned in Section 4.3, Equation 6 was fitted to measured C3H8 diffusion 

coefficients (Wise and Houghton 1966). The average deviation of Equation 6 from the measured 

values was 3% of the calculated value and was taken as the standard deviation used in the Monte 

Carlo analysis (Wise and Houghton 1966). Equation 7 was fitted to measured SF6 diffusion 

coefficients (King and Saltzman 1995). The estimated uncertainty (1σ) of the empirical equation 

is 3.6% of the calculated value of DSF6, based on the fit of the empirical equation to the 

experimentally measured DSF6 values at various temperatures (King and Saltzman 1995). 

6.6 Uncertainty in the exponent of equation 5, n 

The standard deviation of the measured n values in Table 4 was 0.15. This standard 

deviation was used as the uncertainty of n (Wn). 

6.7 Uncertainty in travel time values, τ 

An uncertainty of 20 seconds (or 60 seconds for reach A) was assigned to the travel time 

for each reach. The reasoning is that the time interval between conductivity measurements (as 

measured by the HOBO© conductivity data loggers) was 10 seconds for most reaches, with the 

exception of reach A where the time interval was 30 seconds. Hence, the true conductivity peak 

at each station could be up to 10 seconds before or after the recorded time of the highest 

conductivity value. If the conductivity peak is potentially off 10 seconds at both the upstream 

and downstream stations, then the maximum uncertainty in the travel time is 20 seconds (60 

seconds for reach A). 

6.8 Uncertainty in stream discharge, Q 

As noted in Section 4.2, discharge is calculated using Equation 3. As such, the 

uncertainty of both the mass of the NaCl slug (M) and the area under the measured breakthrough 
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curve (A) must be accounted for to determine the uncertainty in discharge measurements (WQ). 

The uncertainty in m (WM) was the error from the scale used to weigh out the NaCl slug (0.2 g). 

To estimate the uncertainty in A (WA), the uncertainty in the conductivity measurements was 

investigated. The background conductivity was defined as the average conductivity over at least 

4 minutes immediately preceding the first arrival of the salt slug at the station. The standard 

deviation over this same time frame was calculated at each station to determine the variability in 

the conductivity readings. Background standard deviations ranged from 0.06 to 0.56 µS/cm. At 

each station where a conductivity breakthrough curve was measured, the area A under the curve 

was re-computed after (1) adding 0.4 µS/cm to each original conductivity value (to give a 

"maximum A"), and (2) subtracting 0.4 µS/cm from each original conductivity value ("minimum 

A"). Uncertainty in the best estimate of A was then taken to be plus or minus half the difference 

between the maximum A and minimum A. Equation 16 was used to propagate the uncertainties 

in M and A into Q (Peters et al. 1974; Meyer 1975; Taylor 1982; Genereux 1998): 

 
2 2

2

1
Q M A

M
W W W

A A

−   
= +   

   
  16 

Equation 16 is adapted from Equation 17 (Peters et al. 1974; Meyer 1975; Taylor 1982; Kline 

1985; Genereux 1998): 

 

22 2

1 2

1 2

y x x xn

n

y y y
W W W W

x x x

      
= + + +    

       
  17 

where y is a known function of x1, x2, … xn, and W refers to the uncertainty in a variable. 

The error in peak area (WA), calculated as explained above, seems likely to be associated 

with a high level of confidence, because it's based on two extreme values of A: one assuming 

each individual conductivity measurement on the breakthrough curve is high, and another 

assuming each value is low (in reality, variability associated with random errors would lead to 
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some values being high and others low). Clear guidance from a standard statistical method is not 

available in this case, but it was assumed that the value of WA so estimated corresponded to a 

confidence level of about 95%. The value of WA was divided by two and used with the value of 

WM in Equation 16 to estimate WQ at a “1 sigma” level (68%) for use in the Monte Carlo 

analysis. 

The error of stream discharges measured using the salt slug method ranged from 0.5% to 

8.4% of the measured stream flow (Table 11). Generally, error (as a percentage of the measured 

stream flow) was greater at the downstream stations than the upstream stations which is expected 

as the salt slug becomes more dilute (from groundwater inflow) and diffuse as it travels 

downstream. This is true of every reach except reach D2 on August 5th (which was measured 

with two salt slugs rather than a single salt slug). The upstream discharge on May 26th was 

measured by FlowTracker® and was assigned an error of 6%. 
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Table 11. Error by reach as percent of measured input variables for calculating Cgw (right-hand 

side of Equation 1). 

  

 Reach 

Parameter 
A 

(5/19) 

B 

(5/31) 

C1 

(5/27) 

C2 

(8/6) 

D1 

(5/26) 

D2 

(8/8) 

WC 5.0%, 22%1 5.0% 5.0% 5.0% 5.0% 5.0% 

WCeq 5.5% 1.2% 2.3% 1.1% 2.9% 1.3% 

WDC3H8 3.0% 3.0% 3.0% 3.0% 3.0% 3.0% 

WDSF6 3.6% 3.6% 3.6% 3.6% 3.6% 3.6% 

WkC3H8 22.7% 13.3% 53.2% 5.9% 14.0% 6.0% 

WkSF6 24.4% 15.8% 53.9% 10.2% 16.5% 10.2% 

Wn 21.4% 21.4% 21.4% 21.4% 21.4% 21.4% 

Wτ 0.1% 0.4% 0.5% 0.6% 0.5% 0.6% 

WQ at 

Upstream 

SF6 Station 

0.5% 0.7% 2.0% 0.6% 6.0% 0.6% 

WQ at 

Downstream 

SF6 Station 

8.4% 1.8% 3.2% 1.7% 4.9% 2.5% 

WQgw 14.8% 22.1% 55.7% 24.3% 39.7% 34.0% 

1. See section 6.4 for explanation. 

6.9 Uncertainty in groundwater discharge, Qgw 

Sufficient groundwater discharge into a reach (Qgw) is necessary for successful 

application of reach mass-balance age dating. Qgw is the difference between the downstream and 

upstream discharges provided groundwater is the only source of water coming into the reach 

(i.e., there are no tributaries entering the reach). Equation 1 was rewritten as to explicitly 

incorporate Qgw: 

 
6k ( )d d u u SF eq

gw

gw

Q C Q C Q C C
C

Q

− − −
=   18 
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Equation 18, was used to explicitly identify the uncertainty in Qgw and its contribution to the 

uncertainty in Cgw. Based on Equation 17, the uncertainty in Qgw (WQgw) is: 

 ( ) ( )
2 2

Qgw Qd QuW W W= + −   19 

where 

WQd = the uncertainty associated with Qd 

WQu = the uncertainty associated with Qu. 

The range of WQgw values is 14.8% to 55.7% (Table 11). 

6.10 Uncertainty in kC3H8 

The uncertainty of kC3H8 (WkC3H8) was calculated by application of Equation 17 to 

Equation 4. The uncertainty in the discharge measurements at the propane sampling stations was 

calculated as described in Section 6.8. The standard error of the mean [C3H8] at each site was 

multiplied by the appropriate 1-sigma Student’s t value depending on the degrees of freedom. 

6.11 Uncertainty in kSF6 

The uncertainty associated with kSF6 (WkSF6) was calculated by application of Equation 

17 to Equation 5. WkC3H8 was calculated using the procedure from Section 6.10. The uncertainty 

in the diffusion coefficients was calculated as explained in Section 6.5 while the uncertainty in n 

was discussed in Section 6.6. WkSF6 ranged from 10.2% to 53.9% of the calculated kSF6 value 

(Table 11). 

6.12 Uncertainty in Ceq 

Ceq is a function of KH and pH2O both of which are functions of temperature (T). 

Likewise, Patm is a function of elevation (H). Therefore, partial derivatives of Ceq with respect to 

H, T, and xSF6 were derived in order to apply Equation 17 to Equation 8: 

 6 exp
8300 8300

eq SF H
C x K H

H

 − 
=  

  
  20 
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Equations 20, 21, and 22 were substituted into Equation 17 to determine the uncertainty 

of Ceq (WCeq) (Table 11). For the uncertainty of xSF6, wxSF6 was defined as the standard deviation 

of atmospheric mixing ratio over the 5-month period over which xSF6 was averaged for each field 

season (Section 4.5). WxSF6 for the May field season was 0.051 ppt and WxSF6 for the August 

field season was 0.020 ppt. 

The uncertainties of H and T (WH and WT respectively) were a bit more complicated. No 

standard deviation is available for H, so WH was defined as half the range of elevation within the 

study area. Defining WT presents multiple options: 

1. WT = The standard deviation of all temperature readings (from both SF6 sample 

collection stations within a reach) within an hour of sample collection. 

2. WT = The standard deviation between the mean temperature at the upstream station and 

the mean temperature at the downstream station. 

3. WT = Half the difference between the maximum temperature within the reach (regardless 

of location) and the minimum temperature within the reach (regardless of location) within 

an hour prior to sample collection (Table 12). 

As noted in Section 4.5, some collection stations had fewer than 360 temperature 

readings, meaning the temperature at these stations would be under-represented in a mean of all 

temperature readings from both ends of a reach; the same is true of a standard deviation of all 

temperature readings from both ends of a reach making option 1 unfeasible. Option 2 does not 

adequately account the variation in temperature within a reach. Option 3, a conservative 
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(maximum) estimate of WT, was used (Table 12). The temperature range in reach A is larger 

than the other reaches because the stream water samples for SF6 analysis were collected at 

different times. Due to logistical reasons, the downstream stream water samples were collected 

in the morning while the upstream stream water samples were collected late in the afternoon of 

May 19th, leading to a difference of 2.56 °C between the minimum temperature (recorded at the 

downstream station at 2590 m) and the maximum temperature (recorded at the upstream station 

at 600 m). 

Table 12. Minimum and maximum temperatures within an hour of stream water sample 

collection for SF6 analysis, and the estimated WT (using option 3 above) for each reach. 

  

 Reach 

Parameter 
A 

(5/19) 

B 

(5/31) 

C1 

(5/27) 

C2 

(8/6) 

D1 

(5/26) 

D2 

(8/8) 

Minimum Temperature 

(°C) 
7.89 15.86 17.95 20.76 16.63 20.57 

Maximum Temperature 

(°C) 
10.45 16.37 19.19 21.33 18.15 21.24 

WT (°C) 1.28 0.25 0.62 0.28 0.76 0.34 

 

6.13 Monte Carlo analysis 

Agreement between the reach mass-balance estimated Cgw (Table 8) and the median 

simulated Cgw from Monte Carlo analysis was generally very good (Figures 16 – 22) with the 

maximum difference of 0.09 fmol/kg in reach A, suggesting the Monte Carlo analysis worked 

accurately. Each histogram shows the 95% confidence interval that contains 95% of the 

simulated Cgw values. The 95% confidence interval marked on each histogram delineates the 

range for the middle 95% of Cgw values (2.5% of values fell above this range and 2.5% fell 

below it). 

Reach D1 (May 26th) had the smallest confidence interval (-2.68 to 3.80 fmol/kg), 

suggesting it is the least uncertain application of reach mass-balance (Figure 21). An MTT of 
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18.1 years was estimated for this reach. The histogram from reach C1 contains a larger 95% 

confidence interval (-7.29 to 17.37 fmol/kg) which supports the conclusion that the apparent 

future age of groundwater discharging to reach C1 results from larger uncertainty in Cgw (Figure 

19). Estimated Cgw values were negative for the other 4 reaches (reaches A, B, C2, and D2); 95% 

confidence intervals spanned positive and negative Cgw values in all four of these reaches 

(Figures 16 – 18, 20, 22). 

Note that a useable age can be calculated if Cgw falls between 0 fmol/kg and Ceq. 

Simulated Cgw values below 0 fmol/kg are not physically possible, while any concentration at or 

above Ceq is considered modern. The percentage of simulated Cgw values in the histograms that 

fall in this range represent the likelihood that a MTT could be estimated in a given reach (Table 

13). Unsurprisingly, reach D1 had the highest likelihood of success with 73.6% of simulated Cgw 

values falling in this range. 

Table 13. Percent of simulated Cgw values (from Monte Carlo analysis) that fall between 0 

fmol/kg and Ceq. This represents the likelihood that a MTT could be estimated in the reach. 

  

 Reach 

Parameter 
A 

(5/19) 

B 

(5/31) 

C1 

(5/27) 

C2 

(8/6) 

D1 

(5/26) 

D2 

(8/8) 

Percent of histogram 

between 0 fmol/kg and 

Ceq 

15.9% 28.3% 24.1% 5.5% 73.6% 0.2% 

 

Groundwater samples from point-scale sampling in the streambed were collected within 

reaches B, C1, and D1. The SF6 concentrations of these samples are shown in the histograms for 

reaches B, C1, and D1 as they can be directly compared the reach mass-balance Cgw. In each of 

the 3 reaches, all of the point measurements of groundwater SF6 fell within the 95% Cgw 

confidence interval from the Monte Carlo analysis, in part because the 95% confidence intervals 

were quite wide. Among the three reaches, the groundwater point-samples had SF6 
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concentrations ranging from 0.12 to 3.02 fmol/kg which represents an age range between 2.4 and 

48.6 years. 

The groundwater samples collected in reach C1 are arguably the most comparable to the 

reach mass-balance Cgw because the groundwater samples were collected on the same day as 

reach mass-balance was performed. Within the 13235 m transect, the SF6 concentrations of these 

point samples ranges from 0.28 to 3.02 fmol/kg (Figure 19), suggesting groundwater of various 

ages is entering reach C1. The flow-weighted mean concentration of these groundwater samples 

was 1.82 fmol/kg which is associated with an age of 20 years (each individual point groundwater 

measurement was weighted by the groundwater specific discharge through the streambed at the 

point, supplied by our collaborator Eric Humphrey at the University of Utah, May 28th, 2020). 

For comparison, the Cgw calculated in Equation 1 was 3.50 fmol/kg while the median Cgw from 

the Monte Carlo analysis was 3.46 fmol/kg, both suggesting modern water entering the reach. 

The Cgw calculated with Equation 1 is higher (but also rather uncertain) than the upper end of the 

range of SF6 concentrations measured directly in groundwater samples from this transect across 

the channel near the middle of reach C1. 

Groundwater samples from reach B were collected at two transects at 6.40 km and 6.59 

km on May 28th, three days before reach mass-balance occurred in reach B. SF6 concentrations at 

these two transects ranged from 0.16 to 1.33 fmol/kg (Figure 18) with a flow-weighted mean 

concentration of 0.33 fmol/kg, corresponding to an age of 43 years. In this reach, the estimated 

Cgw from Equation 1 was -0.97 fmol/kg (Figure 18), which was highly uncertain. The SF6 

concentrations of the groundwater samples from reach B were well within the 95% confidence 

interval.  
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The SF6 concentrations of groundwater samples from a transect at 20300 m in reach D1 

had a tighter distribution, from 0.12 to 0.47 fmol/kg (Figure 21), representing a flow-weighted 

concentration of 0.26 fmol/kg corresponding to an age of 45 years. This is lower (and older) than 

the Cgw of 1.57 fmol/kg from Equation 1 (as was the case for reach C1). However, the 

groundwater samples from reach D1 were collected on May 19th, seven days before reach mass-

balance work on May 26th, a time period that experienced a large storm that may have increased 

the discharge of young groundwater to the channel leading to a higher Cgw value on the day of 

the reach mass-balance work. 

There was an unusually high standard error of 22% between the SF6 concentrations 

measured at the downstream station of reach A (2590 m). To show the effect this has on the total 

uncertainty, two histograms were created. The first histogram has WCd at the normal value of 5% 

used for all other stream water SF6 measurements (Figure 16) while the second histogram has 

WCd at 22% (Figure 17). While the histogram median stays the same, having WCd at 22% flattens 

the histogram and widens the 95% confidence interval. 
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Figure 16. Monte Carlo results for the SF6 concentration in groundwater discharge in reach A 

(0.60 – 2.59 km), based on reach mass-balance. The Cgw calculated from Equation 1 is pictured 

along with the median simulated Cgw from the Monte Carlo analysis. The 95% confidence 

interval from Monte Carlo analysis is shown. Also shown is the SF6 concentration that would 

have been in equilibrium with the atmosphere (Ceq) at the stream water temperature in the reach. 

Two Monte Carlo analyses were run for Reach A using different values for WCd. This histogram 

shows results based on WCd equal to 5% of the measured Cd. 
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Figure 17. Monte Carlo results for the SF6 concentration in groundwater discharge in reach A 

(0.60 – 2.59 km), based on reach mass-balance. The Cgw calculated from Equation 1 is pictured 

along with the median simulated Cgw from the Monte Carlo analysis. The 95% confidence 

interval from Monte Carlo analysis is shown. Also shown is the SF6 concentration that would 

have been in equilibrium with the atmosphere (Ceq) at the stream water temperature in the reach. 

Two Monte Carlo analyses were run for Reach A using different values for WCd. This histogram 

shows results based on WCd equal to 22% (the standard error of the mean) of the measured value 

Cd. Simulated Cgw values that extended beyond the lower horizontal limit of the plot were 

accumulated into an overflow bin on the left at a concentration of -12.5 fmol/kg. 
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Figure 18. Monte Carlo results for the SF6 concentration in groundwater discharge in reach B 

(6.0 – 7.0 km), based on reach mass-balance. The Cgw calculated from Equation 1 is pictured 

along with the median simulated Cgw from the Monte Carlo analysis. The 95% confidence 

interval from Monte Carlo analysis is shown. Also shown are the SF6 concentrations of 

groundwater samples collected in the streambed at transects located at 6.4 km and 6.6 km; these 

samples have a flow-weighted mean (FWM) concentration of 0.33 fmol/kg. Likewise, the SF6 

concentration that would have been in equilibrium with the atmosphere (Ceq) at the stream water 

temperature in the reach is shown. 
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Figure 19. Monte Carlo results for the SF6 concentration in groundwater discharge in reach C1 

(12.35 – 14.00 km), based on reach mass-balance. The Cgw calculated from Equation 1 is 

pictured along with the median simulated Cgw from the Monte Carlo analysis. The 95% 

confidence interval from Monte Carlo analysis is shown. Also shown are SF6 concentrations of 

groundwater samples collected in the streambed at a transect located at 13.2 km; these samples 

have a flow-weighted mean (FWM) concentration of 1.82 fmol/kg. Likewise, the SF6 

concentration that would have been in equilibrium with the atmosphere (Ceq) at the stream water 

temperature in the reach is shown. Simulated Cgw values that extended beyond the horizontal 

limits of the plot were accumulated into overflow bins at the edges of the plot (at concentrations 

of -12.5 and 12.5 fmol/kg). The upper limit of the 95% confidence interval (17.4 fmol/kg) is 

shown in the overflow bin. 
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Figure 20. Monte Carlo results for the SF6 concentration in groundwater discharge in reach C2 

(13.26 – 14.22 km), based on reach mass-balance. The Cgw calculated from Equation 1 is 

pictured along with the median simulated Cgw from the Monte Carlo analysis. The 95% 

confidence interval from Monte Carlo analysis is shown. Also shown is the SF6 concentration 

that would have been in equilibrium with the atmosphere (Ceq) at the stream water temperature in 

the reach. Simulated Cgw values that extended beyond the horizontal limits of the plot were 

accumulated into an overflow bin on the left at a concentration of -12.5 fmol/kg. 
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Figure 21. Monte Carlo results for the SF6 concentration in groundwater discharge in reach D1 

(May 26th, 19.40 – 21.66 km), based on reach mass-balance. The Cgw calculated from Equation 1 

is pictured along with the median simulated Cgw from the Monte Carlo analysis. The 95% 

confidence interval from Monte Carlo analysis is shown. Also shown are SF6 concentrations of 

groundwater samples collected in the streambed at a transect located at 20.3 km; these have a 

flow-weighted mean (FWM) concentration of 0.26 fmol/kg. Likewise, the SF6 concentration that 

would have been in equilibrium with the atmosphere (Ceq) at the stream water temperature in the 

reach is shown. Simulated Cgw values that extended beyond the horizontal limits of the plot were 

accumulated into overflow bins at the edges of the plot (at concentrations of -12.5 and 12.5 

fmol/kg). 
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Figure 22. Monte Carlo results for the SF6 concentration in groundwater discharge in reach D2 

(August 8th, 20.49 – 21.75 km), based on reach mass-balance. The Cgw calculated from Equation 

1 is pictured along with the median simulated Cgw from the Monte Carlo analysis. The 95% 

confidence interval from Monte Carlo analysis is shown. Also shown is the SF6 concentration 

that would have been in equilibrium with the atmosphere (Ceq) at the stream water temperature in 

the reach. Simulated Cgw values that extended beyond the horizontal limits of the plot were 

accumulated into overflow bins at the edges of the plot (at concentrations of -12.5 and 12.5 

fmol/kg). The lower limit of the 95% confidence interval (-18.8 fmol/kg) is shown in the 

overflow bin. 
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6.14 Each variable’s contribution to uncertainty in Cgw 

To determine the effect that the uncertainty of each variable has on WCgw the effect that 

each variable had on the 95% confidence limits of Cgw was explored. For instance, the 

uncertainty of Qu was reduced to zero in the Monte Carlo analysis, and the percent decrease or 

increase in the 95% confidence interval from the original Monte Carlo analysis was recorded. 

This was repeated for every variable in Equation 1 (Table 14a). The same process was also done 

treating Qgw as a separate variable as in Equation 18, to explicitly see the effect of the relatively 

high uncertainty in Qgw (Table 14b). To determine the effect CC3H8, DC3H8, DSF6, and n have on 

WCgw, kSF6 was substituted in Equation 1 using Equation 5. 

However, when Qgw is taken as separate variable (Table 14b, based on Equation 18), the 

effect of Qu and Qd on uncertainty is greatly reduced. Rather, Qgw is the largest single source of 

the uncertainty in Cgw in 3 of the 6 reaches (C1, D1, and D2) and the second largest source in 2 

other reaches (B and C2). This is related to Qgw being a relatively small difference between two 

much larger numbers. Qgw in reaches B, C1, C2, and D2 was less than 10% of Qd. WCd appears 

to play a large role in the magnitude of WCgw. The uncertainty of Cd is the largest single 

contributor to WCgw in reaches A, B, and C2 and the second largest contributor for reaches D1 

and D2. In reach A, the large influence of WCd is due to the unusually high standard error of the 

mean (22%) in the replicate SF6 concentrations at the downstream site.  

In every reach (save for reach C1 when Qgw is an independent variable), the Monte Carlo 

analysis shows that WCd contributes more than WCu to the uncertainty in Cgw. This is non-

intuitive, as Cd and Cu are determined by the exact same sampling and laboratory processes and 

have the same percentage uncertainty. This comes back to the partial derivatives of Cgw with 

respect to Cd and Cu. Using the analytical approach of Equation 17, ∂Cgw/∂Cd has a larger 
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absolute value than ∂Cgw/∂Cu (i.e., Cgw is mathematically more sensitive to Cd than Cu) (Peters et 

al. 1974; Meyer 1975; Taylor 1982; Kline 1985; Genereux 1998). 

Table 14. Percent increase or decrease in the width of the 95% confidence interval in the Monte 

Carlo analysis when the uncertainty in a parameter is reduced to 0. If the confidence interval 

shrunk (i.e., the Cgw calculation became more certain), then the percent change is shown as 

negative. Parameters used in Equation 1 (14a.) and Equation 18 (14b.) were examined. 

 

 14a. Reach 

Parameter A(5/19) B(5/31) C1(5/27) C2(8/6) D1(5/26) D2(8/8) 

n -3% -2% 3% 1% 0% -2% 

Qu: Upstream 

Discharge -1% -3% -25% -3% -27% -7% 

Qd: Downstream 

Discharge -5% -15% -55% -26% -23% -59% 

τ: Travel Time -1% 1% -5% 2% -1% -3% 

DSF6 -1% 1% 1% 0% 0% 1% 

DC3H8 -1% -1% 1% -2% 1% -1% 

kC3H8 -9% -1% 1% 0% -1% -1% 

Cu: Upstream SF6 -2% -11% -18% -13% -9% -1% 

Cd: Downstream SF6 -43% -37% -31% -23% -41% -8% 

Ceq: Equilibrium SF6 -9% -3% -6% 0% -5% 1% 

 

 14b. Reach 

Parameter A(5/19) B(5/31) C1(5/27) C2(8/6) D1(5/26) D2(8/8) 

n 1% -1% 1% 0% -2% -1% 

Qu: Upstream 

Discharge 4% -2% -1% -1% -10% 2% 

Qd: Downstream 

Discharge 1% -2% -3% -3% -6% -3% 

Qgw: Groundwater 

Discharge -3% -11% -73% -19% -42% -54% 

τ: Travel Time 2% 2% 4% 1% 2% -1% 

DSF6 3% 2% -3% -1% -2% -1% 

DC3H8 3% 0% -1% 0% 1% 1% 

kC3H8 -6% -2% 0% -1% -5% 0% 

Cu: Upstream SF6 1% -10% -8% -13% -2% -2% 

Cd: Downstream SF6 -43% -40% 1% -29% -18% -12% 

Ceq: Equilibrium SF6 -6% 1% 4% 0% 1% -2% 
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Of the remaining variables DC3H8, DSF6, n, and τ minimally contribute to WCgw. The same 

is true of Ceq and kC3H8 with the exception of reach A. 

Reach A stands apart from the other reaches in that uncertainty in Ceq and kC3H8 was more 

important to uncertainty in Cgw. Of all the reaches, reach A had the largest variation in 

temperature between the times of upstream and downstream SF6 sample collection. As noted 

previously, due to logistical reasons, the downstream stream water samples were collected in the 

morning while the upstream stream water samples were collected late in the afternoon of May 

19th, leading to a difference of 2.56 °C between sampling. Ceq is dependent on temperature, so 

the error of Ceq in reach A (5.5% of the measured value) was larger than in the remaining reaches 

(1.1-2.9% of the measured value). This shows that surface water samples should be collected as 

close together as possible. As for kC3H8 in reach A, its uncertainty WkC3H8 was unusually high at 

22.7% of the measured value (WkC3H8 is also high in reach C1, but WQgw was more important in 

reach C1). The large uncertainty in CC3H8 can be explained by the amount of propane delivered to 

the stream. In reach A, the propane concentration achieved in the stream water was 17.8 nM at 

the upstream station (1700 m) and 10.6 nM at the downstream station (1900 m). Generally, the 

propane concentration in the stream water was much higher in other reaches (ranging from 20.5 

to 313.1 nM). As such, the uncertainty in the GC-FID analysis was proportionally larger in reach 

A than the other reaches (Appendix C). It is necessary to deliver a sufficient mass of propane to 

the stream water in order to minimize error. 

7. Discussion 

Given that the reach mass-balance approach with SF6 resulted in age (MTT) estimates 

with much greater uncertainty in the Nebraska Sand Hills than in the North Carolina coastal 

plain (Solomon et al. 2015), it's reasonable to ask why and whether it's possible to identify 
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hydrologic factors that may be indicators of the likelihood of the success of this reach mass-

balance approach. As shown in the uncertainty analysis of Chapter 6 and in Table 15, 

groundwater discharge to a reach (Qgw) appears to be a highly significant control. Over long 

periods, Qgw is likely proportional to the rate of recharge (R) in the watershed, and inversely 

proportional to the drainage density (D). Essentially, the greater the recharge, and the smaller the 

cumulative length of stream channels available for groundwater discharge, the greater Qgw is 

likely to be for any given reach. Other factors, such as geology, soil type, terrain, and climate 

may also control Qgw, but this happens through their influence on R and D. Also, since the 

magnitude of Qgw relative to stream discharge (Qu and Qd) is important, distance downstream 

from the headwaters (L) is likely a third variable (in addition to R and D) that influences the 

likelihood of successful application of a reach mass-balance analysis of SF6 for determination of 

groundwater MTT; for a given reach length, smaller L may in general favor a larger ratio of Qgw 

to stream discharge, and more certain Cgw and MTT estimates. 

Table 15. Uncertainty in the present study compared to that reported by Solomon et al. (2015). 

 

Variable 
Average Uncertainty 

at GSL 

Uncertainty in 

Solomon et al. 

(2015) 

C: SF6 Concentrations 5% 5% 

Ceq: Equilibrium Concentration 2.4% 3% 

kSF6: Gas Exchange Rate Constant 21.8% 15% 

Q: Stream Discharge 2.7% 3% 

Qgw: Groundwater Discharge into Reach 31.8% 3% 

 

To examine these ideas, I compared R, D, and L from this work and the only previously-

published reach mass-balance work on SF6, Solomon et al. (2015). A recharge estimate for the 

Nebraska Sand Hills (Table 16) was based on values available in the literature (Gilmore et al. 



   

61 

 

2018; Szilagyi et al. 2011, Szilagyi and Jozsa 2012) and related guidance from T. E. Gilmore 

(personal communication, 7/14/2020). Recharge rate for the area around West Bear Creek in the 

North Carolina coastal plain was from Solomon et al. (2015). The National Hydrography Dataset 

(NHD) (https://www.usgs.gov/core-science-systems/ngp/national-hydrography) was consulted 

for the watershed area of West Bear Creek at its confluence with Bear Creek (HUC 12: 

30202020201) and for the watershed area of the SBML River 53 km downstream from the zero 

point (HUC 10: 1021000103) (Table 16). Total stream length in these watersheds was measured 

using the National Hydrography Dataset (U.S. Geological Survey, National Geospatial Program 

2020a, U.S. Geological Survey, National Geospatial Program 2020b). Intermittent (ephemeral) 

streams were not included in the total stream length because they do not have consistent 

groundwater discharge. 

Table 16. Recharge rate (R) and drainage density (D) estimates for the SBML River 

(Nebraska Sand Hills) and West Bear Creek watershed (North Carolina coastal plain). 

  

Parameter 
SBML River 

(Nebraska Sand Hills) 

West Bear Creek 

(North Carolina 

coastal plain) 

Recharge rate, R 

(mm year-1) 
50 210 

Total Perennial Stream Length 

(km) 
155.06 55.51 

Watershed Area 

(km2) 
337.02 61.10 

Drainage Density, D 

(km km-2) 
0.46 0.91 

R/D 

(m2 year-1) 
108.67 231.14 

Distance from Headwaters, L 

(km) 
Various 14.63 

 

The SBML River watershed has a D of 0.46 km km-2 and an R/D of 108.67 m2 year-1. For 

comparison, the West Bear Creek watershed has a D of 0.91 km km-2 and an R/D of 231.14 m2 
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year-1 (Table 16). Given that Solomon et al. (2015) reported less uncertainty in MTT estimates 

than was obtained at GSL, greater R/D is associated with a more successful application of the 

reach mass-balance approach with SF6 (less uncertainty in Cgw and MTT), but only if the 

intermittent streams are not considered in quantifying the drainage density D. If such streams are 

counted in computing D, then the R/D of West Bear Creek watershed drops to 104.24 m2 year-1, 

about the same value as the R/D of the SBML River watershed (there were no intermittent 

streams in the SBML watershed). 

It is possible that R/D may be larger for upstream watersheds at GSL. To check that R/D 

in the SBML River watershed was indeed smaller than in the West Bear Creek watershed, R/D 

was also calculated for each individual reach at GSL. The NHD watersheds were not available 

for each individual study reach in the SBML River watershed. The watershed areas upstream of 

four sites on the SBML River (3.5 km, 7.8 km, 13.5 km, and 20.9 km from the zero-point) were 

delineated by the University of Nebraska (Caner Zeyrek, personal communication July 10th, 

2020). At 20.9 km in the watershed of the main channel of the SBML River (corresponding to 

the downstream end of reaches D1 and D2), R/D was 86.78 m2 year-1 (Table 17). R/D were 

similar upstream of reaches C1 and C2 (watershed area was calculated at 13.5 km), with R/D 

equal to 71.49 m2 year-1 (Table 17). Likewise, R/D was 86.75 m2 year-1 at 3.5 km (roughly 

corresponding to reach A) and 63.37 at 7.8 km (roughly corresponding to reach B) (Table 17). 
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Table 17. Distance from headwaters (L), recharge rate (R), drainage density (D), and R/D 

estimates in four watersheds at various points on the SBML River and an associated tributary. 

  
 Reach 

Parameter 
A 

at 3.5 km 

B 

at 7.8 km 

C1 and C2 

at 13.5 km 

D1 and D2 

at 20.9 km 

Distance from Headwaters 

(km) 
7.17 11.47 53.74 61.14 

Total Perennial Stream Length in 

Watershed (km) 
7.62 12.98 119.72 127.12 

Watershed Area 

(km2) 
13.22 16.45 171.18 220.64 

Drainage Density, D 

(km km-2) 
0.58 0.79 0.70 0.58 

R/D 

(m2 year-1) 
86.75 63.37 71.49 86.78 

 

Also, distance from the headwaters was smaller in Solomon et al. (2015) (14.63 km) than 

in reach D1 in the SBML River (61.14 km). Therefore, the question arises, what is the more 

significant predictor of successful application of reach mass-balance SF6 age-dating: R/D or L? 

Given that the uncertainty in Cgw was high for reaches A and B, despite L being comparable to 

West Bear Creek (Table 17), it appears that R/D is the more significant factor. 

It seems possible that estimates of recharge and drainage density could be at least a rough 

screening tool, along with distance from headwaters to study reach, to determine if reach mass-

balance with SF6 is suitable for estimating groundwater MTT at a given field site. To visualize 

variation in R/D over a large area, a map of the continental United States showing R/D was 

created. To create this map, a raster of recharge in the continental United States (Figure 23) was 

averaged for each HUC12 unit in the NHD. The drainage density for each HUC12 unit was 

calculated by the U.S. Environmental Protection Agency (2016) for their EnviroAtlas (Figure 

24). For each HUC12 unit, the average recharge was divided by the drainage density to produce 

an R/D map of the continental United States (Figure 25) and a scatterplot (Figure 26). 
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Locations with a high R/D should be ideal places to employ this method; potential 

locations may be New England, the Laurentian Great Lakes region, and Northern Florida, as well 

as localized areas in the Pacific Northwest and the Mountain West (Figure 25). Given that the 

Nebraska Sand Hills have lower stream density and higher recharge than much of the American 

west, and the method was not highly successful in constraining MTT there, this method may not 

be feasible in most places west of the Mississippi River. In places with intermediate R/D values, 

decreasing L may increase the ratio of Qgw/Qd and thus increase the chances of successful 

application of the reach mass-balance approach, provided that stream density does not increase 

close to the headwaters. Of course, lengthening a study reach might also help increase Qgw/Qd, 

but lengthening to the point where the reach includes tributary streams generally offsets the 

benefit by increasing Qd more than Qgw. 

It should be noted that while the NHD is a useful dataset, variations in how data were 

collected can affect the accuracy of the stream densities calculated (Anne Neale at the United 

States Environmental Protection Agency, personal communication August 19th, 2020); the 

unusually high stream densities in Indiana are an example of this (Figure 24). In addition, it is 

important to remove intermittent streams from the stream density calculations (which may 

increase R/D compared to what is shown in Figure 25. Ultimately, Figure 25 should be viewed as 

a general guide. Preferably, watershed data that are more specific and localized than the NHD 

should be used to calculate stream density if available. The same is true of recharge estimates. 
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Figure 23. Average recharge rate in the continental United States. The black dots represent the 

field sites in Nebraska at GSL and in North Carolina at West Bear Creek (Reprinted from Reitz 

et al. 2017).  
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Figure 24. Stream density in the continental United States in km of channel length per km2 of 

watershed area. The black dots represent the field sites in Nebraska at GSL and in North 

Carolina at West Bear Creek. Intermittent streams were not removed from the calculation of 

drainage density. Watersheds with significant intermittent stream length may have a lower D 

than what is shown in the figure (Reprinted from U.S. Environmental Protection Agency 2016). 
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Figure 25. R/D in the continental United States in m2 year-1. The black dots represent the field 

sites in Nebraska at GSL and in North Carolina at West Bear Creek. Intermittent streams were 

not removed from the calculation of drainage density. Watersheds with significant intermittent 

stream length may have a higher R/D than what is shown in the figure. 
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Figure 26. R/D in the continental United States in m2 year-1 on scatterplot of R and D. 

Intermittent streams were not removed from the calculation of drainage density. Watersheds with 

significant intermittent stream length may have a higher R/D than what is shown in the figure. 

 

8. Conclusions 

Atmospherically-derived SF6 was used as an age-dating tracer in the reach mass-balance 

analysis of 6 stream reaches in the Nebraska Sandhills. The goal was to estimate Cgw, the flow-

weighted mean SF6 concentration in the groundwater discharge to each reach, and to estimate 

groundwater age from Cgw. An age estimated in this way is a mean transit time (MTT) for the 

groundwater discharging to the reach. 

All the stream water samples (with the exception of the downstream station of reach D2 

on August 5th) contained SF6 less than the equilibrium SF6 concentration. Prior to reach mass-
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balance calculations, the SF6 concentrations in stream water samples were converted directly to 

groundwater ages using Equations 12 and 13 to give the minimum apparent age of each sample, 

based on the SF6 groundwater age-dating method (Figure 15). This minimum age does not take 

into account gas exchange. Apparent groundwater ages calculated in this way (from stream water 

samples) ranged from -8.6 to 19.0 years, with a mean of 10.0 years and a standard deviation of 

7.6 years (Figure 15). This suggests that groundwater at least this old was entering the SBML 

River and its main tributary. 

The estimated Cgw values from the reach mass-balance calculations were positive in two 

of the six reaches, while in four of the reaches, the estimated Cgw values were negative. Cgw in 

reach D1 (1.48 fmol/kg) was consistent with an age (MTT) of about 19.6 years. Cgw in reach C1 

(3.50 fmol/kg) was slightly greater than Ceq and thus suggested an age 1-2 years in the future 

(not significantly different than zero). Monte Carlo analysis showed the error associated with 

these ages to be large as evidenced by the wide 95% confidence limits spanning negative to 

positive values in all reaches Figures 16 – 22). For instance, the 95% confidence interval on the 

reach D1 histogram (-2.68 to 3.80 fmol/kg) spanned the entire range of possible Cgw values (0 

fmol/kg to Ceq = 2.61 fmol/kg), meaning the MTT calculated is highly uncertain. 

The uncertainties in C, Ceq, kSF6, and Q values at GSL were comparable to those 

estimated by Solomon et al. (2015) for a North Carolina stream, while the uncertainty of Qgw, 

groundwater inflow to the reach, was far larger (Table 15). The higher uncertainty in Qgw is due 

to the relatively low groundwater inflow to the SBML River. Qgw as a percentage of the stream 

discharge at the downstream end of each reach, Qd, ranged from 7% to 57% with four of the six 

reaches (B, C1, C2, and D2) under 10%. Reach D1, with the only positive Cgw and plausible 

MTT estimate, had the second highest Qgw/Qd ratio at 17%. For comparison, Solomon et al. 
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(2015) reported a Qgw/Qd ratio at 50% and 17% among two applications of reach mass-balance. 

The uncertainty in Cgw in the first experiment (Qgw/Qd at 50%) was reasonable at 38% (1 – sigma 

via a Monte Carlo analysis). However, Cgw reported in the second experiment (Qgw/Qd at 17%) 

was indistinguishable from modern water (i.e., in equilibrium with the atmosphere). This 

suggests groundwater inflow should account for greater than 20% of the stream flow in a reach 

in order to have reasonable uncertainty in a reach mass-balance analysis. The likelihood of 

successful application of reach mass-balance SF6 age-dating can be increased slightly by 

reducing the uncertainty of the other field measurements such as reducing temperature variation 

to obtain more certain estimates of Ceq and kSF6. However, minimizing the uncertainty in Qgw by 

examining reaches with significant groundwater inflow is pertinent to successful application of 

this method. 

Groundwater inflow to a river represents the environmental conditions. In the long term, 

overall, the groundwater recharge rate (R) divided by drainage density (D) determines the 

amount of groundwater available to enter a given stream reach. When the ratio R/D is large, 

reach mass-balance age-dating is more likely to be successful. Increasing the reach length and 

working closer to the headwaters of a stream provides another avenue for successful application 

of this approach because it promotes a higher value of Qgw/Qd. However, as shown by the high 

uncertainty in Cgw when reach mass-balance was performed in the main SBML River tributary, 

R/D may be a critical determining factor in whether reach mass-balance age-dating can be 

applied to a given reach. 
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Appendix A. Field complications at reaches D1 and D2 

Between May 20th and May 23rd, 2.78 inches of precipitation fell at GSL, leading to 

flooding and increased stream flow (High Plains Regional Climate Center 2020). As noted in 

Section 3.3, large stream flows (without an accompanying increase in groundwater discharge 

into the stream reach) are not amenable to reach mass-balance. Therefore, reach mass-balance 

measurements were put on hold until flood waters receded. On May 23rd, a gas exchange 

measurement was performed on reach D1 to evaluate logistics while stream flows were still 

large. A gas exchange measurement and stream water sample collection occurred on May 23rd, 

but stream discharge was not measured at the stream water collection stations. Reach mass-

balance was performed in full on May 26th on reach D1. 

Field work on August 4th had to be abandoned after performing the gas exchange 

measurement (but before stream water samples for SF6 analysis had been collected) due to a 

thunderstorm that entered the area. Stream water samples for SF6 analysis were collected the 

next day on August 5th in the hope that the flow regime had stayed constant (i.e., the stream flow 

and groundwater discharge into the stream had not changed between August 4th and 5th) and the 

gas exchange measurement on the 4th could be applied to the SF6 data collected on the 5th . This 

assumption was tested by re-measuring the stream flow on August 5th. Discharge was measured 

at the downstream station first, with a salt slug released 145 m upstream of the collection site. 

The salt slug was allowed to completely pass the HOBO© conductivity data logger before 

discharge was measured at the upstream station where a second salt slug was released 230 m 

upstream of the collection site (releasing two small salt slugs in this manner conserved NaCl 

while avoiding cross contamination). Ultimately, the stream flow had increased 27.8% at the 

upstream station (20.49 km) and 8.8% at the downstream station (20.885 km) from August 4th to 
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August 5th, meaning the flow regime had changed and the gas exchange measurement taken on 

August 4th might have been different than on August 5th. Reach D2 was therefore re-analyzed on 

August 8th. 
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Appendix B. Partial derivatives for uncertainty analysis 

The following equations are partial derivatives of Q from Equation 3 used in the 

calculation of WQu and WQd: 

 
1Q

M A


=


  23 

 
2

Q M

A A

 −
=


  24 

The following equations are partial derivatives of kC3H8 from Equation 4 used in the 

calculation of WkC3H8: 
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The following equations are partial derivatives of kSF6 from Equation 5 used in the 

calculation of WkSF6: 
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The following equations are partial derivatives of Ceq from Equation 8 used in the 

calculation of WCeq: 
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The following equations are partial derivatives of Qgw from Equation 19 used in the 

calculation of WQgw: 
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Appendix C. Summary statistics for stream water propane analyses 

Table 18. Summary of stream water samples for measuring gas exchange in reaches A and B. 

 

 Reach A (5/19/2019) Reach B (5/31/2019) 

Parameter 
Upstream 

(1.7 km) 

Downstream 

(1.9 km) 

Upstream 

(6.0 km) 

Downstream 

(7.0 km) 

Average Propane 

Concentration (nM) 
17.9 10.6 313.1 150.9 

Number of Samples 5 5 5 5 

Coefficient of 

Variation 
12.4% 15.7% 8.1% 12.3% 

 

 

Table 19. Summary of stream water samples for measuring gas exchange in reaches C1 and C2. 

 

 Reach C1 (5/27/2019) Reach C2 (8/6/2019) 

Parameter 
Upstream 

(13.3 km) 

Downstream 

(14.0 km) 

Upstream 

(13.3 km) 

Downstream 

(14.2 km) 

Average Propane 

Concentration (nM) 
32.7 28.1 91.5 52.7 

Number of Samples 6 5 5 4 

Coefficient of 

Variation 
6.8% 5.9% 2.6% 2.3% 

 

 

Table 20. Summary of stream water samples for measuring gas exchange in reach D1. 

 

 Reach D1 (5/23/2019) Reach D1 (5/26/2019) 

Parameter 
Upstream 

(20.4 km) 

Downstream 

(20.9 km) 

Upstream 

(20.5 km) 

Downstream 

(21.8 km) 

Average Propane 

Concentration (nM) 
22.6 20.5 50.1 28.4 

Number of Samples 5 5 6 4 

Coefficient of 

Variation 
50.0% 12.9% 5.2% 6.3% 
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Table 21. Summary of stream water samples for measuring gas exchange in reach D2. 

 

 Reach D2 (8/4/2019) Reach D2 (8/8/2019) 

Parameter 
Upstream 

(20.5 km) 

Downstream 

(21.9 km) 

Upstream 

(20.5 km) 

Downstream 

(21.9 km) 

Average Propane 

Concentration (nM) 
105.3 34.0 219.6 70.7 

Number of Samples 5 4 5 3 

Coefficient of 

Variation 
23.3% 7.9% 7.5% 4.2% 
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Appendix D. Relating NaCl Concentration to temperature corrected conductivity 

 
Figure 27. NaCl concentration vs. S25 – S25

0 (defined in Equation 2), based on known additions 

of NaCl in the laboratory to a known volume of stream water from the study site. The range of 

the graph (0-347 μS/cm) covers the range of S25 – S25
0 values encountered in conductivity 

breakthrough curves in the stream (0-279 μS/cm). 

 


