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Abstract

GENEREUYX, D., H. HEMOND, and P. MULHOLLAND. 1992.

Field studies of streamflow generation using natural and
injected tracers on Bickford and Walker Branch Watersheds.
ORNL/TM-12018. Oak Ridge National Laboratory,
Oak Ridge, Tennessee. 310 pp.

Field studies of streamflow generation were undertaken on two forested
watersheds, the West Road subcatchment of Bickford Watershed in central
Massachusetts and the West Fork of Walker Branch Watershed in eastern
Tennessee. A major component of the research was development of a two-stage
methodology for the use of naturally-occurring Z2Rn as a tracer. The first of the
two stages was solving a mass-balance equation for Z2Rn around a stream reach of
interest in order to calculate [Rnj,, the 2Z2Rn content of the lateral inflow to the
reach; a conservative tracer (chloride) and a volatile tracer (propane) were
injected into the study stream to account for lateral inflow to, and ZRn
volatilization from, the study reach. The second stage involved quantitative
comparison of [Rn], to the measured Z2Rn concentrations of different subsurface
waters in order to assess how important these waters were in contributing lateral
inflow to the stream reach. The method was first applied to a 34 m stream reach
at Bickford during baseflow; results suggested that >70% of the lateral inflow could
be considered "vadose zone water" (water which had been in a saturated zone for
less than a few days), and the remainder "soil groundwater" or "saturated zone

water" (which had a longer residence time in a soil saturated zone). The method

was then applied to two stream reaches on the West Fork of Walker Branch over



a wide range of flow conditions; four springs were also investigated. It was found
that springwater and inflow to the stream could be viewed as a mixture of water
from three end members: the two defined at Bickford (vadose zone water and soil
groundwater) and a third ("bedrock groundwater") to account for the movement
of water through fractured dolomite bedrock. Calcium was used as a second
naturally-occurring tracer to distinguish bedrock groundwater from the other two
end members. The behavior indicated by the three-end-member mixing model
(e.g., increased importance of the two soil end members with increasing flow, and
the differences between the stream reaches and among some of the springs) were
consistent with a wide variety of environmental observations, including temperature
and flow variations at springs, water table responses, the general lack of saturated
zones on hillslopes and even near the stream in some places, and the importance

of water movement through bedrock.



Preface

The research reported here had two closely intertwined goals: explore
the utility of naturally occurring ?Rn as a tracer for streamflow generation, and
describe (hopefully quantitatively) the processes important in streamflow generation
at the two study sites, the West Road subcatchment of Bickford Watershed in
central Massachusetts and the West Fork of Walker Branch Watershed in
Oak Ridge, Tennessee.

The early stages of the work were done at Bickford. Appendix 1 gives the
details of a new method for measuring ?Rn in soil gas by liquid scintillation
counting; this method was first applied at Bickford, and was used (with minor
modification) at Walker Branch. Chapter 1 gives the background theory and
mathematical derivations behind our method for use of ?Rn as a streamflow
generation tracer. Results from the application of this method at Bickford are also
presented.

The bulk of the research, reported in chapters 2-4, was done on the
West Fork of Walker Branch. The 2?Rn method used on the West Fork was the
same as that used at Bickford, and involved injection of two artificial tracers (the
conservative tracer CI' and the volatile tracer propane) into the study stream.
Chapter 2 describes the use of propane in determining gas exchange rates for the
stream. Chapter 3 gives the results of the CI" injections; this work was essentially
chemical dilution stream gauging, and it demonstrated the spatial and temporal

structure of streamflow generation on the West Fork, and helped identify the



controls on that structure. Chapter 4 describes the use of ZRn and a second
naturally-occurring tracer, Ca, in formulating a three-end-member mixing model for

streamflow generation on the West Fork.
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Naturally-Occurring Radon-222 as a Tracer for Streamflow Generation:

Steady-State Methodology and Field Example

David Genereux and Harold Hemond
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Abstract

This paper presents a quantitative framework for the use of ?Rn as a tracer
for streamflow generation under conditions of steady streamflow. The methodology
consists of two distinct parts, the first of which is the determination of [Rn],, the
average ’Rn content of the lateral inflow to a given stream reach. [Rn], is
determined by measuring the concentrations of ’Rn and two injected tracers (one
conservative, the other volatile) in the streamwater at the ends of the reach, and
solving a mass balance equation for ?Rn around the stream reach. The second
part of the methodology involves using [Rn], values to determine the sources of
stream inflow (and, implicitly, thé flowpaths important in streamflow generatjon).
One means of accomplishing this, a simple "geographic-source" separation, is
presented here. Both parts of the methodology were demonstrated with a field
experiment at the Bickford watershed in central Massachusetts. The injected
tracers were NaCl (conservative) and propane (volatile). The value of [Rn], (700
dpm/L) was found to be closer to the ?Rn content of vadose zone water (<500
dpm/L) than to that of saturated zone water (2000 dpm/L), suggesting that lateral
unsaturated flow through the low-’Rn environment of the vadose zone was

important in supplying baseflow to the stream reach studied.






1. Introduction

Understanding hydrologic flowpaths and streamflow generation on forested
watersheds has significance for a wide variety of water resource, contaminant
transport, and biogeochemical issues. The past 25 years have seen publication of
many studies aimed at elucidating the mechanisms by which water moves down
hillslopes and into small streams [e.g., Weyman, 1973; Harr, 1977; Rodhe, 1981;
Bonell et al.,, 1981; Mosely, 1979; Sklash et al., 1986]; the many mechanisms
proposed as being potentially important include saturation overland flow,
Hortonian overland flow, macropore flow, perched saturated flow, saturated flow
at the base of the soil profile, and unsaturated flow. A wide range of
methodologies has been developed for the field investigation of these streamflow
generation mechanisms. Among the most important methodologies are those
involving naturally-occurring tracers.

Tracer studies generally involve the separation of streamflow into two flow
components, though other types of investigations have been reported (e.g., the use
of mainly-anthropogenic tritium to calculate groundwater residence times; Dincer
et al,, 1970; Martinec et al., 1974; Maloszewski et al., 1983). Virtually all tracer
studies have focused on stormflow, with the most common type of analysis being
separation of a hydrograph into its "new" water (precipitation or snowmelt during
the event of interest) and "old" water (water present on the watershed before the
start of the storm, excluding snow and surface ice) components. Numerous studies

have demonstrated the utility of stable hydrogen (deuterium, or D) and oxygen



(*0) isotopes in old/new separations. D and O are excellent tracers of water
movement, largely because they are incorporated into water molecules (mainly
HD™O and H,*O). Other tracers (such as tritium (°H), Si, and various major ions)
have been used for hydrograph separation. However, several studies have
demonstrated that water of low ionic strength may rapidly acquire substantial
amounts of Si and major ions from soil [e.g., Pilgrim et al,, 1979; Mckeague and
Cline, 1963], making old/new separation with these tracers problematic.

Though the stable isotope "old/new" tracers provide useful constraints in
deciphering the mechanisms of streamflow generation, they have limitations. For
example, as implied in the above discussion, old/new tracers are useful in the
analysis of stormflow only. Furthermore, the criterion for use of D and "*O is not
met by every storm (D or *O may be used to separate a hydrograph into its old
and new water components only if the difference in isotopic composition of the
components is large relative to the sum of the analytical uncertainties associated
with the isotopic analyses plus any isotopic variability which exists within the
components). Indeed, it is unrealistic to expect that any one tracer or hydrometric
methodology will provide all the answers to the important questions surrounding
hydrologic flowpaths on forested watersheds. Streamflow generation processes may
exhibit great variability in time and space, and field study of these processes is
often complex and problematic. For these reasons, many researchers now
recognize the importance of applying multiple field techniques in the study of

streamflow generation.



In this paper, we suggest a means of using naturally occurring 2Rn to
elucidate the hydrologic flowpaths important in streamflow generation.
Naturally-occurring “?Rn has already seen limited application as a hydrologic
tracer. Several authors [Rogers, 1958; Jacoby et al., 1979; Lee and Hollyday,
1987; Genereux, 1988) have used the ’Rn content of streamwater to identify and
(in some cases) quantify discrete spring inflows to streams. In this application,
ZZRn possesses a special capability that conservative tracers do not: Z2Rn could
potentially be used to identify a seep even if the seep water did not have a higher
ZZ2Rn content than the rest of the water feeding the stream. However, simple
surveys of streamwater “?Rn content ([Rn]) alone can not be used to infer the
relative ifnportance of hydrologic flowpaths responsible for distributed, non-point
source stream inflows. Indeed, [Rn] measurements alone could fail to detect even
a sizable seep. For example, if the volatilization rate over a particular stream
reach is high, [Rn] could decrease over the reach even if the reach is receiving
large groundwater inflows. This is because [Rn] is determined by the rates of both
inflow and volatilization; strictly speaking, one must know one of these rates in
order to draw any conclusions about the other ([Rn] measurements alone are not
sufficient). Thus, a more general, quantitative framework for the use of Z2Rn is
desirable, and possible.

The methodology described here extends the use of #’Rn to providing
information on flowpaths which generate distributed (non-point source) stream

inflows, by capitalizing on the fact that water from the different "pools" contributing



to streamflow may differ in “?Rn concentration. For example, vadose zone water
may have a markedly different ?Rn content than groundwater. In addition,
streams may be fed by groundwaters of differing “’Rn content (e.g., groundwater
from saturated soil vs. that from fractures in the underlying bedrock). Differences
in the Z?Rn content of subsurface waters arise from differences in ?Rn emanation
by porous media (e.g., bedrock vs. soil), and from differences in the degree of
ventilation to the atmosphere (e.g., vadose-zone vs. saturated zone). The factors
influencing the behavior of *’Rn in the subsurface have been the subject of
numerous investigations, among them Kraner et al. [1964], Clements and Wilkening
[1974], Brutsaert et al. [1981], Kristiansson and Malmqvist [1'982], Schery et al.
[1984], Fukui [1985], Lanctot et al. [1985], and Hall et al. [1987]. What is
important to the present discussion is that markedly different ?Rn concentrations
are expected, and found, in natural waters associated with different subsurface
zones (especially those zones corresponding to unsaturated soils and saturated
soils). Most importantly, these zones are involved in streamflow generation through
different postulated subsurface pathways.

Our methodology consists of two distinct parts: solving a mass balance
equation for ’Rn around a given stream reach, in order to determine [Rn],, the
average “?Rn content of water feeding the reach from the adjacent hillslopes; and,
subsequently, using [Rn], to draw conclusions about hillslope hydrologic processes.
The first part involves the steady injection of a conservative tracer and a volatile

tracer into a small study stream. The conservative tracer allows determination of



the increase in streamflow over a given stream reach. Use of the volatile tracer
allows determination of the amount of Z’Rn volatilizing from the stream (over the
same reach). With this information, and knowledge of the Z2Rn content of the
streamwater, one can calculate [Rn]..

The second part of the method involves extracting flowpath information
from [Rn],. On some watersheds, it may be possible to use [Rn], to separate the
flow feeding a stream into components, in much the same way that B0 is used to
separate storm streamwater into its old and new water components. For example,
if the water feeding a stream is a mixture of vadose-zone water with ZRn
concentration [Rn],.., and saturated-zone water with concentration [Rn]m,'one may
use a simple mixing calculation to separate [Rn], into its [Rn],, and [Rn],
components. This of course requires knowledge of [Rn},, and [Rn],. If a third
"pool" is important (e.g., groundwater from bedrock fractures, or overland flow
during a storm), it is necessary to know the Z’Rn content of this third water; it is
also necessary to have an additional equation (based on a different tracer or on
hydrometric data), since introducing a third "pool" introduces a third unknown.
The next section describes the methodology in greater detail (mathematical
derivations and other supporting information are found in Appendixes A and B).
Section 3 gives data from a field experiment at the Bickford Reservoir watershed

in central Massachusetts.



2 Usé of ZRn in Tracing Steady-State Distributed Lateral Inflows

2.1. Methodology

The methodology described here involves the discretization of a study
stream into j reaches through the selection of j+1 stream measurement stations.
Measurement of injected tracer and Z?Rn concentrations at the j+1 measurement
stations will allow calculation of [Rn), (for each of the j reaches), with Eqn. (1)

(derived in Appendix 1; see Eqn. (A21)):

S
Rn], +[Rnl. (=2 +1)F
[Rn]_[R”]z_[R”]1+([ ],+[ ]2)(S1 ) o
? SZ Sl S2
-2 14 4(1--2)
Sl SZ Sl

where [Rn], = average ZZRn content of lateral inflow to the stream reach
[Rn] = ZRn concentration of streamwater
F = In(G,S,/G,S,), where G and S are the steady-state streamwater
concentrations of the injected volatile and conservative tracers, respectively,
with any natural, background concentrations of these tracers subtracted.
1, 2 = subscripts indicating upstream and downstream ends of reach,
respectively.

As noted in Appendix A, Eqn. (1) is applicable to the steady-state situation.
The field experiment has the following steps:
1. divide the stream into j study reaches by choosing j+1 measurement
stations

2. begin the steady injection of a conservative tracer and a volatile tracer

10



upstream of the measurement station which is farthest upstream

3. measure the steady-state concentration of the conservative tracer at each

measurement station;

4. measure the steady-state concentration of the volatile tracer at each

measurement station;

5. measure the streamwater Z?Rn concentration at each measurement

station; calculate [Rn],.

Each of these five steps is discussed in turn below.

Step 1. This is the most subjective part of the entire procedure. The choice
of reach length should depend somewhat on the characteristics of the particular
study stream. If there are places where properties such as channel slope change
substantially, it would be sensible to locate measurement stations at these points
so that averaging is done over reaches which are relatively homogeneous. In
addition, it would be best to avoid placing measurement stations at points of large
lateral inflow, since incomplete transverse mixing at these points could lead to
errors in the one-dimensional analysis. Points or areas of large inflow could easily
be identified with a preliminary steady conservative tracer injection in which stream
sampling is done at a finer scale than will eventually be used for the full dual-
tracer-plus-“?Rn experiment.

Step 2. Chloride, bromide, and tritiated water have been used as
conservative tracers. Considerations of cost, safety, and the difficulty in obtaining

permission to release tritium into a stream combine to make CI” or Br~ salt tracers
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more attractive than *H at most sites. An additional advantage of a salt tracer is

the potential for in situ analysis with a conductivity meter. The use of a field

conductivity meter allows one to easily and accurately determine the lateral inflow
between measurement stations in the field (see Steps 3 and 4). One can also
readily determine when the tracer concentrations have reached their steady-state
values.

Step 3. The series of measurements proposed here is designed to take
advantage of the ease of measuring specific conductance (vy) in the field. The data
set needed consists of the following:

- the background ¥ (y,) at each measurement station

- the final, steady-state y (y,) at each measurement station

- the temperature (T) of the streamwater at each measurement station.
Two important facts make it possible to use y as a surrogate for S:

- at low S values (below ~0.05 M, which is in the range of values likely to

be encountered in an experiment such as this one) the relationship between

y and S is highly linear, and

- the total y of a mixture of salts (such as streamwater) is, at low total salt

concentrations, very nearly equal to the linear sum of the conductivity

contributions from each ion.
These two facts make it generally allowable to use in situ y.~y, values (perhaps with
a temperature correction; see below) rather than S values in Eqn. (1).

Before the salt injection is begun, y, values should be measured at all the

12



stations; after the injection has started and y has reached its steady-state value, v,
should be recorded. Since y is a function of T, the streamwater temperature at
each measurement station should also be measured. If two adjacent stations differ
in temperature, a correction should be applied to normalize the y values to a single
temperature. This correction is about 2% per °C between 5° and 45°C. So, for

example, if T, = 14° and T, = 12° C, then:

(1,102
(Ys—yb)z

Step 4. If the injection of the volatile and conservative tracers is begun at

2

S,
S,

about the same time, water samples for analysis of the volatile tracer may be
collected from a particular measurement station after the conservative tracer
concentration has reached steady-state at that station.

Step 5. Several authors have used purge-and-trap methods in combination
with gas-phase alpha counting to measure the Z2Rn content of streamwater [e.g.,
Rogers, 1958; Lee and Hollyday, 1987; Wanninkhof et al., 1990]. This technique
is quite sensitive, but relatively time and labor intensive. In many small streams,
Z2Rn concentrations are sufficiently high to allow the use of simple liquid
scintillation techniques originally developed for analyzing ’Rn in groundwater
[Prichard and Gesell, 1977, Wadach, 1983; Genereux, 1988]. Liquid scintillation
techniques generally involve collection of a 10-15 ml water sample in a ground-glass

syringe or other suitable container, followed by injection of the sample into a glass
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scintillation vial which already contains a few ml of scintillation fluor. It has been
found that Z?Rn leakage from such vials may be a problem [e.g., Genereux, 1988];
however, this leakage may be essentially eliminated by inverting the vials
immediately after they are capped, and counting them in this upside-down position.
[Rn), and [Rn], may be used along with the injected tracer concentrations to solve

Eqgn. (1) for [Rn],.

2.2. Use of |Rn|q in providing constraints on sources of streamwater

The information embodied in [Rn], may be used, along with other
constraints, to estimate the relative importance of the different hydrologic flowpaths
contributing to streamflow generation. [Rn], values may be used in more than one
way. Some uses involve simple mixing calculations designed to separate the water
feeding a stream into different components; other uses could involve hillslope or
watershed models. We will discuss the former, beginning with the separation of
vadose-zone water and saturated-zone water as an example.

As discussed earlier, the geochemistry of Z?Rn is such that [Rn),,,, is likely
to be much less than [Rn], at a given study site. If we consider the water feeding
a stream to be composed of water from the vadose zone and the saturated zone,
then a simple mixing calculation can be performed to determine the relative
importance of these two sources. In other words, [Rn], may be separated into its

[Rn],,, and [Rn],, components, using the following expression:
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[Rn],~[Rn],

- €)
[Rn],~[Rn],,,

oo

where f,,, is the fraction of streamflow in a given reach which is due to water from
the vadose zone.

As with any mixing calculation, it is necessary to know the tracer
concentration in each component ([Rn),,, and [Rn),,), and in the mixture ([Rn],).
Simple liquid scintillation techniques for measuring Z’Rn in water samples (e.g.,
[Rn]..) are by now well established [e.g., Prichard and Gesell, 1977, Wadach,
1983; Genereux, 1988]. Direct measurement of [Rn},,,, may not be practical, since
collecting water from unsaturated soil without allowing loss of volatile compounds
is problematic. An alternative is to measure the *’Rn content of the soil gas, [Rn],,
and assume that [Rn},, = Ky[Rn], where Ky is the Henry’s Law constant for
radon. Since Ky, is a function of temperature, it is necessary to have some estimate
of the soil temperature at the depths from which soil gas samples are collected.

Naturally, there will be some variability in both [Rn],,, and [Rn]g,. For
example, calculating an average [Rn),, to use in Eqn. (3) will certainly require
vertical averaging over the vadose zone, since [Rn},,, is a function of depth in the
vadose zone. The same type of general guideline which applies to the separation
of old and new water with *O also applies to the use of Eqn. (3): a separation
may be performed if the difference between [Rn],,, and [Rn], is large compared

to the sum of the analytical uncertainty associated with the Z’Rn measurements
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plus the variability within [Rn),,, and [Rn],,. Since [Rn],, is a strong function of
soil moisture, the difference between [Rn],,, and [Rn],, should be enhanced in
coarse, well-drained soils.

The type of separation described above addresses the issue of where water
was (i.e., in what "pool") before draining to the stream, as opposed to how it moved
to the stream. Thus, in the terminology of Sklash et al. [1976], this is a "geographic
source" separation rather than a "runoff mechanism" separation, and vadose-zone
water and groundwater are "geographic source components”. (Sklash et al. also
recognized a third type of separation, that of old vs. new water, which they
designated a "time-source" separation.) This distinction is important to keep in
mind, since separation of streamwater using an incongruent set of components,
such as old water (time source component) and overland flow (runoff mechanism
component), can result in considerable confusion. Clearly there are relationships
between the components of the different separation schemes (e.g., most overland
flow may be new water). However, these relationships are of a secondary nature,
and may vary in time and space.

This is perhaps an appropriate point for a brief digression concerning the
definitions of the components in the separation schemes described above. The
terms "vadose-zone water" and "saturated-zone water"” (the latter being groundwater
plus capillary-fringe water) are commonplace in hydrology; however, within the
framework of a streamflow separation scheme, their meanings bear close scrutiny.

Clearly, no water drains directly to a stream from unsaturated soil, since only water
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at a pressure of 21 atm may drain from a porous medium into an open water body.
Therefore, all vadose-zone water which finds its way to a stream must spend some

time, however short, as groundwater (water in the saturated zone, below the water

table). Furthermore, it is likely that, on most watersheds, nearly all the water in
the saturated zone was at one time in the vadose zone. Thus, the definitions of the
components involve complications, and these complications are not unique to this
study.

With stable isotope studies, the most vexing component-definition problem
seems to be that of the variability in the isotopic composition of the "old" and "new"
water components [e.g., Sklash and Farvolden, 1979; Kennedy et al., 1986;
Hooper and Shoemaker, 1986]. The isotopic composition of new water
(precipitation or melt water) may change with time during a storm or snowmelt
event. The isotopic composition of old water varies in space (vadose-zone water
is typically isotopically heavier than the underlying groundwater), and may change
over time (e.g., on a seasonal time scale) as well. Additional confusion can arise
from using the word "groundwater" as a surrogate for old water {e.g., Sklash and
Farvolden, 1979), since not all old water is groundwater and, during and after
storms, not all groundwater is old water. All of these problems are part of the
general issue of defining terms and components.

Studies involving hydrometric (as opposed to tracer) methods have not been
immune to difficulties associated with the definitions of hydrologic terms. Several

hydrometric studies have referred to baseflow maintenance by unsaturated flow
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[e.g., Hewlett and Hibbert, 1963; Weyman, 1970, 1973; Mosely, 1979]. The
authors of these studies have implicitly attached greater significance to the
unsaturated flow processes which, they concluded, were occurring over the bulk of
the hillslope, than to the flow (which must have been saturated) occurring in the
near-channel area. This emphasis, while perhaps quite reasonable and appropriate,
is worth stating explicitly, if only because it may not be universally accepted. For
example, Dunne and Black [1970, p.1310] concluded that "In the upland watersheds
of Vermont the major portion of storm runoff seems to be produced as overland
flow on small saturated areas close to streams", and that "Runoff from these wet
areas is [partially] supplied by water escaping from the ground surface to reach the
channel as overland flow". Dunne and Black are clearly describing the
phenomenon of "return flow", in which subsurface water flows upward out of
saturated soil. However, Hewlett [1974, p.606] argued strongly that "subsurface
stormflow is any water passing the [stream] gaging station that has, however briefly,
entered the mineral soil surface and has traveled for some distance, however short,
within the soil". Thus, while Dunne and Black [1970] described return flow as
overland flow (emphasizing the near-channel flowpath), Hewlett [1974] clearly
considers return flow to be subsurface flow (emphasizing the upland flowpath).
With regard to this study, the working definition of vadose-zone water must
include some criterion for how long the water resides in the saturated zone before
draining to the stream. This is because the ZZRn content of vadose-zone water will

begin to increase when the water enters the saturated zone. This increase takes
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place with a time constant equivalent to the decay constant of Z2Rn (0.18 day™).
Since changing [Rn],,, by a factor of two or three will probably not greatly affect
the conclusions drawn from this technique (e.g., see section 3.2.), we suggest that
water which resides in the saturated zone for less than a few days be considered
"vadose-zone water", and that "saturated-zone water" be defined as water with a

long (several ZRn half-lives) residence time in the saturated zone.

3. Field Example: Bickford Watershed

3.1. Study site, materials, and methods

On June 20, 1989, the steady-state experiment described in section II was
performed at the Bickford Reservoir watershed in central Massachusetts. The
Bickford watershed has been described in detail elsewhere [e.g., Hemond and
Eshleman, 1984; Eshleman and Hemond, 1985; Eshleman and Hemond, 1988],
and is not unlike other forested watersheds in the Northeast. Soils are generally
thin (1 m or less in most places). The small stream selected for study drains a 32
ha catchment on the east side of the watershed. The experiment focused on a
single stream reach, 34 m long, at the downstream end of the stream. There were
no visible inputs of water (such as springs or small tributaries) to the study reach.
Conservative and volatile tracers were injected into the stream at a point 17 m
upstream of the first (farthest upstream) measurement station.

NaCl was used as a conservative tracer. Though they are not needed for the

calculation of [Rn],, the injection rate and concentration of the tracer solution were
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determined, in order to allow calculation of the streamflow rate at each
measurement station (Eqn. (A13)). The salt solution (with a concentration of 2.85
M) drained into the stream from a 20 L Marriotte bottle, at a constant rate of 290
ml/min. A steady injection rate was maintained for about 50 minutes. The
conductivity of the streamwater at each measurement station was measured with
a battery-operated conductivity meter. The meters used automatically corrected
the conductivity values to 25°C. Conductivity measurements were made about once
every minute during the course of the injection.

Propane was used as a volatile tracer. Propane was bubbled into the stream
from a small tank, using a 3 m length of plastic tubing with a glass frit at the outlet.
The propane and salt injections were started at the same time (12:37 P.M.).
Propane gas flow was controlled with a single-stage regulator. The regulator outlet
pressure remained constant at 18 kPa (above atmospheric) for the course of the
injection. Five streamwater samples for propane analysis were collected at each
measurement station. The 34 ml samples were collected in ground-glass syringes,
45 to 75 minutes after the conservative tracer concentration had reached
steady-state (see section 3.2., and Fig. 1). In order to avoid damaging the
ground-glass syringes with suspended sediment, all samples were filtered with 0.8
pm filters during collection. The samples were packed in ice in the field, and not
removed until the next morning, about 3 hours before analysis.

All ten propane samples were analyzed in the early afternoon on June 21.

A known amount (6-7 ml) of helium was introduced into each syringe. The helium
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and water were allowed to equilibrate at room temperature (24.8°C) for about 3
hours; each syringe was shaken gently several times. Using a sample loop, 1.0 ml
of the helium headspace in each syringe was injected into a Perkin-Elmer 3920B
gas chromatograph equipped with an FID detector. Helium was used as the carrier
gas, and a packed column (6 feet long, 2 mm LD., packed with 80-100 mesh
Porapak Super Q) was employed. Oven (column) temperature was 120°C, and
retention time for propane was 1.3 minutes. Calibration was achieved with a series
of standard helium:propane mixtures obtained from Scott Specialty Gases. These
standards were used to verify that the gas chromatograph was responding linearly
and consistently. In addition, they allowed calculation of the absolute propane
concentration in each water sample, though only relative concentrations are needed
for purposes of this experiment.

Streamwater samples were also collected for “’Rn analysis. These samples,
like those for propane analysis, were drawn through 0.8 um filters into ground-glass
syringes and packed in ice in the field. Two samples were collected at each
measurement station: one before the start of the salt solution and propane
injections, and the other after the last propane sample was collected. Back at the
lab, 10.0 ml of water from each syringe was ejected into a glass liquid scintillation
vial containing 6.0 ml of scintillation fluor. The vials were quickly and tightly
capped, and allowed to stand (for purposes of equilibration) overnight. Beginning
the next morning, the amount of ’Rn in each vial was measured using 50 minute

counts on a Beckman 1801 liquid scintillation counter. The calibration procedure
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used was essentially that of Wadach [1983], and details are given elsewhere
[Genereux, 1988]. |

The #’Rn content of soil gas from two sampling tubes (tubes 141 and 142)
was also measured. Sampling tubes 141 and 142 are 35 and 56 cm deep,
respectively. These tubes are about 1 m apart (horizontally), and are located on
the south slope (left side of the stream if one is facing downstream), about 10 m
from the stream channel, at approximately the middle of the reach. Both tubes
consist of ¥4" copper tubing with a piece of stainless steel wellscreen (7 cm long, 2
cm in diameter) brazed onto the end. The soil gas samples were collected in
ground-glass syringes. Back at the lab, about 10 ml of scintillation fluor was drawn
into each syringe, the air and fluor were equilibrated (with most of the #?’Rn ending
up in the fluor), and the fluor was then expelled into a glass scintillation vial. This
novel method for analysis of ?Rn in soil gas is very simple and gives highly
reproducible results, with total uncertainty in the results being about 15%. The
method is described in detail elsewhere [Genereux and Hemond, 1991}

The streamwater temperature at each station was measured several times

during the experiment.

3.2. Results and discussion

The conductivity data are plotted in Fig. 1 and summarized in Table 1. For
station 1, y.-y, was 343 = 1 uS/cm; using the conductivity-concentration data of

Jones (1912), one finds that this conductivity corresponds to 3.05 x 107> M NaCl
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(25°C). Using this value for S,, and the known S;and Q, values (2.85 M and 0.290
L/min, respectively), gives a value of 273 L/min for Q, (Eqn. (A13)). At station 2,

~v, was 290 uS/cm, giving Q, = 323 L/min. The difference between Q,and Q,
gives qAx, 50 L/min.

The conductivity data was also used to calculate the travel time (1) through
the study reach. r was calculated as 7°,- 7’; (see Table 1), where 7’ is the time to
"half-height" for the conductivity (i.e., the time, measured from when the salt
injection was started, when y = y, + ¥2[Y,-v,]). From the 7’ values given in Table
1, 7 was found to be 21.5 min (plus or minus 0.2 min).

The propane data are also given in Table 1. The five samples from station
1 had an average propane concentration (G) of 6.19 uM; the standard deviation
(o) for the five samples was 2.5%. The average G value for station 2 was 2.99 uM
(6 = 4%). Using these values for G, and G,, the y,-y, value for each station, and
Eqn. (A19), the first-order volatilization rate constant (k, see Appendix B) was
found to be 1.56 + 0.08 hr! (justifying the decision to neglect radioactive decay of
ZRn, which occurs with a time constant of 7.55 x 10~>hr™).

The [Rn] values given in Table 1 are averages based on the two samples
collected at each station. The two samples from station 1 had ’Rn concentrations
of 184 and 150 dpm/L, giving an average of 167 dpm/L. The two samples from
station 2 had 164 and 166 dpm/L, giving an average of 165 dpm/L.. The samples
containing 184 and 164 dpm/L were collected before the start of the tracer

injections, while the other two were collected ~2.5 hours later, after the injected
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Parameter Station 1 Station 2 Reach

v, (uS/cm) 380 327
v, (uS/cm) 37.5 37.4
Q (L/min) 273 323
7’ (min) 14.6 36.1

7 (min) 21.5
G (uM) 6.19 2.99

F 0.56
[Rn] (dpm/L) 167 165

[Rn], (dpm/L) 700

Table 1. Summary of results from the field experiment of June 20, 1989.




tracer portion of the experiment was over. Counting uncertainty (20) for these
samples was 12-13%. With the data in Table 1, Eqn. (1) gives 700 dpm/L as the
value of [Rn],. The uncertainty in this number is ~18%; the uncertainty analysis
was based on equation B.4 of Kline [1985].

An appropriate starting point for interpreting this [Rn], value is a
two-component (vadose-zone water and saturated-zone water) separation. The two
soil gas samples collected during the experiment may be used to estimate the
[Rn],,,, value needed for the separation. The soil gas from tube 141 contained 730
dpm of ?’Rn per liter, that from tube 142 had 1580 dpm/L. Soil gas from these
two near-channel tubes typically has a higher ’Rn content (by 50-100%) than that
from tubes of similar depth located farther up the hillslopes, 50-100 m from the
study stream (data for the hillslope tubes are found in Genereux and Hemond
[1991]). The values from tubes 141 and 142 are the most appropriate values for
our purposes, since these tubes are on the lower portion of the hillslope and are
clearly within the contributing area of our study reach. No direct measurements
of the soil temperature are available. If a temperature of 15°C is assumed for the
vadose-zone soil, the [Rn], values given above correspond to [Rn],,,, values of 220
(tube 141) and 480 (tube 142) dpm/L. While the soil gas was being drawn from
tube 142, some water was also pulled up the tube, indicating that the top of the
saturated zone was about 50-55 cm below the ground surface. Thus, all
vadose-zone water must have had between roughly zero (at the ground surface)

and 500 (at the bottom of the vadose zone) dpm/L. Within this range, the choice
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of a representative [Rn),,, value for the two-component separation is somewhat
subjective. One may simply use an average value for the vadose zone (~200
dpm/L); alternately, one may use the value for deep vadose-zone water (~500
dpm/L), in order to give greater weight to water which is nearer the saturated zone,
and is therefore nearer (in space and time) to becoming streamwater. As is
demonstrated below, the conclusions of this analysis are not very sensitive to which
[Rn],,, value (200 or 500 dpm/L) is used.

On the day of the experiment, the depth of the top of the saturated zone
(as judged from tube 142) was almost exactly equal to the depth of the interface
between loamy forest soil and a hard, dense, rocky "subsoil” containing no roots.
Thus, the [Rn],, value appropriate for our separation is that associated with this
hard subsoil. An estimate of the subsoil [Rn],,, was obtained by digging a soil pit,
collecting a subsoil sample, and sealing the sample in a container at the lab, to
allow 2°Rn ingrowth. The container consisted of a piece of copper pipe 2"
diameter, 77 cm long) with fittings soldered onto each end. Disaggregated subsoil
was packed into the container, to a bulk density of 1.46 g/ml (~ 10% lower than the
natural subsoil bulk density of 1.64 g/ml). The subsoil was saturated by setting up
the container with its long axis vertical, flushing it with CO,, and passing about 10
L of water up through it (i.e., in through the bottom and out through the top) over
a period of about 5 hours. Once the container was saturated, brass valves at the
ends were closed tightly to allow Z’Rn to build up to its secular equilibrium

concentration. After waiting a conservatively long amount of time (>1 month),

27



three water samples were drawn from the container. The average [Rn]g, for the
three samples was 2000 dpm/L (corrected for the 10% decrease in bulk density).

Assuming [Rn],,, = 200 dpm/L and [Rn],, = 2000, Eqn. (3) gives £, =
0.72. Changing [Rn],,, to 500 yields f_,, = 0.87. Thus, choosing any reasonable
value for [Rn],,, leads to the same conclusion: much of the water (>70%) entering
the stream over the 34 m study reach seems to be traveling to the stream via
shallow, low-“?Rn pathways in the vadose zone. This result is consistent with the
conclusions of several previous studies [e.g., Hewlett and Hibbert, 1963; Weyman,
1973; Mosely, 1979]; each of these studies found lateral unsaturated flow to be

the dominant flowpath maintaining baseflow in small streams.

4. Summary, Conclusions, Future Work

In this paper, we have presented a specific, quantitative framework for the
use of naturally- occurring Z’Rn as a hydrologic flowpath tracer. Our methodology
builds on earlier work in the areas of ?Rn geochemistry, hillslope hydrology, and
volatilization in open-channel flow. The methodology consists of two distinct parts,
the first of which is the calculation of [Rn],, the average *2Rn content of the water
feeding a given stream reach. [Rn], is determined by measuring the concentrations
of ?Rn and two injected tracers (one conservative, one volatile) in the
streamwater, and solving a mass-balance equation for ?Rn around the reach of
interest. The second part of the methodology involves using [Rn], values to

determine the sources of stream inflow (and, implicitly, the flowpaths important in
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streamflow generation). One means of accomplishing this, simple
"geographic-source" separations, was presented here; other means are certainly
possible. For example, if one had a numerical watershed model incorporating ZRn
geochemistry, one could compare model predictions and field determinations of
[Rn],. This would provide a basis for judging whether the model generates
streamflow in a physically realistic way, in addition to generating it in the right
amount. While it seems likely that any quantitative use of “’Rn as a streamflow
generation tracer will require a method (such as that presented here) for
determining [Rn], at some spatial scale, conceptual models for the interpretation
of [Rn], values may differ from watershed to watershed, and we have certainly not
exhausted all of the possibilities here.

The Bickford watershed experiment showed that the proposéd field
methodology is feasible. The entire experiment was completed by two people in
about 4 hours; roughly the same amount of time was required in the laboratory
for ?Rn and propane analyses. The equipment required (portable conductivity
meters, a liquid scintillation counter, a gas chromatograph) is standard in
environmental science laboratories. The results from the Bickford experiment
clearly suggest the possible importance of water flow through the low-“?Rn
environment of the vadose zone, since the [Rn], value for the study reach (700
dpm/L ) was closer to that of vadose-zone water (<500 dpm/L ) than to that of
saturated-zone water (2000 dpm/L ). This is consistent with the conclusions of

several previous investigations of streamflow generation.
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Though we have limited the scope of this paper to the steady-state, it is
possible to extend the ’Rn methodology to unsteady (i.e., stormflow) situations.
Some extra measurements are required, mainly to account for changes in channel
storage. Depending on the error one is willing to incur, it may be perfectly
reasonable to apply a steady-state analysis to some "quasi-steady” cases. However,
for those situations in which time variability is too important to ignore, the unsteady
change-in-storage term must be determined to solve the ’Rn mass balance for
each stream reach. Work is currently underway to implement an integrated
stormflow methodology which makes use of ?’Rn and other "tools" of the the
hillslope hydrology trade (e.g., stable isotopes and automated piezometers). Our
philosophy is that each of these tools has its own strengths and weaknesses, and no
tracer or hydrometric technique alone is adequate for unraveling the mechanisms
of streamflow generation. In the field study of streamflow generation, the best
approach is the simultaneous application of multiple tracer and hydrometric
methodologies. Thus, we view ’Rn as one of several tools which, when properly
used in concert, may provide much information about the hydrologic flowpaths

important in streamflow generation.

Appendix A. Mathematical Derivations

The general, one-dimensional transport equation applicable to rivers and streams

is:
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where t = time
x = coordinate direction along the channel (positive downstream)
C = solute concentration
A = stream cross-sectional area, perpendicular to x
U = velocity of water flow along x
r = solute source/sink strength (moles per unit volume of water per unit
time)
E,; = longitudinal dispersion coefficient.
In general, A, U, C, E, and r may all be functions of x and t. The
one-dimensional continuity equation is:

JA _g- d(AU) (A2)
ot ox

where q(x, t) is the lateral inflow function expressing how much water enters the
stream per unit length of stream channel per unit time. After using the chain rule
to expand (A1), substituting in (A2), and dividing through by A, the following

expression is obtained:

o€, y3C 40 118
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Neglecting solute transport by longitudinal dispersion, the steady-state form of (A3)

is:
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where A, U, C, q, and r may all be functions of x.

While a conservative solute has r=0, a solute undergoing first-order decay
or loss has r = -kC, where k is the first order rate constant. Volatilization is often
parameterized in this way (see Appendix B). A solute which is both volatile and
radioactive has r = -(k + A)C, where A is the radioactive decay constant. Any
solute which is present in the water feeding the stream requires an additional
source term of the form (q/A)C,, where C (x, t) is the solute concentration in the
lateral inflow. Thus, for #’Rn, r = (q/A)C, - (k + 4)C, and (A4) may be written:

‘;f L(Rn], - (L e+ )[R (A5)
where [Rn] is the ’Rn concentration of the streamwater and [Rn], is the ZRn
concentration in the water feeding the stream. In general, U, A, q, k, [Rn],, and
[Rn] may all be functions of x. This equation may be simplified by dividing through

by U and introducing the expression:

Q@) =A(x)U(x) (A6)

If radioactive decay is neglected (A << k; see Appendix B), (A6) becomes:

J[Rn] _q q, k A
o Q[Rn] -(= 0 U)[Rn] (A7)

As indicated in the introduction, our goal is to solve for [Rn],. Once [Rn], is
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known, it may be used in separating the streamflow into hydrologically distinct
components. The parameters needed to solve for [Rn], are q, Q, U, k, and [Rn].
[Rn] comes from direct measurements of the Z2Rn content of streamwater; the
other four parameters are obtained with the use of conservative and volatile tracers
injected into the study stream. Putting (A7) in finite difference form and solving

for [Rn], gives:

Qz [Rn]2 - Ql [Rn] 1t Qangwg‘Ek (A8)

[Rn] - e

where 1 = Ax/U, qAx = Q,- Q,, Q,,, = (Q; + Q,)/2, and [Rn],,, = ([Rn], +
[Rn],)/2.

Q values for each measurement station, and q for each reach, may be
determined from the steady-state conservative tracer (e.g., chloride) concentration
at each station. This requires the use of the governing equation for CI~
concentration. The form of (A4) appropriate for a conservative solute is:

v .90 (A9)

dx A®)

This equation may be simplified by introducing Eqn. (A6):

as_-9(0)¢ (A10)
dx Qx)

Since dQ/dx = q, Eqn. (A10) may be written:
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ds dQ

_e _a¢ (A11)
S Q
the solution to which is:
Sl
[ =
0
SOQO-S 1Q1 (A13)

where Q, and S, are the injection rate and Cl~ concentration, respectively, of the
tracer solution; S, and Q, are the steady-state Cl™ concentration and streamflow
rate, respectively, at station 1.

Calculation of k for a given reach requires r for the reach, and S and G
data from both ends of the reach (G is the concentration of the volatile tracer gas
in the streamwater). The steady-state governing equation for a volatile (but

otherwise non-reactive) tracer may be written:

CLMT LAY (A14)

dx QU

Integrating Eqns. (A10) and (A14) between x; and x, gives:

dS q(x) (A15)
S Q(X)
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Gl
f"G=7 e dx} KD (A16)
LG iow 1T

Subtracting (A15) from (A16) gives:

%
h_q_l _1n.s_1= k) 4, (A17)
G, 5, ;U®

Letting U = U,,, and k = k,,,, (A17) yields:

n G,S, ) Ko (X5=%1)
G,S, U

avg

=F (A18)

and since (%,- x,)/U,, = T,

k-

- (A19)

< |

Eqn. (A19) may be used to calculate k,,, for each stream reach. However, this is

not necessary for the determination of [Rn],. Substituting Eqn. (A19) into Eqn.

(A8) gives:

Qz [Rn]2 - Ql [Rn] 1t Qavg[Rn]ang (A20)
qgAx

[Rn] -

In this formulation, the volatilization term is not separated into volatilization
coefficient and travel time factors. Hence, the measurement of travel time

becomes unnecessary, simplifying the field sampling procedure (only steady-state
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vy values need be recorded). Each term in Eqn. (A20) may be expressed as a
function of one or more of the six tracer concentrations measured for each reach

(S, S5, Gy, Gy, [Rn];, and [Rn},), allowing this equation to be written:

S
([Rn],+[Rn),)(-Z+1)F
(Ral - [Rn], [Rn), S, (A2)
9 S S S
1--2 21 4(1--2)
Sl S2 Sl

Eqn. (A21) shows that it is not necessary to know the injection rate of either the
conservative or the volatile tracer, or the absolute concentrations these tracers, one

need determine only the ratio of their upstream to downstream concentrations.

Appendix B. Streamwater Volatilization Correction

For a hydrologic tracer to be useful, any in-stream processes which affect it
must be well understood and readily quantified. The two processes which may
affect the concentration of Z’Rn in streamwater are radioactive decay and
volatilization (production is not important, since the concentration of Z*Ra in
streamwater is typically a small fraction of the Z2Rn concentration).
Experimentally determined volatilization rates for small streams [e.g., Parker and
Gay, 1987; Wanninkhof, unpub. data, 1987; Genereux, unpub. data, 1989] indicate
that 2’Rn loss by volatilization is much greater than loss by radioactive decay
(volatilization rate constants (k) of 10-100 day~'are not uncommon, while the decay

constant for Z2Rn is only 0.18 day™"). Thus, the only in-stream sink which need be
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considered for R is volatilization.

A simple and effective way of quantifying the volatilization of a trace gas
from a stream is with the use of a first-order volatilization coefficient (k). A large
number of empirical equations have been developed for predicting k from various
combinations of hydraulic parameters (depth, width, slope, volumetric flow rate,
velocity); Rathbun [1977] and Duran [1985] have compiled many of these
equations. However, these equations are based on results from large streams and
small rivers, and they typically do a very poor job of predicting k for small streams
[e.g., Parker and Gay, 1987]. Indeed, some of the parameters on which the
equations are based (e.g., average depth, width, or velocity) may be very difficult
to estimate for a first order, pool-and-riffle type stream.

Fortunately, there are relatively simple methods available for measuring k.
The simplest is probably the steady-state tracer-gas method. This technique
involves the continuous injection of a tracer gas into a stream at a constant rate.
The concentration of the tracer gas in the streamwater is then measured at two or
more locations downstream [Wilcock, 1984; Duran and Hemond, 1984; Yotsukura
et al., 1983]. The difference in tracer gas concentration between any two locations,
along with the travel time and the amount of dilution by lateral inflow between the
two (determined from an injection of a conservative tracer), allows calculation of
k. (The k value determined by this technique is an average value for the stream
reach, designated "k,,," in Appendix A.) Several of these experiments at different

flow rates are sufficient to characterize a particular stream reach.
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k is a function of the aqueous diffusion coefficient (D) of the gas in
question. Therefore, unless the injected tracer gas (propane was used in this work)
and the volatile compound of interest (in this case, radon) have the same diffusion
coefficient, a correction is needed to convert the tracer-gas k value to an equivalent
value for the compound of interest. This correction could be made using measured
values of D, but this approach has the added complication of requiring that one
choose a particular conceptual model for volatilization. For example, the stagnant
boundary layer (or two-film) conceptualization of volatilization predicts a linear
dependence of k on D. In contrast, the surface-renewal theory predicts that k is
proportional to D%. Other models of volatilization give still other predictions of
how k will depend on D [e.g., Bennett and Rathbun, 1972], and experimental data
often does not fit one model much better than another [e.g., Duran, 1985].

The problem of selecting a particular conceptual model of volatilization is
circumvented by making a correction based on direct determination of k for both
the tracer gas and the compound of interest in the same water body. Several
authors [e.g., Tsivoglou et al, 1965; Rathbun et al, 1978; Duran, 1984] have
shown that the ratio of the k values for two gases is independent of temperature
and the level of turbulence in a water body (over the range of conditions
investigated). Thus, the ratio k(gas 1)/k(gas 2) should be the same for a natural
stream and a stirred tank in the laboratory. Rathbun et al. [1978] demonstrated
that k(propane)/k(O,) = 0.72 = 0.02 in laboratory experiments (uncertainty is the

95% confidence range of the slope of the data on a plot of k(propane) vs. k(O,)).
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Tsivoglou et al. [1965] found that k(radon)/k(O,) = 0.70 + 0.08 (again, uncertainty
is the 95% confidence limits). These experimental results indicate that
k(radon)/k(propane) = 0.97 + 0.11; thus, only a very small correction (or,
arguably, no correction) should be used to convert k(propane) values to k(radon)
values.

There has been much discussion in the literature of the possible importance
of chemical or biological sinks for hydrocarbon tracers [e.g., Rathbun et al., 1980;
Tsivoglou, 1979; Rathbun et al., 1978]. Ethylene may have biological sources and
sinks [e.g., Abeles, 1973], which could make it inappropriate as a tracer gas for
determining k. Bopp et al. [1981] found degradation rate constants of about
0.01-0.1 day™' for propane in model estuarine ecosystems containing water from
Narragansett Bay in Rhode Island. These rate constants are a factor of 10%-10*
smaller than k values for small streams [Parker and Gay, 1987, Wanninkhof,
unpub. data, 1987; Genereux, unpub. data, 1989; this paper, section 3]. Indeed,
the biological uptake of propane would likely be slower in small streams draining
forested areas than in the microcosms used by Bopp and coworkers, since the latter
are similar to Narragansett Bay in "abundance, species composition, and seasonal
succession of phytoplankton, zooplankton, bacterioplankton, and benthic macro-
and meiofauna" [Bopp et al., 1981]. These results suggest that chemical and/or
biological degradation of propane should not interfere with its use in determining

k for small streams.
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List of Symbols

A = cross-sectional area of a stream, perpendicular to the direction of flow

C = general symbol for the concentration of a solute in streamwater

E, = longitudinal dispersion coefficient for a stream

G = concentration of an injected tracer gas in streamwater

k = first-order rate constant for volatilization from a water body

K;; = dimensionless Henry’s Law constant, (mol/L air) per (mol/L water)

q = rate of inflow of water to a stream channel (volume per unit time per unit
length of channel)

Q = volumetric streamflow

r = source or sink rate for a solute in streamwater

[Rn] = concentration of Z?Rn in streamwater

[Rn], = concentration of ?Rn in water "z" (see subscripts listed below)

S = concentration of Cl™ in streamwater

t = time

T = streamwater temperature

U = velocity of streamwater flow

x = coordinate direction along the stream channel (positive downstream)

vy = conductivity (=specific conductance) of water

A = radioactive decay constant for Z?Rn, equal to 7.549 x 10> hr™

7 = travel time through a stream reach (i.e., average time it takes water to flow

from the upstream end of a reach to the downstream end)
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Subscripts:

avg = average value for a stream reach

b = background

q = the average for the lateral inflow to a stream reach

= soil gas

s = steady-state

szw = saturated-zone water

vzw = vadose-zone water

1, 2 = indicate the upstream and downstream ends, respectively, of a stream reach
The letter "A" before a symbol (e.g., AQ) denotes the difference in the value

of the variable (e.g., Q) between the two ends of a reach (i.e., AQ = Q,- Q,).
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First Order Stream, Walker Branch Watershed, Tennessee
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Abstract

The steady-state tracer gas method was used to determine gas exchange rate
constants (k) for a first order stream draining the West Fork of Walker Branch
Watershed in eastern Tennessee. Chloride was used as a conservative tracer to
account for dilution by lateral inflow, and propane and ethane were used as volatile
tracers. Gas exchange rate constants for propane (k,) were about 100 day™ over
a wide range of flow conditions, while those for ethane (k) were about 117 day’;
an equivalent rate constant for O, (ko) would be about 118-139 day?, depending
on the method used for its calculation. These rate constants are much larger than
those typically found in rivers and large streams. Much lower k, values (about 50
day™) were found during one experiment conducted at low flow with much of the
stream surface covered with floating leaves. Nineteen previously published
empirical equations were used to predict kg, values for one 72 m stream reach;
agreement between the predicted and measured values was generally very poor.
Because ethane and propane have similar gas exchange rates and similar aqueous
diffusion coefficients (k/k, and D/D, are both close to 1, where D is the
compound’s diffusion coefficient), accurate determination of the exponent n in the
relationship k/k, = (D/D,)" was not possible. The ratio k/k, (1.17) is much closer
to D/D, (1.24) than to H/H, (0.82, where H is the compound’s Henry’s Law
constant), suggesting that stripping of dissolved volatiles by air bubbles was not a

significant mode of gas exchange for the study stream.
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1. Introduction

Small streams are the first places where much groundwater enters a surface
drainage system, carrying what is often a large load of dissolved gases (CO,, CH,,
radon, volatile pollutants, etc.). The combination of high gas content and
potentially high gas exchange rates may make small streams important sites for
fluxes of volatile compounds to the atmosphere. Knowledge of gas exchange rate
constants (k) is essential to quantifying and ultimately predicting the transport and
fate of both natural and pollutant gases in small streams. Studies in natural and
artificial streams have produced many empirical equations for prediction of k from
stream hydraulic characteristics (slope, depth, etc.). These equations were shown
to be poor predictors of k values in many moderate and large natural streams in
Massachusetts [Parker and Gay, 1987]. We suspected (and show in this paper) that
the predictions for a small first-order stream are as inaccurate or even more so.
Thus, determination of gas exchange rates for these streams must rely, at least at
the present time, on direct measurement.

A convenient and widely used method of determining k values for flowing
water bodies is the steady-state tracer gas method [Yotsukura et al., 1983; Duran
and Hemond, 1984; Kilpatrick et al., 1987; Genereux and Hemond, 1990]. As the
name suggests, the technique involves making a steady injection of a tracer gas into
a stream. The concentration of the tracer gas in the streamwater (G) is then
measured at two or more points downstream of the injection; the difference in G

between the two measurement stations is used to estimate k. This technique has
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been successfully applied to rivers and large streams, but studies of small first-order
streams are lacking. We know of only two published measurements of k on first-
order streams. Genereux and Hemond [1990] used propane to determine the gas
exchange rate over a 34 m reach of a stream on Bickford Watershed in
Massachusetts. Wanninkhof et al. [1990] used SF, to study gas exchange over a 282
m section of a stream on Walker Branch Watershed in Tennessee. With only one
gas exchange experiment on each of two streams, and no studies covering a range
of flow conditions on a single stream, little is known about gas exchange in first-
order streams. For example, it is unclear which model of gas exchange (e.g., the
surface renewal model or the stagnant boundary layer model) is most appropriate
for first-order streams. Indeed, there may be as yet undescribed features
controlling gas exchange in these streams. Little is known about the role bubbles
may play in gas exchange in small streams, though the importance of bubbles has
received much attention in studies of large open water bodies with breaking waves
[Mémery and Merlivat, 1983; Jahne et al.,, 1984; Mémery and Merlivat, 1984].
Also, it is not known exactly how the various empirical equations for prediction of
k perform on these streams.

For these reasons, and to provide supporting gas exchange data for the ZRn
work described in Chapter 4, we used the steady-state tracer gas method to
determine k values for four reaches of a first-order stream draining the West Fork
of Walker Branch Watershed in eastern Tennessee (the same stream studied by

Wanninkhof et al. [1990]).
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2. Study Site

The West Fork of Walker Branch Watershed is a 38.4 ha forested
catchment in Oak Ridge, Tennessee (Fig. 1). The forest cover is predominantly
deciduous (oak, hickory, beech, tulip poplar). Mean annual air temperature is
14.5°C, and mean annual rainfall is 139 cm [Johnson and van Hook, 1989].
Watershed soils are mainly Ultisols (Paleudults, Hapludults) and Alfisols
(Hapludalfs) [Lietzke, 1990], and bedrock consists of fractured dolomite with chert
beds. The watershed is drained by a first-order "pool-and-riffle" stream.
Streamflow is measured with a 120° V-notch weir at the basin outlet, and the
upstream limit of perennial flow is about 350 m upstream of the weir. Positions
in the stream are designated by their distance (in meters) upstream of the weir,
preceded by the prefix "WB" (e.g., WB60 is the point 60 m upstream of the weir).
The four stream reaches studied were WB300-WB242, WB242-WB170, WB170-
WB100, and WB100-WB60. When streamflow at the weir (Q,,;,) dropped below
about 1000 L/min, the extremely low flow above WB242 precluded study of the
uppermost reach.

Figure 2 shows an elevation profile for the stream. The stream flows
directly over bedrock for most of the lower 200 m, while above WB200 the channel
bottom is covered with gravel and coarse sand. Mean gradient between WB300
and WBO is 0.038. The presence of rocks and woody debris of various sizes, and
irregular weathering of exposed bedrock, make the channel geometry highly

complex. Channel width is irregular, averaging about 3 m and varying between 1
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and 6 m (Fig. 3). Streamwater depth varies from about 1 cm at some riffles and
small waterfalls to about 30 cm in the largest pools; average depth is roughly 10
cm. Stream depth and width obviously change with streamflow, but the temporal
variability in these parameters is considerably smaller than the spatial variability.
Stream width may vary by a factor of 6 from place to place at a given time, and
stream depth by a factor of 30; however, width and depth at a given stream site

vary by factors of only about 1.2 and 3, respectively.

3. Field and Laboratory Methods

Nine experiments were done between September 1989 and August 1990.
The tracer gas used was HD-5 liquified petroleum gas, which consists mainly of
propane (about 95%). The relatively large ethane content of HD-5 (about 4%)
allowed simultaneous determination of gas exchange rates for ethane and propane
(k. and k,, respectively). A standard 20 1b (9 kg) HD-5 tank was used; 0.1-1 kg
of gas was injected during each experiment. Tracer gas was bubbled into the
stream through a circular glass frit having a diameter of 25 mm and a pore size of
5-15 um. Gas pressure was set at 20-35 kPa with a single-stage regulator, and
remained constant through the course of each injection.

For the experiments done at low flow (Q,; < 1000 L/min), a flat piece of
styrofoam (40 x 40 cm) was floated on the stream surface, with its upstream edge
directly above the bubbling frit. A small branch was laid across the stream, just

above the water surface, to keep the styrofoam in place. This styrofoam plate
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acted as a barrier to delay the loss of tracer gas bubbles from the stream at the
injection site. By holding these bubbles in the stream for an extra few seconds, it
was possible to dissolve more tracer gas in the streamwater, making measurement
of propane and ethane concentrations in the streamwater somewhat easier and
more accurate.

Chloride was used as a conservative tracer to account for lateral inflow to
the stream (e.g., Genereux and Hemond [1990]). Steady injections of CI" were
made by dripping concentrated (about 3 M) NaCl solutions from a 50 liter
Marriotte bottle. The tracer gas and CI injections were generally made at the
same site, about 15 m upstream of the nearest measurement station; this distance
was more than adequate for thorough vertical and horizontal mixing of the tracers,
allowing a one-dimensional data analysis to be used [Genereux and Hemond, 1990].
Twice (on 3/7/90 and 3/18/90) the tracer gas injection was made at WB317 (nearest
measurement station WB300) and the Cl injection at WB254 (nearest station
WB242). For these two experiments, the streamflow at WB300 (Qsy) was
measured with a flume. An "equivalent conservative tracer concentration” at
WB300, C,,, was then estimated as Q,C/Qsy, Where Q, is the tracer solution
injection rate (determined in the field with a stopwatch and graduated cylinder)
and C, is the tracer solution concentration (determined by knowing the quantity of
water and NaCl used in preparing the solution).

Before the CI' and tracer gas injections were started, the background

electrical conductivity (y,) of the streamwater was measured and streamwater
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samples for CI" analysis were collected at each measurement station. The CI" and
tracer gas injections were begun within a few minutes of each other, and y was
monitored to determine when the tracer concentrations reached steady-state. Once
steady-state was achieved at a given measurement station (i.e., once a steady y
value, y,, was recorded for >10 minutes), three or four streamwater samples were
collected for CI analysis. Four 40 ml streamwater samples for propane and ethane
analysis were then taken. (During the 3/7 and 3/18 experiments, when the tracer
gas injection was made about 60 m upstream of the CI injection, tracer gas samples
were taken 30-40 minutes after y reached steady-state. This period, 2-4 times the
travel time through WB300-WB242, provided enough time for the tracer gas
concentrations to reach steady-state.) These samples were collected in 50 ml
wetted ground-glass syringes. To avoid damaging the syringes with suspended
sediment, the samples were filtered with 0.8 pm filters during collection. Samples
were packed in ice within a few minutes of collection, and were left on ice
overnight.

Conservative tracer concentrations were estimated by two independent
methods. The CI' concentration of streamwater samples (both steady-state, S,, and
background, S,) was measured with an automated ferricyanide method (U.S. EPA
[1983]), using a Technicon TRAACS 800 auto-analyzer. The steady-state samples
were diluted with doubly distilled water prior to analysis, to bring their CI" contents
into the range spanned by the calibration standards. Results were used to calculate

the difference between steady-state and background CI content (S-S,). In addition,
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since only relative determinations of the conservative tracer concentration were
needed, y.-y, was used directly as an index of the concentration of injected tracer
CI. These two indices of tracer ClI (S,-S, and y,-y,) gave results which were not
significantly different; each was used to calculate a value of the gas exchange rate
constant for each reach on each experiment, and the two values were then
averaged. Thus, each value of k reported in Table 1 is the average of a value
based on y.-y, as a measure of conservative tracer concentration and a value based
on S-S, as a measure of conservative tracer concentration.

Propane and ethane analyses were done at about midday, the day after each
field experiment. The samples were removed from ice and a known amount of
helium (6-7 ml) was introduced into each syringe. The helium and water were
allowed to equilibrate at room temperature for 2-3 hours; each syringe was shaken
periodically during this time. Using a sample loop, 1.0 ml of the helium headspace
in each syringe was injected into a Perkin Elmer 3920B gas chromatograph
equipped with a flame ionization detector. Helium was used as the carrier gas, and
a packed column (6 feet long, 2 mm LD., packed with 80/100 mesh Porapak Q)
was employed. Oven temperature was 120°C; retention times were 1.0 minutes
for propane and 0.5 minutes for ethane. Peak areas were integrated with a
Hewlett-Packard 3390A electronic integrator. Standard literature data on the
partitioning of propane and ethane between water and air [Hayduk, 1982; Hayduk,
1986] were used to relate measured peak areas to aqueous (streamwater)

concentrations. A standard helium:propane mixture from Scott Specialty Gases
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was used to verify that the gas chromatograph was responding consistently.

The gas exchange rate constant k (units of time™) is calculated from the
steady-state tracer gas concentration (G) and conservative tracer concentration (C,
equal to y,-y, or S;-S,) as follows:

GG,
G,C,

k=(%)1n( ) @

where 7 is the travel time through the stream reach of interest, and the subscripts
1 and 2 designate the upstream and downstream ends, respectively, of the reach
[Genereux and Hemond, 1990]. 7 values were determined by measuring the
increase in y with time during the CI injections. The "time to half height” is
defined as the time at which y = y, + %(y.vy,), and 7 for a given reach was
determined as the difference in the time to half height for the two ends of the
reach. For three experiments (WB170-WB100 on 4/13/90 and 5/7/90, and WB242-
WB170 on 5/7/90) during which the rising portions of the y vs. time curves were
not recorded, 7 was estimated from an empirical curve of r vs. Q,,, (Fig. 4) based

on results from other experiments (Q,,, = (Q,+Q,)/2).

4. Ethane Gas Exchange Rates
Simultaneous determination of gas exchange rate for two gaseous tracers
could be useful in revealing how k depends on D, the aqueous diffusion coefficient

of the tracer gas (e.g., whether k « D, as the stagnant boundary layer model of gas
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exchange predicts, or k « D%, as the surface renewal theory predicts [Bennett and
Rathbun, 1972]). The ethane content of the injected gas was sufficient to produce
measurable ethane concentrations in most of the samples analyzed for propane.
However, determination of gas exchange rates for ethane was complicated
somewhat by the slightly unsteady nature of the ethane injections.

Liquid ethane has a significantly higher vapor pressure than liquid propane
(about 4 times as high at 25°C [Weast, 1976]). As a result, the mole fraction of
ethane in the gas in equilibrium with the HD-5 liquid (y,) is about 4 times the mole
fraction of ethane in the HD-5 liquid (x,). Thus as gas is removed from the tank,
ethane is preferentially volatilized from the remaining liquid, and the injection rate
of ethane decreases with time (even though the total gas injection rate remains
constant). Gas evolution from the tank may be thought of as essentially a Rayleigh
distillation in which increments of vapor are formed and immediately removed from
contact with the original liquid. Fig. 5 shows how x, would theoretically vary with
the amount of residual HD-5 liquid in the tank; the figure is based on the standard
Rayleigh distillation equation [e.g., King, 1980, p. 117] and vapor pressure data
from Weast [1976] at about room temperature.

Of course, if the total gas injection rate remains constant and x, continually
decreases, x, (mole fraction of propane in the residual liquid) must continually
increase. While this unsteadiness may be important for ethane, since there may be
large relative changes in x,, it is not important for propane, because x, is large

(0.96-1.0) and undergoes very small relative changes.
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There are two conceptually different problems which arise in trying to
determine the ethane gas exchange rate given the slowly decreasing ethane
injection rate: each element or parcel of streamwater passing the injection point
receives a slightly smaller injection of ethane than the parcel before, and because
of this there is at least the possibility that transport by longitudinal dispersion
(unimportant in a truly steady-state analysis) may not be insignificant.

The first issue was addressed by limiting determination of k. values to those
experiments during which >3 kg of liquid remained in the tank, thus avoiding that
portion of the distillation curve (see Fig. 5) where relative changes in x, are large.
Experiments excluded by this criterion would generally not have yielded useful k,
data even in the absence of unsteadiness, since the low x, (and hence low ethane
injection rate) resulted in streamwater ethane concentrations near the limit of
detection. The set of experiments for k, determination was further limited by
excluding those for which the gas tracer sampling times at the ends of the reach
were not within 7 +15 minutes of each other. This guaranteed that the parcel of
streamwater sampled at the downstream end of the reach received essentially the
same input of ethane as the parcel sampled at the upstream end (Fig. 5 shows that
at a typical injection rate of 0.05 kg of HD-5 per hour, with 23 kg of residual
liquid, x, can change by no more than 1% in 15 minutes).

The second issue, the importance of ethane transport by longitudinal
dispersion, was evaluated by estimating the magnitude of the terms on the left-hand

side of the following one-dimensional transport equation:
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or, in finite difference form:

AE
”g+u£+kEavg-DA(AE) (3)

At D2 Ax LA(AY

where E = ethane content of streamwater

E,,, = average of E at the two ends of the reach

t = time

x = distance along channel (positive downstream)

u,,, = average velocity of streamflow

k = gas exchange rate constant

D, = longitudinal dispersion coefficient
For experiments meeting the criteria given in the previous paragraph, it was found
that the advection and gas exchange terms approximately canceled each other;
each was about 10x larger than AE,,/At, and about 20x larger than the sum of the
left-hand side terms (i.e., the dispersion term). Thus, ethane transport by
longitudinal dispersion is unimportant for experiments meeting the criteria of the

previous paragraph.

5. Results and Discussion

The results from the CI injections are themselves of hydrologic interest,
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since they demonstrate the variability in stream inflow. These results are discussed
in detail in Chapter 3.

In order to more directly assess the spatial variability in gas exchange rate
and its possible relation to streamflow rate, temperature effects were accounted for
by correcting k values to 20°C. The following equation was used for temperature

correction:
k(20°)=K(T,, ) 0*" "2 4

[Elmore and West, 1961; Metzger, 1968] where T,,, the average temperature of
streamwater in the reach of interest, was set equal to (T;+T,)/2. The value of &
was determined using the method suggested by Metzger [1968]. Using a typical
k(T,,,) of 100 day™ for propane (see below) and an approximate stream depth of
10 cm, Fig. 2 of Metzger [1968] gives ©=1.005. The same value of & was used for
ethane, since the small difference in propane and ethane gas exchange rates (about
10%; see below) would lead to a negligible difference (<1%) in e values for the
two gases, based on Fig. 2 of Metzger [1968]. Since all experiments were done at
stream temperatures of 10°-20° C, the temperature correction was small (a few
percent, at most).

Since only relative changes in tracer concentrations (G,/G, G,/C,) are
needed to determine k, the only relevant uncertainty issues for the tracer
measurements are thosé concerning linearity and precision (absolute accuracy is

unimportant). Of the two relevant concerns, precision is by far the largest source
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of uncertainty (the flame jonization detector of the gas chromatograph has a linear
dynamic range of 10°-10° [Peters et al., 1974, p.576], while propane concentrations
spanned a range of about 5 x 10% the response of the TRAACS instrument, and
the relationship between y and CI' concentration, are both highly linear over the
ranges encountered in this study). While precision varied somewhat from site to
site, and from experiment to experiment, the typical relative standard deviation of
propane and ethane replicates was about 4%, while that of CI" estimates (from
both of the methods described earlier) was about 2%. While unimportant with
regard to tracer concentrations, accuracy was important in estimating travel time.
Closely spaced (usually 30 seconds, sometimes 60 seconds) measurements on the
rising limbs of the conductivity curves allowed accurate (+0.2 min) determination
of time-to-half-height values. The total uncertainty in the travel time values was
about 0.5 minutes. Using standard methods (Kline [1985], Eqn. B.4) to propagate
this uncertainty and that in the tracer concentrations lead to typical uncertainties
(95% confidence) of about +13% for the k values. The most uncertain k value
(£26%) was that for propane in reach WB100-WB60 on 3/18/90, while the least
uncertain (6%) was that for propane in reach WB242-WB170 on 8/28/90.

With the exception of the 11/1/89 data, the k values (either ambient or
temperature corrected) show very little variability, spatial or temporal (Table 1).
The average of all temperature corrected values is 100+18 day’ for propane,
1178 for ethane (uncertainty is the standard deviation of the values in Table 1).

While the stream may be more turbulent at higher flows, this does not result in
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Table 1. Gas exchange rate constants. The first column gives the streamflow rate
at the weir (L/min). The reaches are defined as follows: 1=WB300-WB242;
2=WB242-WB170; 3=WB170-WB100; 4=WB100-WB60; 5=WB242-WB60;
6=WB300-WB100. Q,, and T, are the reach average streamflow (L/min) and
water temperature (°C), respectively; they are simply averages of values measured
at the ends of the reach. 7 is the travel time through the reach in minutes. F is
defined as In(G,C,/G,C,) (G and C are defined in the text). k(T,,,) is the rate
constant determined at the ambient temperature, k(20) is the k(T,,) value
corrected to 20°C; all k values are in day™. R, is the ratio k(20)/k,(20) (the ratio
of the ethane to propane rate constants at 20°C).

Propane Ethane

Q... Date Reach Q. T, * F KkT,) k20 F Kk(T,) k20) R

avg  Tavg vp.

302 9/8/89 3 213 169 281 1958 100 102 2245 115 117 1.15

354  11/1/89 2 178 136 478 1825 550 5638
3 306 134 386 1255 468 484
4 312 13.1 237 0906 550 570
5 194 134 110 398 521 539
411  8/28/90 2 192 176 322 229 103 104
3 309 176 254 1689 95.7 96.9
4 326 181 152 1278 121 122
5 210 17.8 728 5263 104 105
630  4/13/90 2 322 142 218 1526 101 104

3 475 153 212 1268 861 82 1540 105 107 1.21

1050  3/7/90 2 548 130 169 1144 975 101
3 743 134 168 0874 749 713
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Table 1 (cont.)

1368  10/4/89

1447  5/7/90

2749 11/17/89

3457 3/18/90

AW N = N W N e

A W

578
760
892
709

573
774
962
761

16.4
16.1
15.8
16.1

14.1
144
14.5
14.3

1134 133
1357 13.2
1539 129
1330 13.1

133
15.2
12.9
414

124
15.1
12.9
40.4

93

124
11.8
335

1980 14.0 8.2

0.845
1.056
0.934
2.835

0.849
0.911
0.998
2.752

0.922
0.710
0.490
2.122

0.545

91.5
100
104
98.6

98.5
86.9
111
98.3

143
82.4
59.8
91.2

95.7

93.2
102

106

101

101
89.4
114
101

148
8.3
62.0
94.4

98.6

1.017
1.250
0.975
3.242

1.129
1.131

110
118
109
113

108
126

112
121
111
115

111
130

1.20
1.18
1.05
1.14

1.24
1.13
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higher gas exchange rates. The increase in stream depth may offset the effects of
increased turbulence.

Propane gas exchange rate constants measured on 11/1/89 were about half
the magnitude of those determined on other days. On 11/1/89, a large portion of
the stream surface was covered with floating leaves from the recent leaf fall. A
crude visual estimate of the fraction of stream surface covered was 0.5+0.2. This
floating leaf cover seems the most likely reason for the lowered gas exchange rates.
Floating leaves could act as a direct diffusive barrier, decreasing the surface area
available for gas exchange. In addition, floating leaves may dampen surface
turbulence, thus increasing the thickness of the stream’s stagnant surface boundary
layer and slowing gas exchange.

Most models of gas exchange predict that k,/k, = (D,/D,)", with 0.5sn<1
[Bennett and Rathbun, 1972]. As noted earlier, the surface renewal and stagnant
boundary layer models predict n=0.5 and n=1, respectively. Based on the data of
Witherspoon and Bonoli [1969], D/D, = 1.24+0.07 (error is the one s.d. precision
of replicates). The few available measurements of k. from this study suggest that
k/k, = 1.16+0.06 (one s.d.), giving n=0.7. However, given the uncertainty in k./k,
(5.2%) and D /D, (5.6%), and the fact that both ratios are very close to 1, the
estimate of n has a very large uncertainty (£0.9). Hence, these results can not be
used to assess whether the surface renewal or stagnant boundary layer model is
more appropriate for the study stream.

Studies of gas exchange in rivers and large streams generally report ko, the
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gas exchange rate constant for O, (this is often designated "K,"). To facilitate
comparison with these other studies, we used two independent ways of relating the
k, values measured in this study to kg, values:
Method 1: Laboratory experiments have shown that k ks, = 0.72 over a
wide range of mixing conditions [Rathbun ef al., 1978]. Applying the
common assumption that rate constant ratios are the same in different
water bodies (e.g., laboratory apparatus and natural streams) gives an
average kg, value of 139 day” for the study stream.
Method 2: The equation ko, = k(Dgy/D,)" was used to estimate Ko,
There is substantial variability among literature values of D, (0.68x10” to
1.81x10° cm¥sec) and Dg, (1.76x10° to 2.3x10° cm?/sec) at 20-25°C [Baird
and Davidson, 1962; Unver and Himmelblau, 1964; Wise and Houghton,
1966; Witherspoon and Bonoli, 1969]. Only the ratio Dy,/D, is needed, and
the best way of obtaining an accurate estimate of this ratio is by using Do,
and D, values measured with the same technique in the same study. For
this reason, data from Wise and Houghton [1966] (Do, = 2.3x10%, D, =
1.81x10°) were used. If 0.7 is accepted as the best estimate of n, average
ko, is estimated to be 118 day” (n values of 0.5 and 1 lead to ko, values of
113 and 127 day’, respectively).
Given the present state of knowledge concerning gas exchange in streams,
we consider both of these methods to be reasonable. Though there is a large

uncertainty in n, the estimate of kg, obtained by the second method is reasonably
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insensitive to n over the range of most reasonable values (0.5<n<l). As
Wanninkhof et al. [1990] point out in their Table 1, rate constants of 110-140 day™
are much higher than the kg, values that have been found for rivers and large
streams (0.3-15 day™). As noted in the introduction, these high rate constants make
small streams important sites for gas exchange.

In applying the steady-state tracer gas method to a reach (WB332-WB50)
of the same stream studied here, Wanninkhof et al. [1990] determined a gas
exchange rate constant of 70 day™ for SF, at 13.5°C (72 day corrected to 20°C with
the method described earlier). They went on to estimate a value of 134 day™ for
Ko, (at 25°C), in apparent close agreement with the ko, estimates from this study.
However, Wanninkhof et al. [1990] derived their ko, estimate by assuming that ko,
= kge(Doy/Dsr)™® (data in their paper suggest that a value of 3.74 was used for
Do,/Dsse, though this was not stated and no citation is given for the diffusivities).
As noted earlier, n=0.5 can not be ruled out by our k/k, data. However, using
n=0.7, kgse=72 day™, and Dg,/Dgzs =3.74 gives ko,=176 day™. This estimate of ko,
must be seen as highly uncertain, since the large Dg,/Dgr ratio makes the
estimated ko, value highly sensitive to n, which has a large uncertainty. Thus
results from this study are not necessarily inconsistent with the measurement
reported by Wanninkhof et al. [1990].

Predictive empirical equations for ko, have been generated by many
experimental studies of gas exchange in natural and artificial streams. These

predictive equations generally express ko, as a function of water velocity (u), water
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depth (d), and channel slope (w). In order to see how well these equations could
predict the results from our study stream, we used the 19 equations compiled by
Parker and Gay [1987] to predict kg, for reach 2 (WB242-WB170) for seven of the
eight days on which experiments were done in this reach (11/1/89 was excluded
because of the complications with leaves mentioned earlier). The 19 equations are
listed below; in addition to u, d, and w, some also contain the Froude number (N),
friction velocity (u"), the difference in elevation between the ends of the reach
(AH), and the travel time (7). The equations as transcribed from Parker and Gay
[1987] require u and u” in ft/s, d and AH in ft, and 7 in hours, and give ko, in day™.

Dobbins [1965]:

k- 116.6(1+N?)(uw )°37 coth 21w )0-125 )

d/(0.9+N) (0.9+N)

O’Connor and Dobbins [1958]:

k- 12.81/u ©6)
d1.5

Krenkel and Orlob [1963]:

234.5(uw )0-404
k02- ;0.66) ™

78



Cadwallader and McDonnell [1969]:

i 336.8y/uw
(0) “—('1_

Parkhurst and Pomeroy [1972]:

48.39(1+0.17N?)(uw )*3"
d

k,,=

Bennett and Rathbun [1972]:

106. 1 6u0.413w0.273
dl .408

ko,-

Churchhill et al. [1962]:

k 0.03453u2%%
03"
(J3:085,,,0823

Lau [1972]:

k 2515(u*)?
g~ ————
ud
Thackston and Krenkel [1969]:

ko= 24.94(1+/N)u*
02" d
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Langbein and Durum [1967]:

Owens et al. [1964]:

21.74u°57

ko B d1.85

Churchill et al. [1962]:

bo- 11.57u°9%°
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Isaac and Gaudy [1968]:
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Negulescu and Rojanski [1969]:
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Padden and Gloyna [1971]:

0.703
o= 6.87u (20)
dl 054

Bansal [1973];

_4.67u’* @1
d1.4

02

Bennett and Rathbun [1972]:

0.607
20.19u @)

ko= 41689

Tsivoglou and Neal [1976]:

_1.296AH 23)
T

ko2
AH (2.9 m) was determined from a topographic map; the value of channel

slope (w) was 2.9/72=0.04. Water velocity (u) for the reach during each
experiment was calculated as the reach length (72 m) divided by the travel time
(given in Table 1). Average water depth (d) was estimated as average volumetric
flow (Q,,; Table 1) divided by the product ub, where b is the average width of the
reach (about 2.2 m, assumed to be constant; see Fig. 3). Froude number (N) and

friction velocity (u") were calculated as in Parker and Gay [1987]: N = u/(gd)*’

and u" = (gdf)*’ (g = acceleration due to gravity). Each "true" ko, value plotted
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in Fig. 6 is an average of two values; the two values were obtained by using the
two methods described earlier to convert the measured k, value to an equivalent
Koy

Results (Fig. 6) show that none of the predictive equations reproduces the
observed behavior (i.e., the nearly constant ko,). Many of the equations predict
that k,, should change substantially with flow; others predict small changes with
flow, but most of these equations show large negative offsets from the experimental
results. In general, ko, values are underpredicted, the exceptions being Eqns. 8, 15,
16, and 22 at low flow and Eqns. 10 and 12 under all conditions (results from Eqn.
12 are not shown in Fig. 6, as the numbers are 60-600 times larger than the true
values). It appears that direct measurement is necessary for accurate deter-
mination (e.g., £20% or better) of gas exchange rates for our stream.

The k/k, data from this study can be used to evaluate the importance of
ebullition as a mechanism of gas exchange in the study stream. In traditional
models of gas exchange in natural water bodies, a key process is the diffusion of
the compound of interest through water at the air:water interface; hence, a
compound’s aqueous diffusion coefficient is a key parameter. However, a different
mode of gas exchange could be important for streams having complex channel
geometries (such as the stream in this study), where flow takes place over small
waterfalls and around irregularly shaped objects. Flow through such a complex
channel is highly turbulent, and small bubbles of air may be forced into the stream

in some places. A continual input of air bubbles might effectively strip dissolved
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Figure 6. Comparison of predicted and true values of kq, for reach 2 (WB242-
WB170) for seven of our experiments. Predicted values were generated by using
19 previously published empirical equations which relate ko, to stream hydraulic
characteristics; each dashed line represents a different empirical equation. True
values were obtained by using the two methods described above in the text to
convert measured k, values to ko, values and then averaging the two ko, values
obtained for each experiment.
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gases from the streamwater, since these bubbles could rapidly acquire volatile
compounds and transport them to the stream surface where they would be released
to the air as the bubbles break. In a stream dominated by this mode of gas
exchange, with injected air bubbles rapidly equilibrating with the streamwater, the
ratio k/k, would be more closely related to H/H, (where H is the compound’s
Henry’s Law constant) than to D/D, or (D/D,)*. The ratio H/H, is about 0.82
at 20°C [Hayduk, 1982; Hayduk, 1986]; thus, measured values of k /k, are much
closer to D/D, and (D./D,)** than to H/H,, suggesting that stripping of dissolved

gases by air bubbles is not a significant means of gas exchange for the study stream.

6. Summary and Conclusions

The steady-state tracer gas method was found to be an excellent way of
determining gas exchange rate constants for a first order stream on Walker Branch
Watershed. A steady injection of chloride (in a concentrated NaCl solution) from
a Marriotte bottle was a convenient and effective means of accounting for lateral
inflow of water to the study stream. Gas exchange rate constants for propane (k,)
were found to be about 100 day’, with little temporal or spatial variability; rate
constants for ethane (k,) were about 117 day™.

In general, if two tracers of different volatility are injected from a single
tank, and the tank pressure is high enough that some liquid is present, the injection
may be significantly unsteady for at least one of the tracers. In this study,

unsteadiness in the ethane injection resulted in only a few experiments being
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acceptable for k, determination. This problem could be eliminated by using a
separate injection apparatus for each gaseous tracer.

Based on previously published results [Rathbun et al., 1978] of the relative
gas exchange rates of propane and O,, ko, (the gas exchange rate constant for O,)
would average about 139 day” for the study stream. The kg, estimate obtained
from ko, = k(Do/D,)*’ is 118 day” (based on the Do,/D, value of Wise and
Houghton [1966]). These rate constants are roughly 8-400x larger than those found
in rivers and large streams.

Existing empirical equations for prediction of kg, from stream hydraulic
characteristics performed poorly when applied to reach 2 (WB242-WB170) of our
study stream. Over a narrow range of flow, a few of the equations predict kg,
values which are close to our experimental values, but none of the equations are
accurate predictors over a wide range of flow. This underscores the importance
of field-measured gas exchange rates in studies of gas transport and fate in small
streams.

An experiment conducted on 11/1/89 revealed the importance of leaf fall in
controlling gas exchange in the study stream. With approximately half the stream
surface covered with floating leaves, propane gas exchange was cut in half. Leaves
were able to accumulate in and on the stream only because of the low streamflow
rate (about 350 L/min). The leaves remained in the channel until 11/16/90, when
most were flushed downstream or concentrated along the channel margins by the

high streamflow (>4000 L/min) associated with a large storm. Thus, forest type
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(deciduous vs. coniferous) and productivity (specifically, litter fall), in combination
with channel geometry and the rate of streamflow, determine the extent to which
leaves may accumulate in the channel, and hence the extent to which gas exchange
may be lowered. The duration of any decrease in gas exchange also depends on
streamflow, and hence on the local hydrologic regime (precipitation and watershed
characteristics). These processes illustrate the complex relationships which may
exist among forest type and productivity, hydrology, and gas exchange in forested
ecosystems. We would expect these seasonal dynamics to be a common feature in
other temperate zone deciduous forests, where streamflow is often relatively low
at the time of leaf fall.

Our best estimate of the exponent in the relationship k/k, = (D/D,)" was
found to be about 0.7, a result falling about midway between the predictions of the
surface renewal and stagnant boundary layer models of gas exchange (these models
predict n=0.5 and n=1, respectively). Though the uncertainties in k./k, and D./D,
were only about 5% (one s.d.), both ratios being very close to 1 results in a large
uncertainty in n (0.9). The fact that H/H, is much lower (0.82) than k/k, (1.17)
and D./D, (1.24) suggests that stripping of dissolved gases by air bubbles is not an
important mode of gas exchange for the study stream, in spite of its apparently
highly turbulent flow. To our knowledge, this study contains the first published
results from the simultaneous use of two volatile tracers in a small natural stream.
Multi-tracer experiments, already common in laboratory systems [e.g., Jdhne et al.,

1984], would be useful in natural streams as well (especially if done with tracers
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that are more different from each other, with respect to diffusion coefficient and

Henry’s Law constant, than ethane and propane).
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