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ABSTRACT

Tracer experiments are valuable tools for characterizing the fate and transport of solutes carried in
stream waters; however, the results can have high uncertainty when the technique is not properly imple-
mented. Thegoal of thisstudy wastoidentify the limitationsthat apply when we coupl e conservative-tracer
injection with reactive solute sampling to identify the transport and reaction processes active in a stream.
The conservative-tracer injection is used to characterize the physical transport processes of advection, dis-
persion, ground-water inflow, and stream-storage exchange (the movement of stream water and solute
between the active stream channel and storage zones in the channel margins and in the subsurface). The
reactive-solute sampling is used to characterize the removal of reactive solute due to geochemical/biotic
processes occurring in the storage zones. We apply the methodol ogy of Wagner and Harvey (1997) to eval-
uate the tracer approach for the wide range of transport and reaction conditions likely encountered in high-
gradient streams. The methodol ogy coupl es sol ute transport simulation with parameter uncertainty analysis
in aMonte Carlo framework to identify those combinations of stream transport and reaction properties that
pose limitations to the tracer approach. Our results show that the uncertainty associated with determining
the reaction rate constant is strongly related to the reactive loss factor, which is a dimensionless combina-
tion of the reaction rate constant, the average solute residence time in the storage zone, the experimental
reach length, and the average distance travelled by a stream solute before entering a storage zone. Asthe
reactive lossfactor increases, the effect of reactive lossin the storage zones along the study reach increases
and the uncertainty in the reaction rate estimate decreases.

INTRODUCTION processes that affect solute reaction during down-

_ stream transport.
There are awide range of processes that

affect solute transport, physical retention, and reac-
tive uptakein stream and shallow ground-water sys-
tems. Numerous studies have shown that exchange
between stream and storage zones, coupled with
solute reactions, can play an important role in deter-
mining the quality of stream waters (e.g. Bencala,
1984; Grimm and Fisher, 1984; D’ Angelo and oth-
ers, 1993; Runkel and others, 1996; Harvey and
Fuller, 1998). The stream-storage exchange process
— the movement of stream water between the
active channel and storage zones in the channel
margins or in subsurface hyporheic flow paths —
serves to increase solute retention time. The
increased contact of stream-water solutes with sed-
iment, in turn, stimulates biotic and geochemical



that characterize stream-solute dynamics (see
Stream Solute Workshop, 1990). Investigators have
aso injected reactive solutes to characterize reac-
tive solute transport (e.g. Bencalaand others, 1984,
Triska and others, 1993). However, because of the
elevated concentrations of the reactive constituent
that result from the reactive-tracer injection, the
results from such studies may not be representative
of the naturally-occurring reactions.

An alternative to reactive-tracer injection is
to use atracer approach that does not ater the natu-
ral levels of the reactive constituents, such asthe
approach used by Kimball and others (1994),
Heekyung and others (1995), and Harvey and Fuller
(1998). In this approach, a conservative-tracer
injection experiment is coupled with synoptic sam-
pling of the reactive constituent. The conservative-
tracer data are combined with atransient solute-
transport simulation model to characterize the phys-
ical processes active in the study reach. The reac-
tive-congtituent data are combined with a steady-
state simulation model to determine the reaction
rate(s) describing the net loss of the reactive constit-
uent along the study reach. The result is a set of
models and parameters that can be used to analyze
solute transport and reactive loss.

Here we extend the work of Wagner and Har-
vey (1997) to analyze tracer test design for the com-
bined conservative/reactive tracer approach
described above. Wagner and Harvey evaluated the
ability of the conservative-tracer injection study to
characterize the physical transport processes of
advection, dispersion, dilution from ground-water
inflow, and stream-storage exchange. They evau-
ated avariety of different tracer test designsfor a
broad range of stream transport characteristics and
found that the success of atracer study islimited by
its ability to quantify the stream-storage exchange
process. The goal of this study was to identify any
additional limitations that might apply when we
attempt to use the conservative/reactive tracer
approach to identify both the transport and the reac-
tion processes.

METHODOLOGY

The approach used in this study follows that
developed by Wagner and Harvey (1997). The
methodol ogy is based on the concept of global
parameter uncertainty analysis, which combines
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Figure 1. Schematic representing stream-solute
transport and reaction system: advection and
dispersion, stream-storage exchange, groundwater
inflow, and reactive loss in storage zones.

solute transport simulation with parameter uncer-
tainty analysisin amonte carlo framework. Simply
stated, themethodol ogy considersthewiderange of
transport conditions likely to be encountered in the
field and identifies the conditions under which
tracer experiments will be successful, that is, the
conditions under which solute transport processes
can be reliably identified.

Modeling Stream Solute Transport

In the conceptualization of stream-solute
transport used in this study, the hydrologic regime
is divided into two coupled systems; a system of
flowing water in the main stream channel (where
advection, dispersion, and groundwater inflow pro-
cesses are active) and a system of storage zones at
the margins of the stream channel or in the subsur-
face(fig. 1). Thetwo systemsare coupled by amass
transfer mechanism that exchanges sol utes between
themain channel and the storage zones. Itisonly in
the storage zones that reactive loss occurs. The
assumption that reactive loss occurs only in the
storage zonesis based on thefact that biological and
geochemical reactions are expected to take place
much faster in contact with sediment, due to



geochemical coatings and microbes on sediments
that catalyze thereactions (for example, Harvey and
Fuller, 1998). It should be noted that athough this
study islimited to the conditions described above,
the methodology is flexible and can be adapted to
handle any solute transport and reaction scenario
for which amathematical model can be devel oped.

The mathematical model for one-dimen-
sional advective-dispersive transport with inflow
and storage-zone exchangeis

ot Adx ~ Adx\"ox
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where
C sollute concentration in the stream (mg

L),

Q  volumetric flow rate (m® s,
A cross-sectional area of stream channel
(m?),
D  dispersion coefficient (m? s'%),
q. lateral volumetric ground-water inflow
rate (per length) (m3 st m™),
C_  solute concentration in the |ateral
inflow (mg LY),
Cs  solute concentration in the storage
zone (mg LY,
A cross-sectional areaof the storage zone

(m?),

o stream-storage exchange coefficient
(Y,

t time(s),

x  distance (m).

To simulate solute transport using (1) and (2)
the process parameters must be specified. Since
direct measurement of these parametersis difficult
or impossible, they must be determined by fitting
the model described by equations (1) and (2) to the
data collected as part of the tracer study. We advo-
cate using techniques of optimization and statistics
to estimate the parameters that best reproduce the
tracer data and to determine the reliability of the

parameter estimates (for example, Wagner and
Gorelick, 1986; Wagner and Harvey, 1996).

The above equations are used to analyze the
data from a conservative-tracer injection. Measure-
ments of areactive solute can be combined withthis
physical transport analysis to determine arate con-
stant describing theremoval of thereactive solutein
the storage zones. The following steady-state form
of (1) and (2) is used
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where al parameters remain the ssmeasin (1) and
(2) with the following exceptions

C,  concentration of the reactive solutein
the stream (mg L™Y),

C,.  concentration of the reactive solutein
the lateral inflow (mg L),

C,s  concentration of the reactive solutein
the storage zone (mg L ™Y,

Ag  first-order reaction rate constant
describing solute removal in the stor-
age zone (s1)

Because the physical transport parameters are
determined from modeling the conservative-tracer
injection, only the rate constant, A, remainsto be
determined. Thisis done by modeling the reactive
solute datausing (3) and (4) with the physical trans-
port parameters determined from the conservative-
tracer data. Again, we advocate the use of formal
inverse methods for this task.

Evaluating Parameter Reliability

The complexity of stream-solute transport
canmakeit difficult to reliably determinethe solute
transport and reaction parameters. Parameter uncer-
tainty analysis provides a quantitative measure of
the reliability of parameters estimated from tracer
data and forms the basis of the methodology for
evaluating and comparing aternative tracer experi-



ment designs. The underlying assumption hereis
that atracer experiment is successful if the solute
transport and reaction parameters can be reliably
determined. Here we calculate parameter reliability
using thefirst-order approximation to the parameter
estimate covariance matrix, Vp

v, = AV 5)

Vp  covariance matrix that defines the
uncertainty in the parameter estimates,
an nxn matrix where n is the number
of parameters,

V.  covariance matrix that defines the
uncertainty in the concentration data,
an mxm matrix where mis the number
of concentration data,

J  jacobian, the matrix of sensitivities of
modeled concentrationswith respect to
changes in the model parameters, an
mxn matrix.

The parameter estimate covariance matrix
can be used to identify the parameters that are well
(or poorly) estimated. In this study we use the coef-
ficient of variation as the ultimate measure of a
parameter’s reliability

sd(p;
cov(p;) = % (6)

where
pi  process parameter i,
cov(p;)  coefficient of variation for processi,
sd(p;)  standard deviation of p;, whichis
defined as the square root of the it
diagonal element of V,,.
The coefficient of variation is a unitless measure
that defines the standard deviation as a fraction of
the parameter value. We use this measure in our
analyses because it allows us to compare results
across al parameter types, regardless of the magni-
tudes or dimensions of the parameters.

Monte Carlo Analysis of Stream Tracer
Test Design

The methodology applied here uses Monte
Carlo analysis to account for the wide range of
transport characteristics that can be encountered in
thefield. In brief, the methodology proceeds as fol-
lows. Onthebasisof prior information, we generate
many realizations of the solute transport and reac-
tion parameters needed to define (1) - (4), with each
realization representing a possible “model” of the
true stream solutetransport and reaction system. We
then define a tracer-test design (that is, a combina-
tion of aconservative-tracer injection and sampling
strategy and a reactive-solute sampling strategy).
Next, aMonte Carlo parameter uncertainty analysis
is performed to analyze parameter reliability for
each parameter realization for the tracer-test design
considered. Theresult isasuite of parameter uncer-
tainties that are used to analyze the capabilities and
limitations of the tracer approach over the spectrum
of possible transport and reaction conditions. A
detailed description of the methodology can be
found in Wagner and Harvey (1997).

Prior Parameter Information

As outlined above, the first step in the analy-
sisisto define the prior parameter information.
Here we analyzed the ability of the tracer approach
to identify transport and reaction processes for the
range of conditions representative of high-gradient
streams. These streams have widely varying physi-
cal transport properties. Stream discharge and
velocity, ground-water inflow, dispersion, and
stream-storage exchange properties can vary by
orders of magnitude from one system to another. In
addition, the reaction properties of the system can
vary significantly depending on the biological and
geochemical characteristics of the stream-storage
system and the solute, and on the amount of interac-
tion between the solute and the subsurface
hyporheic flow paths. Here we define the ranges of
transport and reaction parameters on the basis of
parameter values that have been reported in the lit-
erature. The parameter ranges are listed in Table 1.
Note that the ranges for the physical transport
parameters are identical to those used in Wagner
and Harvey (1997).

Once the parameter ranges have been
defined, the next step is to generate many realiza-



tions of the stream transport and reaction parame-
ters. For the analyses presented here we generated
1,000 sets of transport and reaction parameters. The
parameterswere generated using the same approach
as Wagner and Harvey (1997). In brief, the parame-
ters were randomly selected assuming they varied
uniformly and independently between their lower
and upper levels. The only exceptions were stream

Table 1. Solute transport and reaction
parameter ranges for high-gradient stream
analysis.

Parameter Range
Q (m%s) 0.005 - 0.2
q. (m¥sm) 0.0 - 0.0001
A (m?) 0.02-0.6
D (m?s) 0.025-0.8
As (M%) 0.01-2.0
o (1Us) 0.000005 - 0.001
As (U9) 0.00001 - 0.01
Cp (mglL) 1.0

discharge and cross-sectional area which were con-
strained to be consistent with the physics of open-
channel flow.

The Basic Tracer Test

There are many variables that must be con-
sidered when designing atracer study, such asthe
length of the reach over which the study is per-
formed, the duration of the conservative-tracer
injection, the frequency of sampling of the conser-
vative tracer, and the sampling plan for the reactive
constituent in the stream. In order to compare
results across the wide range of transport and reac-
tion conditions considered, we have adopted the
standardized design variables used by Wagner and
Harvey (1997). For every case anayzed, the exper-
iment was assumed to take place over a 150-m
reach of stream. For the conservative-tracer injec-
tion, we assume a continuous injection with sam-
pling of the tracer rise, plateau, and fall. It was
further assumed that the conservative-tracer injec-
tion would give a plateau concentration at the sam-

pling site that was 25 times the background
concentration, and that stream water would be sam-
pled in 30-second intervals. For the reactive constit-
uent, it was assumed that 15 samples would be
collected at evenly spaced intervals along the
stream reach. It also was assumed that the reactive-
constituent concentration entering the study reach
was 10 times the background concentration in
ground-water inflow. Finally, for both conservative
and reactive constituents, it was assumed that the
concentration data errors, which define V. in (5),
have standard deviations equal to 15 percent of the
true concentration values. In later sections we will
investigate the sensitivity of the results to changes
in study reach length, which we found to be the
most important design variable.

Using the design variables described above,
we assessed the ability of the tracer study approach
to estimate solute transport and reaction parame-
ters. For each of the 1,000 transport and reaction
scenarios described in Table 1, the parameter covar
riance (5) was calculated. The suite of 1,000 cova
riance matrices provides the basis for assessing the
capabilities and limitations of the tracer approach.

RESULTS

Identifying The Physical Transport
Parameters

As noted earlier, there are six unknown
parametersin (1) - (4) that must be estimated based
ontracer data: the physical transport parameters (A,
D, q., A and o) and the reactive-loss rate parame-
ter (Ag). Previous work by Wagner and Harvey
(1997) provides a comprehensive analysis of the
ability of conservative-tracer injection studies to
estimate the physical transport parameters. That
study showed that the success of atracer test islim-
ited by our ability to estimate the stream-storage
exchange parameters (As and o), and that the limi-
tations can be defined using the experimental
Damkohler number

o(l+A/A)L
Dal = — 3~ ©)

\Y

where A, Ag, and o are as defined earlier and
vV average stream water velocity (m/s),
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Figure 2. Plot of coefficient of variation vs.
experimental Damkohler number for storage-
zone cross sectional area, A.

L length of the study reach (m).

The results of this study mirror those of Wag-
ner and Harvey (1997). In general, uncertainty asso-
ciated with Agand o. reaches a minimum when Dal
ison the order of 0.1-1.0, and uncertainty increases
when Dal decreases below or increases above this
value. Thisrelationshipisshownin Figure 2, which
plots the experimental Damkohler number Dal ver-
sus the coefficient of variation for the storage-zone
cross-sectional area A (asimilar relationship is
found for o). This relationship can be explained
based on the degree of interaction between the sol-
ute and storage zones. When Dal is small (due to
highv, small o. and A/Ag, and(or) small L) parameter
uncertainties are high because only a small amount
of tracer interacts with the storage zones along the
study reach. In this case, the effect of stream-stor-
age exchange is small and cannot be identified.
When Dal islarge, solute exchange rates are high
relative to advective movement, and tracer disper-
sion caused by stream-storage exchange reaches an
equilibrium condition. In this case, uncertainty is
high because the effect of exchange cannot be sep-
arated from that of dispersion.

Identifying The Reactive Loss
Parameter

The experimental Damkohler number is use-
ful for assessing the limitations of the stream tracer
approach. Wewould liketo identify asimilarly use-

ful expression for determining the limitations on
estimating the reaction rate constant, As. Here we
test the dimensionless parameter grouping sug-
gested by Harvey and Fuller (1998) that we call the
reactive loss factor (RLF)

Atol

RLF = =

©)
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where Ag and L are as defined earlier and

ts = AJaA, average residence time of
water in storage zones,

Ls =V/a, average distance travelled by a
parcel of water before entering a stor-
age zone.

Thereactivelossfactor (8) isameasure of the
effect of the reactive loss process along the study
reach. When RLF issmall, thereislittle loss of the
reactive constituent within the experimental reach.
This occurs when the reaction rate, Ag, issmall, the
residence time in the storage zones, tg, is small,
and(or) the turnover length, L, islargerelative to
the experimental reach length, L. AsRLF increases
(dueto increasing A, increasing t, or decreasing
Lg) the effect of reactive loss becomes more pro-
nounced.

Figure 3isaplot of RLF versus the coeffi-
cient of variation for A¢. This plot highlights two
important characteristics of the conservative/reac-
tive tracer approach. First, for the conditions ana-
lyzed here, the tracer approach is consistently
unable to reliably determine the reaction rate con-
stant As. Across the entire range of transport and
reaction conditions analyzed, the coefficient of
variation of Ag reaches a minimum of approxi-
mately 1, which we consider to be an unacceptably
high level of uncertainty. (Although somewhat arbi-
trary, we believe a parameter is reliably estimated
only if its coefficient of variation is considerably
lessthan 1. This choiceisbased on the concept of a
95 percent confidence interval for anormally dis-
tributed random variable. For example, a parameter
with acoefficient of variation equal to 0.1 will have
a 95 percent confidence interval that is approxi-
mately plus or minus 20 percent of the parameter
value.) Wewill show later how the design variables
used in this base case can be changed to improve
parameter estimate reliability.

The second characteristic highlighted in Fig-
ure 3 isthe relationship between the reactive loss
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Figure 3. Plot of coefficient of variation vs.
reactive loss factor for reaction rate constant Ag.

factor and the coefficient of variation of Ag. For the
lower-range values of RLF, there appearsto bea
strong relationship between increasing RLF and
decreasing uncertainty in Ag. For the upper-range
values, however, this relationship disappears. We
believe this can be explained by the linkage
between the physical and reaction transport pro-
cesses and the need to identify the physical trans-
port processes (specifically the stream-storage
exchange process) before the reaction rate constant
can be determined. Recall that the conceptual
model (fig. 1) used here assumes that reactive loss
occurs only in the storage zones. Further, the
amount of reactive loss— that is, theimprint of the
reactive loss process — along the study reach is
dependent on both the degree of interaction
between the solute and the storage zones and the
magnitude of the reaction rate constant. Although
the reactive loss factor RLF accounts for both, it
does not account for the fact that the stream-storage
exchange processisnot alwaysreliably determined.
It appears that when the exchange parameters’
uncertainty is very high, the reaction rate constant
cannot be reliably determined, even when the RLF
islarge.

IMPROVING THE TRACER TEST
DESIGN

The above analysis focused on the ability of
the tracer approach to characterize reactive lossin
the storage zones. The results show that, for the
basic tracer test design used in our analyses, itisnot
possibleto obtain areliable estimate of thereaction
rate constant As. However, we know that thereisa
strong tendency for decreasing uncertainty in Ag
with increasing reactive loss factor, and that this
relationship holds only when the storage-exchange
parameters arereliably estimated. We also know
that in order to reliably characterize stream-storage
exchange, the experimental Damkohler number
should be onthe order of 0.1-1.0. The obvious ques-
tionto ask is: Can we alter the tracer test design to
improve the reliability with which A4 is estimated?.

The one defining property of Dal and RLF
that we can control when designing a stream tracer
study is the experimental reach length L. This sug-
gests that the choice of the experimental reach
length could be an important factor in determining
whether the reaction rate constant can be reliably
estimated. To investigate the influence of the reach
length on Ag uncertainty, we selected asingle
parameter realization and performed a series of
parameter uncertainty analyses, with reach length
varied from 150 m (the base case) to 1,000 m. Fur-
thermore, in order to normalize the results, we
assumed that the same number (15) of reactive-con-
stituent measurements would be collected in each
analysis. The results of this sensitivity analysis are
presented in Figure 4.
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Figure 4. Plot of A4 coefficient of variation vs.
reactive loss factor. The data correspond to
reach lengths of 150 m, 300 m, 600 m, and 1000
m.



The data plotted in Figure 4 show a strong
dependency between the uncertainty associated
with Ag and the RLF value. It isimportant to note
that in these analyses, the only factor changed was
the experimental reach length. As RLF increases
(due to the increase in the reach length L), the coef-
ficient of variation of Ag decreases. This suggests
that the RLF may be useful for designing tracer
studies by providing guidance for selecting the
appropriate experimental reach length. However,
because the data in Figure 4 are based on asingle
parameter realization, additional research is
required to determine if these results can be trans-
ferred for usein stream systemswith different trans-
port and reaction properties. Moreover, we know
that the reliable estimation of the reaction rate con-
stant isdependent on reliably estimating the stream-
storage exchange parameters, which inturnis
dependent on having the appropriate Dal value. We
aso know that the only means we have of varying
Dal when designing a stream tracer study is by
varying the experimental reach length, just aswe
did to get the data plotted in Figure 4. Therefore it
will be very important when designing a stream
tracer study to consider the effects of varying exper-
imental reach length on both Dal and RLF.

SUMMARY

We analyzed the capabilities and limitations
of the stream tracer approach that combines conser-
vative-tracer injection with measurement of areac-
tive congtituent in a stream. The methodology used
Monte Carlo parameter uncertainty analysisto eval-
uate and compare tracer test efficiencies over the
spectrum of transport and reaction scenariosthat are
likely to be encountered in the field. Our analyses
found that determining the reaction rate constant is
dependent on two factors: (1) the reactive loss fac-
tor, RLF, is sufficiently large; and (2) the experi-
mental Damkohler number, Dal, isin the range that
provides reliable estimates of the stream-storage
exchange parameters.

We demonstrated how the reaction rate con-
stant can be reliably estimated by increasing the
experimental reach length, which increases the
reactive loss factor, RLF. However, this analysis
was limited to asingle realization of the solute
transport and reaction parameters. Research is
ongoing to determine how(if) the reactive loss fac-

tor might be used to select the reach length that pro-
vides areliable estimate of the reactive loss
parameter, and to better understand the trade-offs
encountered when designing the conservative-
tracer injection (based on Dal) and the synoptic
sampling of the reactive solute (based on RLF).
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