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[1] The use of conservative geochemical and isotopic tracers along with mass balance
equations to determine the pre-event groundwater contributions to streamflow during

a rainfall event is widely used for hydrograph separation; however, aspects related to the
influence of surface and subsurface mixing processes on the estimates of the pre-event
contribution remain poorly understood. Moreover, the lack of a precise definition of
“pre-event” versus “event” contributions on the one hand and “old” versus “new”
water components on the other hand has seemingly led to confusion within the
hydrologic community about the role of Darcian-based groundwater flow during a storm
event. In this work, a fully integrated surface and subsurface flow and solute
transport model is used to analyze flow system dynamics during a storm event,
concomitantly with advective-dispersive tracer transport, and to investigate the role of
hydrodynamic mixing processes on the estimates of the pre-event component. A
number of numerical experiments are presented, including an analysis of a controlled
rainfall-runoff experiment, that compare the computed Darcian-based groundwater
fluxes contributing to streamflow during a rainfall event with estimates of these
contributions based on a tracer-based separation. It is shown that hydrodynamic mixing
processes can dramatically influence estimates of the pre-event water contribution
estimated by a tracer-based separation. Specifically, it is demonstrated that the actual
amount of bulk flowing groundwater contributing to streamflow may be much smaller
than the quantity indirectly estimated from a separation based on tracer mass balances,

even if the mixing processes are weak.
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1. Introduction

[2] Separating event (precipitation) from pre-event
(unsaturated- and saturated-zone subsurface) contributions
to streamflow during rainstorms remains a common focus
of hydrological studies. One widely employed separation
method involves using conservative geochemical or isotopic
tracers [e.g., Christophersen et al., 1990; Hooper et al.,
1990; Christophersen and Hooper, 1992; Brown et al.,
1999; Hooper, 2001; Hooper, 2003]; however, Rice and
Hornberger [1998] have shown that the source zones
contributing to streamflow generation cannot be unambigu-
ously identified using tracer measurements interpreted with
mass balance equations alone. Moreover, results generated
using tracer-based separation techniques are sometimes
viewed as being paradoxical because they commonly show
pre-event waters originating from the subsurface to be a
major contributor to the observed rise in stream discharge
shortly after a rainstorm, although subsurface Darcian-type
flow is usually considered to be a relatively slow process.
The question then arises as to how this subsurface pre-event
water can be transmitted so rapidly to the stream channel.

[3] Most tracer-based studies, whether they consist of
two-, three-, or more component conceptual models, utilize
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mass balance equations to perform the hydrograph separa-
tion. The mass balance equations, in their three-component
form, can be written as

Qt:Qp+Qu+Qs (la)

CtiQt = Cpi Qp + CuiQu + Ci Qx
(1b)
i=1,2

where O [L*/T] is discharge, C [M/L?] is concentration, and
the subscripts ¢, p, u, and s refer to the total flow as
measured in the stream, the surface runoff component
arising directly from the precipitation event, the pre-event
unsaturated zone portion, and the pre-event component
from the saturated zone, respectively. If the initial
concentrations of each tracer originating from the precipita-
tion, unsaturated, and saturated zones (C,;, C,;, and Cy,) are
known a priori and their values are measured over time in
the stream (Cj,), then the tracer mass balance relationships
given by equations (la) and (1b) are presumed to provide
estimates of the unknown source-zone contributions (Q,,
0., and Q) to the total discharge (Q,).

[4] We note that the O values appearing in (1a) and (1b)
are typically interpreted by most hydrologists to mean a
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Table 1. Results of Previous Two-Component Tracer-Based Hydrograph Separation Studies®

Catchment Pre-Event Contribution
Reference Area, km? Tracer Geological Setting to Total Discharge Volume, %
Jordan [1994] 0.036 80 shallow soils 45,75
McDonnell et al. [1990] 3.1 D e 24
Fritz et al. [1976] 22 %0 clay-loam glacial till 90
Fritz et al. [1976] 1.8 o) shallow sands, silts, and clays 40-45
McGlynn and McDonnell [2003] 0.0264 %0 silt loams 53-96
Buttle and Peters [1997] 0.0322 80 sandy till 77
Hill and Waddington [1993] 1.57 o) glacial deposits 59-89
Kendall et al. [2001] 0.00049 %0 shallow silty loam 10
Leopoldo and Martinez [1987] 1.58 18 sandy soils 55-93
Leopoldo and Martinez [1987] 3.27 %0 sandy soils 47-87
Bottomley et al. [1984] 1.24 %0, D glacial deposits 40
Turner et al. [1987] 0.82 180, D, CI 60-95
Blowes and Gillham [1988] 0.0075 130, Cl fine sands and silts 22-50
Nolan and Hill [1990] 10.6 D clays, stony loams 57, 89
Crouzet et al. [1970] 0.57 T S 97
Crouzet et al. [1970] 15 T 99
Crouzet et al. [1970] 91 T S 46
Kennedy et al. [1986] 620 D, T gravelly to clayey loam 50-80
DeWalle et al. [1988] 2.08 18 silt loams 75
Loye-Pilot and Jusserand [1990] 0.33 %0 . 60—90
Sklash [1990] 0.038 %0, D shallow humic soil 75-85
Turner and MacPherson [1990] 27 D deeply weathered granite 58
Turner et al. [1991] 6 D shallow soils 25
Turner et al. [1991] 10 D shallow soils 37
Abdul and Gillham [1989] 0.1 Br medium sands 37

D, deuterium; T, tritium; '*0, oxygen-18; Br, bromide.

bulk, hydraulic-gradient-driven flow such as, for example,
Darcian-type subsurface flow. Implicit in the tracer mass
fluxes CQ appearing in (1b), however, are the dispersive/
diffusive fluxes of each tracer component contained in the
water, which are driven by concentration gradients. Even if,
for example, there exists a negligible hydraulic gradient
between the groundwater system and the stream such that
there is little or no bulk groundwater discharge into the
stream, the signature of the groundwater tracer appearing in
the stream will change over time because of the dispersive/
diffusive component of the total flux. Unless this dispersive/
diffusive flux is explicitly accounted for in an interpretation
based on (1a) and (1b), the water in the stream may appear
to be “old” even though the advective, hydraulically
driven, tracer flux (i.e., pre-event) into the stream may be
negligible.

[s] The application of equations (la) and (lb) seems
reasonable for hydrologic conditions where the degree of
mixing between the event and pre-event waters is negligi-
ble. If this is indeed the case, one can presume that it would
yield a hydrograph separation that accurately reflects the
actual relative contributions of the various source-zone
waters to streamflow generation as driven by hydraulic
gradients, whether they be overland- or subsurface-based
flow rules describing the bulk flow of the aqueous (i.c.,
water) phase. However, in situations where the degree of
mixing between event and pre-event waters is nonnegligible
(presumably a common situation), the application of mass
balance equations such as (la) and (1b) to interpret the
chemograph produced in the stream by the tracers raises
some concerns. For instance, a number of previous tracer-
based separation studies that used mass-balance relation-
ships have concluded that the pre-event water was a major

contributor to streamflow generation during a storm event
(Table 1), even though Darcian groundwater flow is usually
considered to be a relatively slow process. In the past, a
number of mechanisms have been proposed to explain the
apparent discrepancies between the conventional under-
standing of watershed flow dynamics and results produced
by tracer-based separation studies interpreted with the
mass balance equations. For example, a commonly pro-
posed mechanism to explain the rapid mobilization of
subsurface flow involves the role of macropores of various
types, sizes, and frequencies [see, e.g., Weiler and Naef,
2003]. While the presence of macropores can certainly
enhance subsurface contributions to streamflow, these
features were not noted in several of the case studies
reported in Table 1.

[6] A more parsimonious explanation may be that each
component’s tracer signature is being altered in ways not
accounted for by the standard application of a mass balance
equation such as that given by (1b), which lumps the
advective and dispersive/diffusive fluxes, thereby affecting
the interpretation of the tracer study’s chemograph at some
time ¢. This has been demonstrated to be the case by Chanat
and Hornberger [2003] for flow components that mix
within the near-stream zone although they did not use a
dynamic and fully integrated surface-subsurface flow and
transport model that explicitly accounts for dispersion
processes. Similarly, Burt [2005] has recently suggested
that the tracer signatures measured in the stream may be
affected by residence time and changing conditions along
the flow path. Factors that can affect the strength of the
hydrodynamic mixing occurring between the component
waters include mechanical dispersion, molecular diffusion,
and rainfall intensity/duration.
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[7] The main objectives of this work are (1) to quantify the
influence of the dispersive/diffusive mixing of tracer signa-
tures for the precipitation, unsaturated-zone and saturated-
zone waters along both the surface and subsurface flow
paths, (2) to demonstrate how the changing signatures along
the flow paths can influence tracer-based estimates of the
pre-event subsurface contribution to streamflow during a
precipitation event, and (3) to compare tracer-based, pre-
event subsurface contributions estimated from the traditional
mass balance approach with bulk flow quantities calculated
on the basis of hydraulic-gradient-driven flow processes. To
achieve these objectives, a fully integrated surface/variably
saturated subsurface flow and mass transport model will be
applied to a conceptual example in addition to a controlled
rainfall-runoff experiment conducted by Abdul [1985] at a
site located at Canadian Forces Base Borden [see also Abdul
and Gillham, 1989]. The integrated hydrology model InHM
[VanderKwaak, 1999], originally developed at the Univer-
sity of Waterloo, is a fully coupled control-volume finite
element model which can simulate water flow and advec-
tive-dispersive solute transport over the two-dimensional
land surface and in the three-dimensional subsurface under
variably saturated conditions. Full coupling of the surface
and subsurface flow regimes is accomplished by simulta-
neously solving one system of nonlinear discrete equations
describing flow and tracer transport in both flow regimes, as
well as the water and solute fluxes between continua.
Because the model is fully coupled and fully integrated,
all components of the flow system, including water
exchanged between the surface and subsurface hydrologic
regimes, can be directly computed and compared with
results calculated by simulating advective-dispersive tracer
transport and then applying the mass balance equations (1a)
and (1b) to interpret the tracer-based chemograph. Details
concerning the theory, numerical solution techniques, and
example applications of the InHM model are given by
VanderKwaak [1999] and VanderKwaak and Loague
[2001].

2. The Paradox of the Rapid Mobilization of
0Old Water

[8] Table 1 is a compilation of estimates of pre-event
groundwater contributions to rainstorm-induced streamflow
based on the use of tracers. The data were drawn from the
literature and build upon previous compilations presented
by Jordan [1994], Turner and Barnes [1998], and Genereux
and Hooper [1998]. As can be seen in Table 1, the estimates
of the pre-event contribution commonly exceed 50% and in
many cases exceed 75% regardless of the catchment size or
the hydrological and geological setting. These findings tend
to contradict the conventional physical understanding of the
dynamics driving water flow in catchments because satu-
rated and unsaturated subsurface flows are usually thought
of as relatively slow processes. Nevertheless, the prepon-
derance of the geochemical evidence points to substantial
quantities of pre-event water contributing to streamflow
during precipitation. Kirchner [2003] has referred to this
contradiction as the “‘rapid mobilization of old water
paradox.”

[9] A number of physical mechanisms have been pro-
posed in attempts to resolve this paradox, including ground-

JONES ET AL.: QUANTIFYING GROUNDWATER CONTRIBUTIONS TO STREAMFLOW

W02407

water ridging or the capillary-fringe effect [Sklash and
Farvolden, 1979; Novakowski and Gillham, 1988; Abdul
and Gillham, 1989], translatory flow [Hewlett and Hibbert,
1967; Buttle, 1989; Bishop et al., 1990], and macropore
flow [Mosley, 1979; McDonnell, 1990; Weiler and Naef,
2003]. A review by Buttle [1994] discusses a number of
these and other proposed mechanisms in detail. As Kirchner
[2003] pointed out, the proposition of a mechanism for the
rapid mobilization of pre-event water must be physically
plausible and quantitatively realistic. Instead of trying to
conform catchment response physics to the geochemical
(i.e., tracer) evidence, it might be more useful to examine
how physically plausible this evidence actually is.

[10] The capillary-fringe effect merits further discussion
due to its relevance to this work. For hydrologic systems
with shallow water tables, the possibility exists for the zone
of tension saturation (the capillary fringe) to extend from the
water table to the land surface particularly in the near-
stream environment. In this situation, the addition of a small
amount of water would relieve capillary tension and will
produce a rapid rise in the water table near the stream that,
in turn, increases the hydraulic driving force for the rapid
discharge of pre-event water to the stream [Gillham, 1984].
This rise in the water table can also manifest itself on the
land surface as exfiltration, which presents an opportunity
for event and pre-event waters to mix before reaching the
stream channel.

[11] Most of the previous attempts at reconciling tracer-
based results with the current physical understanding of
the dynamics driving streamflow generation assume that the
simple mass balance relationships used for interpreting
the geochemical data adequately reflect the dynamics of
the groundwater and surface water flow regimes, including
any mixing that occurs along and between flow paths.
However, if the effects of mixing are not adequately
reflected by these mass balance relationships, then the Q,,
Q. and Qg terms in equations (la) and (1b) will not
necessarily be equivalent to the actual bulk flow compo-
nents they purport to represent unless Darcian-type flow is
the sole tracer transport mechanism and the hydrodynamic
mixing effects of mechanical dispersion and molecular
diffusion are negligible. Note that in catchments where both
transient advective transport and hydrodynamic mixing
processes play a role, which is likely the general situation,
all of the bulk flow components contributing to streamflow
generation (e.g., surface runoff, subsurface Darcian flow)
would be a mixture of event and pre-event waters. There-
fore, if the dispersive fluxes and the effects of hydrody-
namic mixing on each component’s tracer signature are not
explicitly accounted for in the mass balance relationships,
then as the mixing becomes more active, the correspon-
dence between the Q, and Qg terms in equations (la) and
(1b) and the hydraulically driven bulk flow components
they are supposed to represent will progressively deteriorate
(i.e., an inflation of interpreted Q, and Qg values). If this is
indeed the case, then there would be no paradox between
the conventional understanding of flow system hydrody-
namics and tracer-based hydrograph separation data, leav-
ing only the question as to how the tracer data should be
interpreted. To explore these hypotheses, the remainder of
this paper will focus on determining to what extent hydro-
dynamic mixing processes might affect an interpretation of
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Figure 1. Conceptual hillslope example used to illustrate the effects of hydrodynamic mixing on tracer

signatures.

the quantity of event versus pre-event water contributing to
streamflow generation, especially if the hydrograph separa-
tion is based on a mass balance relation such as (1b).

3. An Illustrative Example of the Influence of
Hydrodynamic Mixing on Hydrograph Separation
[12] A hypothetical two-dimensional flow system is used
to illustrate how rainfall and groundwater tracer signatures
are altered by different degrees of hydrodynamic mixing
before discharging into a stream. The hypothetical system is
initially saturated to the land surface, is 20 m wide, is 10 m
high on the right-hand side, and has a surface slope of
0.0025 (Figure 1). A 10-m specified-head boundary condi-
tion was applied to the right-hand side of the system, no
flow boundaries were assigned to the bottom and left-hand
sides, and a nonlinear critical depth boundary condition was
placed at the discharge point. With this boundary condition
applied to the outlet, neither the flow nor the water depth is

constrained in the InHM model formulation. The control-
volume finite element mesh was discretized at a level of
0.04 m horizontally and 0.02 m vertically for a total of
251,001 nodes.

[13] Three scenarios are considered using this hypothet-
ical flow system: (1) a zero-dispersion case, (2) a diffusion-
only case, and (3) a high-dispersion case. For each scenario,
a 1.0 cm/h rainfall event is applied to the surface for 1 hour
and then the system is allowed to equilibrate for an
additional 4 hours. Both the groundwater and incoming
rainfall are tagged as separate and independent conservative
tracers. The groundwater tracer is given an initial concen-
tration of 1.0 and the rainfall concentration is also fixed at
1.0, although its value can change as it falls on the land
surface due to dispersive/diffusive exchange processes
between the subsurface and surface flow regimes. Table 2
summarizes the surface and subsurface transport parameters
used in the three scenarios as well as the hydrological
properties assigned to the system. Note that the micro-

Table 2. Model Parameters Used in the Illustrative Example for the Zero-Dispersion, Diffusion-Only, and High-Dispersion Cases

Zero-Dispersion

Diftusion-Only

High-Dispersion

Case Case Case
Surface
Manning’s surface roughness coefficient 0.001 s/m'? 0.001 s/m'? 0.001 s/m'?
Microtopography height 1x107°m 1 x10°m 1x10°m
Mobile water depth 1 x10%m 1x10%m 1 x10%m
Longitudinal dispersivity 0.0 m 0.0 m 0.1 m
Transverse dispersivity 0.0 m 0.0 m 0.1 m

Molecular diffusion coefficient

1.2 x 107" m?s

1.2 x 1072 m?/s

1.2 x 1072 m%/s

Subsurface

Porosity 0.37 0.37 0.37
Specific storage 32 % 104 m™! 32 % 104 m™! 32 %1074 m™!
Saturated hydraulic conductivity 1.0 x 107° m/s 1.0 x 107> m/s 1.0 x 107> m/s
van Genuchten parameter « 1.9 m™! 1.9m™! 1.9 m™!
van Genuchten parameter (3 6.0 6.0 6.0
Longitudinal dispersivity 0.0 m 0.0 m I m
Transverse dispersivity 0.0 m 0.0 m 0.1 m

Molecular diffusion coefficient

12 x 107 m?%s

12 x 1072 m%s

12 x 1072 m%/s
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Table 3. Summary of Results for Tracer-Based Pre-event
Contribution to Channel Outflow for the Hypothetical Flow
System”

Tracer-Based Subsurface Pre-event

Simulation Contribution, %
Zero-dispersion 1.4
Diffusion-only 28.4
High-dispersion 37.4

*Percentage results are the pre-event contributions integrated over the
S-hour simulation period as interpreted from the simulated tracer
concentrations.

topography height is used in the InHM model to account for
water storage in the overland flow regime due to the
presence of small topographic depressions below the scale
of the mesh discretization and the mobile water depth is
used such that overland flow ceases for overland flow
depths less than the assumed value. For the high-dispersion
case, longitudinal and transverse dispersivities of the
groundwater tracer are 1.0 m and 0.1 m, respectively, while
the longitudinal and transverse dispersivity values of the
surface regime are both set to 0.1 m. The molecular
diffusion coefficient for both tracers in the high-dispersion
case is 1.2 x 107° m%/s. For the diffusion-only case, the
dispersivity values for both tracers are 0.0 m and the
molecular diffusion coefficient is 1.2 x 10~ m?s. For
the zero-dispersion case, the dispersivity values for
both tracers are 0.0 m and the molecular diffusion
coefficient is 1.2 x 10~'° m?/s. Care was taken to ensure
that the grid was sufficiently fine to handle this latter case
without producing spurious numerical oscillations in the
concentrations.

[14] In this work the quantity of subsurface hydraulically
driven groundwater flow contributing to streamflow is
calculated by (1) setting the mechanical dispersion
and diffusion parameters in InHM to zero and very low
values, respectively, and (2) spatially integrating the InHM-
calculated advective tracer fluxes entering the channel from
the unsaturated and saturated zones for the two conservative
tracers, one assigned an initial concentration of unity to the
saturated zone water and another assigned an initial value of
unity to the water in the unsaturated zone (if present) at
each time step ¢. The use of very low dispersion
parameters eliminates the influence of hydrodynamic disper-
sion/diffusion processes on the tracer signals of the water
discharging from the system, such that the advective flux of
each tracer corresponds to the water flux from each compo-
nent’s source water. Similarly, a third tracer assigned to the
incoming rainfall can be used to track this component’s
contribution. We will refer to this procedure here as a
hydraulically based separation procedure in order to differ-
entiate it from the tracer-based hydrograph separation method
based on (1a) and (1b). Moreover, because the hydraulically
based method is able to track the spatial and temporal patterns
of infiltrating/exfiltrating event water over the entire land
surface, it represents an unambiguous methodology to com-
pute the actual Darcian subsurface flow contributing to
streamflow generation. Note that only a two-component
separation is used in this section because the unsaturated
zone is not involved, but a three-component methodology is
used later in our interpretation of the Borden rainfall-runoff
experiment [Abdul, 1985; Abdul and Gillham, 1989].
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[15] For all three cases summarized in Table 3 and in
Figure 2, a two-component version of (1b), which InHM
can calculate directly, is used to perform a tracer-based
estimate of the volume of pre-event water discharging from
the system. For the zero-dispersion case, the contribution of
pre-event water at the discharge point calculated from (1a)
and (1b) was found to be 2.6 L (1.4% of the 192.5 L of
water exiting the system) over the 5-hour simulation period.
This quantity precisely agrees with our hydraulically based
approach. Conversely, the estimated pre-event water con-
tributions for the diffusion-only and high-dispersion cases
that were calculated from (1a) and (1b) are 54.6 L (28.4%)
and 71.9 L (37.4%), respectively (Table 3, Figure 2a). It
should be noted that in all three scenarios, the total stream
discharge, overland flow, and groundwater flow volumes
remain constant because only the tracer dispersion param-

3
Total Discharge
=) . ________ Pre-event Contribution
g (Zero-dispersion)
S 2 ___________ Pre-event Contribution
= (Diffusion-only)
Q 4 ) N _____. Pre-event Contribution
9 (High-dispersion)
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2 _
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e o T
0 T I T \_T-_::'_
0 100 200 300
Time (min)
(a)
3
Total Discharge
= — ___________ Pre-event Contribution
E (Diffusion-only)
32
N
Q
> |
S
©
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(b)
Figure 2. (a) A comparison between the tracer-based pre-

event water contributions to the total stream discharge for
three different dispersion cases outlined in Table 2. (b) The
pre-event contribution calculated for the diffusion-only
case but with effectively zero groundwater flow by
reducing the saturated hydraulic conductivity by 2 orders
of magnitude.
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Figure 3. Rainfall tracer distributions on the land surface after 2 hours and 5 hours for the zero-
dispersion, diffusion-only, and high-dispersion cases, respectively.

eters are altered. Additionally, as can be seen in Figure 3,
the concentrations of the rainfall tracer along the land
surface are essentially identical to its prescribed value of
1.0 after 2 hours for the zero-dispersion case, but have
declined significantly with distance toward the discharge
point for both the diffusion-only and high-dispersion cases.
After 5 hours the rainfall-tracer concentrations for the zero-
dispersion case remain close to 1.0 except for very near the
discharge point. On the other hand, the rainfall-tracer
concentrations across the surface have dramatically declined
after 5 hours for the diffusion-only and high-dispersion
cases. To further investigate how hydrodynamic mixing
affects the pre-event contribution to streamflow estimated
using a two-component version of (1b), an additional
diffusion-only case was simulated in which groundwater

20
O.
%
S, 40
)
>
%

80 0

contributions were effectively eliminated by setting the
subsurface saturated hydraulic conductivity to a value 2
orders of magnitude lower (Figure 2b). For this case, the
pre-event contribution to streamflow was calculated to be
27.7% (52.9 L) of the total discharge (191.0 L), even though
the mechanical mixing and bulk groundwater flow quanti-
ties are negligible.

[16] The results from this conceptual example clearly
demonstrate the major impact that hydrodynamic mixing
can have on changing rainfall and groundwater tracer
signatures along the surface and subsurface flow paths
before discharging from the system. Thus, for flow regimes
in which hydrodynamic mixing between different source-
zone waters is nonnegligible, the values of Q,, Q,, and Qq
(or simply Q, and Qq for this example) determined from

4m
(1)
<
= 22
= o
1 0 -5
15 3

10

)
5 D\S‘a“ce \

Figure 4. Finite element mesh of the Borden rainfall-runoff experiment. (Exaggeration = 1 x 3 x 4.)
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Table 4. Surface and Subsurface Model Parameters Utilized in the
Base-Case Simulation of the Borden Rainfall-Runoff Experiment

Parameter Value
Surface
Manning’s roughness (channel) 0.03 s/m'”?
Manning’s roughness (slopes) 0.3 s/m'”
Microtopography height 1x102%m
Mobile water depth 1 x10*m
Dispersivity (longitudinal and transverse) 0.1 m

Molecular diffusion coefficient 1.2 x 107° m%s

Subsurface
Porosity 0.37
Specific storage 32 %104 m™!
Saturated hydraulic conductivity 1.0 x 107> m/s
van Genuchten parameter « 19m!

van Genuchten parameter (3 6.0

Longitudinal dispersivity 0.05 m
Transverse dispersivities 0.005 m
Molecular diffusion coefficient 1.2 x 107° m%s
Initial water table depth (below ground surface) 0.22 m

equations (la) and (1b) will not correlate well with the
actual hydraulic-gradient-driven components of flow they
are commonly interpreted to represent. To further illustrate
this point, we will examine the impact of hydrodynamic
mixing on tracer-based hydrograph separations performed at
a field site where a detailed and intensively monitored
rainfall-runoff experiment was conducted.

4. The Borden Rainfall-Runoff Experiment

[17] The field site under consideration is a 0.1 ha exper-
imental plot located within Canadian Forces Base Borden,
approximately 70 km northwest of Toronto, Ontario. The
area surrounding the plot has relatively low topographic

0 Minutes
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relief, is covered by grass, and overlies a mildly heteroge-
neous aquifer composed primarily of medium sand. A
constructed drainage channel that traverses the plot is about
60 cm wide and is grass-free. This site was the location of
two intensively monitored rainfall-runoff experiments
[Abdul, 1985; Abdul and Gillham, 1989]. The primary
objective of the rainfall-runoff experiments was to assess
the relative contribution of pre-event water to streamflow
caused by the capillary-fringe effect during a rainfall event.
One of the experiments involved applying an artificial
rainfall event by irrigating the site at a rate of 2 cm/h for
50 min and subsequently allowing the system to drain. The
experiment was monitored for an additional 50 min follow-
ing the application of the artificial rainfall. A bromide tracer
(90 mg/L) was added to the artificial rainfall water, thereby
providing a means to differentiate the event from pre-event
waters using a two-component, tracer-based hydrograph
separation approach. The results indicated that the pre-event
water comprised 37% of the total discharge volume mea-
sured in the channel [Abdul, 1985; Abdul and Gillham,
1989]. The rainfall-runoff experiment was unique in that the
hydrogeological characteristics and antecedent hydrological
parameters of the site were very well characterized and the
experiment was both intensively instrumented and highly
controlled.

[18] VanderKwaak [1999] successfully simulated the
measured hydrograph for Borden rainfall-runoff experiment
with the fully integrated InHM model and thus demonstrated
its ability to represent the relevant physical processes con-
tributing to streamflow generation at the subcatchment scale.
In his numerical analysis, VanderKwaak [1999] utilized
three independent, conservative tracers in the model simu-
lations to tag the three different sources of water that
contributed to the flow in the channel. First, a tracer
concentration (i.e., bromide) was assigned to the rainfall to
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Figure 5. Water saturations after 0, 50, and 100 min. (Exaggeration = 1 x 4 X 8.)
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Figure 6. Surface water depths after 5, 50, and 100 min. (Exaggeration =1 x 4 x 8.)

tag the movement and transport of the irrigated water.
Second, two additional, independent tracers were assigned
in the model to tag the pre-event waters initially stored in the
unsaturated and saturated zones, respectively, prior to the
initiation of the rainfall. This use of three different conser-
vative tracers in the model was intended to make it
possible to determine the relative contributions to the
total streamflow from the precipitation (event), the satu-
rated zone (pre-event), and the unsaturated zone (pre-
event) waters as they migrated through the system and
subsequently entered the channel. VanderKwaak [1999],
however, did not explicitly separate the advective and
dispersive/diffusive tracer contributions to the total solute
fluxes entering the channel at each time step ¢ His
estimated values of hydraulically driven subsurface con-
tributions from the model results therefore represent the
maximum possible contribution of water exfiltrating from
the subsurface to generate streamflow because it would
necessarily include the ongoing effect of dispersive/diffu-
sive processes. By comparing the tracer-based estimate of
the pre-event subsurface contribution using a separation
procedure identical to that used by Abdul [1985] and
Abdul and Gillham [1989] with the value computed from
the summation of the unsaturated- and saturated-zone
tracer fluxes discharging to the channel at each node in
the finite element mesh, VanderKwaak [1999] found a
significant discrepancy between these two types of esti-
mates. Whereas the tracer-based pre-event contribution to
the streamflow was estimated by Abdul [1985] and Abdul
and Gillham [1989] to be approximately 37%, which
agrees closely with the value computed by VanderKwaak
[1999] from the InHM model results when the simulated
bromide concentrations at the channel discharge point are

entered into the mass balance equation (1b), the subsur-
face contribution obtained by summation of the nodal
tracer fluxes was found to be much less. VanderKwaak
[1999] suggested that this discrepancy could be the result
of dispersive/diffusive mixing processes occurring at the
surface-subsurface interface that, in turn, modified
the tracer signals of the water being transmitted to the
channel.

4.1. Comparison of Simulation Results With the
Borden Rainfall-Runoff Field Experiment

[19] The numerical mesh used to discretize the physical
setting is presented in Figure 4. The horizontal discretiza-
tion is about 4 cm along the axis of the channel and
gradually coarsens to approximately 50 cm in the upslope
regions away from the stream. The vertical discretization is
5 c¢m for the first five layers adjacent to the land surface and
increases to approximately 60 cm at depth. This fine level of
discretization was chosen to minimize the impact of grid
effects on the simulation results.

[20] The surface and subsurface parameters used in the
base-case simulation are presented in Table 4 and are
identical to those used by VanderKwaak [1999]. Zero-flux
boundary conditions were assigned to both the lateral and
bottom boundaries of the domain, and a nonlinear critical
depth boundary condition was placed at the discharge point
of the system. For the base-case simulation, rainfall was
applied to the surface at a rate of 2.0 cm/h for 50 min and
then the system was allowed to drain for an additional
50 min.

[21] The results presented in Figure 5 show the subsur-
face water saturations at times of 0, 50, and 100 min. Before
the rainfall is initiated (0 min), the shallow subsurface
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Figure 7. Surficial event-water tracer concentrations after 5, 50, and 100 min. (Exaggeration =1 x 2.5.)

portion of the system is seen to be at residual saturation in
the topographically higher regions, but is saturated near the
channel where the capillary fringe of the water table
intersects the land surface. After 50 min, which corresponds
to the end of the rainfall event, the upland regions are now
partially saturated and infiltration is occurring. At this time,
the zone of high saturation has expanded significantly away
from the channel and the water table has intersected the
ground surface in this zone. The groundwater ridging due to
the rapid rise in the capillary fringe can clearly be seen
(point A in Figure 5). After 100 min, the system is still
draining somewhat and the groundwater ridging effect has
largely ceased.

[22] The surface water depths at 5, 50, and 100 min are
shown in Figure 6. After 5 min into the rain event, water is
beginning to pond in the channel, and after 50 min surface
water depths in the flowing channel reach a maximum value
of about 4.5 cm. This agrees with the field measurements.
The water depths and flow rate in the channel have declined
after 100 min, as expected.

[23] The event-water (rainfall) tracer concentrations on
the land surface are presented in Figure 7 at 5, 50, and
100 min. After 5 min the event-water concentrations
approach unity along the topographically higher regions
of the surficial domain. Along overland flow paths
approaching the channel, the concentrations of the event-
water tracer decline, which is indicative of hydrodynamic
mixing occurring due to the discharge of the pre-event
tracers from the subsurface to the surface, mechanical
dispersion, and molecular diffusion. The relative magnitude
of this hydrodynamic mixing becomes even more
pronounced in the regions immediately adjacent to and
within the channel itself where the pre-event (saturated
and unsaturated) tracers discharge to the surface at a more
rapid rate. After 50 min, the zone of high event-water tracer
concentration persists in the upslope regions, and the event-
water tracer concentrations in the vicinity of the channel

increase because the majority of the water ponding in the
channel is now primarily composed of event-water runoff.
After 100 min, the concentration of the event-water tracer is
relatively uniform over the surficial domain except in the
area immediately surrounding the channel axis where a
small amount of subsurface seepage has further reduced
the event-water concentrations. The changes in the concen-
tration of the event-water tracer over the course of the
simulation indicate that not only does there appear to be
significant hydrodynamic dispersive/diffusive mixing
occurring within the system, but also that the magnitude
of this mixing varies over time.

[24] Figure 8 shows the distribution of event and pre-
event tracer concentrations at the end of the simulation
period in a transverse cross section taken at the approximate
midpoint of the system. It can be seen that the penetration
depths of the infiltrating event water are least in the mixing
zone within and adjacent to the channel, but that upward
migration of the pre-event, unsaturated-zone tracer in that
same region is considerable, indicating that the event and
unsaturated-zone pre-event waters are mixing with each
other by means of dispersive/diffusive processes before
discharging into the channel. Figure 8 also indicates that
pre-event water originating from the saturated zone does not
significantly contribute to streamflow generation because
the saturated-zone tracer concentrations are low at the
channel/subsurface interface. Nevertheless, the concentra-
tion gradients of the saturated-zone tracer are relatively
large toward the stream channel.

[25] Figure 9 illustrates the transient response of the
surface-subsurface water exchange fluxes across the land
surface after 5, 50, and 100 min. Note that these water
exchange fluxes are not specified parameters in InHM but
instead evolve in space and time as a function of the local
hydrodynamics. After 5 min into the rainfall event, it can be
seen that event water is infiltrating into the subsurface over
a substantial portion of the land surface except in the
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Figure 8. Saturated and unsaturated pre-event an
cross section at the approximate midpoint of the sy

immediate vicinity of the channel where subsurface dis-
charge is occurring. After 50 min, infiltration continues
away from the near-channel region and the subsurface
discharge to the channel has increased in magnitude. The
bright blue halo designating the zone of exfiltration sur-
rounding the thalweg of the channel axis delineates the
extent of the groundwater-ridging region. After 100 min,
little or no water is being exchanged across the surface-
subsurface interface with the exception of a small amount of
exfiltration that is occurring within the channel.

[26] Figure 10 shows a comparison between the InHM-
calculated and observed breakthrough curves of the total
rate of bromide mass leaving the channel outlet. The rate of
bromide-mass discharge is calculated by multiplying the
concentration in the channel water by the flow rate at
the outlet. The results are in good agreement, although the
calculated curve peaks approximately 5 min later than the
observed curve. The agreement suggests that the model is
providing a reasonable representation of the dynamic flow
and solute transport processes occurring in both the surface
and subsurface flow regimes.

[27] A comparison between the observed and calculated
discharge hydrographs is shown in Figure 11. As can be
seen, the observed and calculated hydrographs show good
agreement. Included in Figure 11 are the estimates of the
pre-event subsurface contributions to the discharge hydro-
graph calculated from the simulated values of the event-
water tracer concentrations at the channel discharge point
using the tracer-based approach for hydrograph separation.
Also shown is the estimated pre-event contribution calcu-

d event water tracer concentrations in a transverse
stem after 100 min. (Exaggeration = 1 x 4.)

lated by Abdul [1985] and Abdul and Gillham [1989] using
the actual measured bromide concentrations and the tracer-
based approach for separation. Although the peak for the
simulated pre-event contribution lags that based on the
measured data by approximately 5 min, the agreement is
reasonable. The tracer-based separation based on the model
results indicates that about 35% of the total outflow is
composed of pre-event water, which is comparable to the
37% contribution found by A4bdul [1985] and Abdul and
Gillham [1989].

[28] The ability of the InHM model to reasonably match
both the measured hydrograph and the measured bromide-
mass breakthrough curve builds confidence in the model’s
ability to capture the salient flow and tracer transport
processes in both the surface and subsurface regimes. We
have also seen from the results provided in Figure 11 that
the volume of pre-event water contributed to the hydrograph
that was estimated from the simulated bromide concentra-
tions match Abdul’s [1985] estimate reasonably well; how-
ever, the quantity of subsurface flow entering the channel,
calculated by the hydraulically based procedure, is only
about 1.7% of the total streamflow discharge. This discrep-
ancy between the estimates of the tracer-based pre-event
contribution and the hydraulically based volume of subsur-
face flow contributing to streamflow is also shown in
Figure 11. This level of disagreement between the tracer-
based and hydraulically based separations reinforces the
hypothesis that hydrodynamic mixing can lead to a signif-
icant inflation of the pre-event contribution estimated from
tracer data when the data are interpreted with mass balance
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Figure 9. Surface-subsurface water exchange fluxes across the land surface interface after 5, 50, and

100 min. (Exaggeration = 1 x 2.5.)

relationships such as (1b) that lump advective and dispersion/
diffusive transport processes.

4.2. Analysis of the Impact of Hydrodynamic Mixing

[29] In this section, factors that can influence the degree
of hydrodynamic mixing between the event and pre-event
waters are varied from their initial base-case values as
described earlier. This is done to further demonstrate the
impact of dispersive/diffusive mixing processes along sur-
face and subsurface flow paths and the impact of this
mixing on a traditional tracer-based hydrograph separation.
Specifically, the influence of subsurface longitudinal dis-
persion, rainfall intensity/duration, and multiple sequential
rainfall events are examined in the context of the Borden
rainfall-runoff experiment. In all of the scenarios presented
below, the pre-event contributions to the total discharge
estimated using the tracer-based separation method were
found to be substantially larger than the hydraulically based
values which represent the actual bulk flow of subsurface
water into the stream, as summarized in Table 5. We remind
the reader that the hydraulically driven flow volume for the
subsurface component was only about 1.7% for the base
case over the 100 min simulation period.

[30] Asillustrated in Figure 12, an increase in the value of
subsurface longitudinal dispersivity to 0.5 m from its base-
case value of 0.05 m causes the estimate of the tracer-based
pre-event contribution to increase noticeably. Alternatively,
if the subsurface longitudinal dispersivity value is decreased
to 0.005 m, also shown in Figure 12, the pre-event contri-
bution estimated from the tracer-based approach decreases
minimally. Moreover, it is apparent from Figure 12 that if
the longitudinal dispersivity value was set to 0.0 m, thereby
eliminating any mechanical mixing between the event and
pre-event waters, the tracer-based interpretation would still
be significantly greater than the hydraulically based subsur-
face contribution of about 1.7% due to the apparently strong
influence of molecular diffusion on mixing. Note that the

hydraulically based estimate of the pre-event contribution is
identical to that shown in Figure 11 for the base case
because a change in solute dispersion parameters does not
affect the bulk flow of the aqueous phase.

[31] The influence of rainfall intensity/duration on tracer-
based pre-event contributions was investigated by altering
the rainfall event employed in the base case (i.e., 2.0 cm/h for
50 min) in two ways: (1) by increasing the rainfall intensity
to 4 cm/h while decreasing its duration to 25 min (Figure 13)
and (2) by decreasing rainfall intensity to 1.0 cm/h while
increasing its duration to 100 min (Figure 14). Note that
although the intensity of the rainfall in each of these

6000
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Figure 10. A comparison between the observed and
InHM-calculated breakthrough curves for the bromide-mass
discharge at the channel outlet.
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InHM-calculated discharge hydrographs as well as
the tracer-based and hydraulically based pre-event
contributions.

simulations changes, its duration has also been altered such
that the total volume of rainfall applied to the system remains
identical to that of the base case. As is shown in Figure 13,
increasing the rainfall intensity while decreasing its duration
results in the discharge hydrograph peaking after 25 min and
then slowly receding thereafter. Because the event and pre-
event waters have less time to hydrodynamically mix by
dispersion and diffusion before being transmitted to the
channel when compared with the time available in the base
case, it is expected that the influence of this mixing on the
pre-event tracer signatures will be diminished. This will lead
to a lower tracer-based pre-event contribution when con-
trasted to that of the base case. As can be seen in the
summary provided in Table 5, this is indeed the case.
Conversely, as is illustrated in Figure 14, decreasing the
rainfall intensity while increasing its duration increases the
amount of time available for hydrodynamic mixing and, as a
consequence, results in a larger tracer-based estimate of the
pre-event contribution (Table 5). Note that the hydraulically
based estimates of the pre-event contributions are once again
much lower than the tracer-based calculation. For the cases

Table 5. Summary of Results for Tracer-Based Pre-event
Contribution to Channel Outflow for the Borden Rainfall-Runoff
Experiment®

Tracer-Based Subsurface Pre-event

Simulation Contribution, %
Base case 35.2
Longitudinal dispersivity = 0.5 41.6
Longitudinal dispersivity = 0.005 339
Increased rainfall intensity 29.9
Reduced rainfall intensity 39.8

“Percentage results are the pre-event subsurface contribution integrated
over the 100 min simulation period as interpreted from the simulated tracer
concentrations.

JONES ET AL.: QUANTIFYING GROUNDWATER CONTRIBUTIONS TO STREAMFLOW

W02407

. Tracer-based Pre-event

100 Total Channel Discharge — — — Contribution (Base-case)
[ Tracer-based Pre-event Tracer-based Pre-event
[ =~~~ Contribution (0, = 0.005 m)™ = ™ Contribution (0, = 0.5 m)
L Hydraulically-based
80| — * Pre-event Contribution

L (Model)

— L

£ L

€ 60}

a3 %r

° L

E) o

g L

o 40

2 -

(=] -
- —_—
r . {— - —_-_—.,\‘

2or 7T AN

- / \’\\\
r >~

Time (min)

Figure 12. The effect of increasing and decreasing
subsurface longitudinal dispersivity to 0.5 and 0.005 m,
respectively, on the estimated pre-event contribution from
the tracer-based separation.

shown in Figures 13 and 14, the volumes of hydraulically
driven pre-event water captured by the stream channel are
only 0.7% and 2.5%, respectively.

[32] The impact of subjecting the system to multiple
sequential rainfall events on the interpreted pre-event con-
tribution using a tracer-based approach is shown in
Figure 15. The intensity and duration of each of the rainfall
events is identical to that of the base case and each event is
separated by a 3-day recovery period. As Figure 15 illus-
trates, each sequential event yields a greater total channel
discharge volume due to the progressively diminishing
subsurface storage capacity. Intuitively one would expect
that with the advent of each sequential rainfall event,
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Figure 13. The effect of increasing rainfall intensity
while decreasing its duration on the estimated pre-event
contribution from the tracer-based separation.
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Figure 14. The effect of decreasing rainfall intensity while
increasing its duration on the estimated pre-event contribu-
tion from the tracer-based separation.

progressively more of the original pre-event subsurface
water would discharge from the system and subsequently
be replaced by infiltrating event water. Therefore, if hydro-
dynamic mixing does influence pre-event water tracer
signatures, then the tracer-based estimate of the pre-event
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contribution should decline with each sequential rainfall
event. The summary provided in Table 6 shows this to be
the case. For each of the events 1, 2, and 3 depicted in
Figure 15, the hydraulically based pre-event contributions
are 1.7, 2.5, and 3.8% of the total flow, respectively. With
the advent of additional sequential events and recalling the
relatively dry initial conditions, the hydraulically based
contribution will eventually stabilize to a value of a
few percent as the drainage and antecedent soil moisture
conditions achieve a state of dynamic equilibrium. If
the recovery period between each of these sequential rainfall
events were to increase, there should also be a
corresponding increase in the tracer-based interpretation of
the pre-event contribution. This is confirmed by the 4-day
recovery period case results presented in Table 6 when
contrasted with those of the 3-day recovery period case. The
converse argument can be made regarding the effect of
decreasing the recovery period time.

5. Conclusions

[33] The preponderance of the geochemical evidence in
the literature points to pre-event subsurface water as a major
contributor to the increase in stream discharge observed
during rainfall events in humid catchments. To date, there
has been considerable debate in the scientific community as
to which physical mechanisms are responsible for rapidly
converting groundwater flow, which is generally considered
to be a relatively slow process, into stream discharge. The
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Figure 15. The effect of multiple sequential rainfall events on the estimated pre-event contribution from

the tracer-based separation.

13 of 15



W02407

Table 6. Summary of Results for Tracer-Based Pre-event
Contributions to Channel Outflow Under Multiple Sequential
Rainfall Event Conditions

Two-Day Recovery Three-Day Recovery Four-Day Recovery

Period, % Period, % Period, %
Event 1 35.0 35.0 35.0
Event 2 21.0 22.4 23.3
Event 3 16.5 17.9 19.1

geochemical inference is based primarily on the results of
tracer data, most of which are interpreted using mass
balance equations such as those given by (la) and (1b).
Implicit in these mass balance equations is the assumption
that hydrodynamic mixing processes such as mechanical
dispersion and molecular diffusion are adequately acc-
ounted for in the calculation of the volumetric subsurface
flow contributions. In light of the discrepancy between the
conventional understanding of hydraulically driven flow
processes and the inferences made from many tracer-test
results, a question that arises is: Can the discrepancy be
explained if hydrodynamic dispersion and the dispersive/
diffusive exchange fluxes between the event and pre-event
tracers are explicitly accounted for in the hydrograph
separation procedure? Note that it is not the tracer test data
themselves being questioned but, instead, the manner in
which that data are interpreted.

[34] For all of the simulations performed in this work
based on the Borden rainfall-runoff experiment, the pre-
event contribution to the total discharge estimated using the
tracer-based separation method was found to be substan-
tially larger than the contribution determined by integrating
the hydraulically driven subsurface flow components dis-
charging into the surface-water channel. This difference was
directly attributed to the impact of hydrodynamic dispersion
on the mixing between event and pre-event tracers and
because the dispersive/diffusive fluxes of each tracer enter-
ing the stream are not explicitly accounted for in the global
mass balance equation (1b). Similar results were found with
respect to the two-dimensional flow system presented in the
illustrative example. It is recognized that the conclusions
drawn here may not necessarily apply to all catchments;
however, in catchments where both transient advective and
dispersive/diffusive tracer fluxes play an important role, the
event and pre-event tracer signatures can be altered signif-
icantly before being transmitted to the stream. In addition,
the neglect of the dispersive/diffusive component of the
total solute fluxes entering the stream will tend to inflate the
tracer-based estimate of the volumetric contribution of pre-
event water. If this is indeed the case, then the paradox of
the rapid mobilization of old water is perhaps not paradox-
ical and that interpretations based on tracer-based hydro-
graph separation techniques should be reexamined with
respect to their applicability for estimating hydraulically
driven groundwater flow contributions to streamflow.
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