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1. Introduction

Most studies of riparian zone hydrology and contaminant fate 
and transport have focused on the more easily observed and 
understood Hortonian flow mechanism. Historically, limited 
research has been reported on ground water seepage and sol-
ute transport by the preferential flow pathways (PFPs) from 
which ground water seeps commonly originate. The reason 
for limited research has been the inherent difficulty in iden-
tifying such points of heterogeneity in the near-bank ground 
water zone (Fox and Wilson, 2010). As pointed out by Wa-
genet and Chen (1998), rapid pulses of contaminants may oc-
cur from a small fraction of fast flow pathways.

Large-scale heterogeneity in riparian floodplains has 
been frequently recognized even within coarse gravel depos-
its (Naiman et al., 2005; Fuchs et al., 2009; Heeren et al., 2010; 
Miller et al., 2010). Paleochannels, or linear deposits of coarse-
grained sediments, exist across floodplains and link mod-
ern channel flows to distal floodplain areas (Poole et al., 1997; 
Naiman et al., 2005). Stanford and Ward (1992) and Amoros 
and Bornette (2002) pointed out that surface water/ground 
water exchanges link stream channels to the entire floodplain. 
Modica et al. (1998) documented the influence of heterogene-
ity in riparian areas next to streams and their effect on source 
area locations for ground water seepage and the distributions 
of ground water residence times.
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Abstract
Streambank seeps commonly originate from localized heterogeneity or preferential flow pathways (PFPs) in riparian floodplains. 
However, limited field data have been reported on ground water seep flows and solute transport to seeps from PFPs. The objective 
of this research was to build upon previous floodplain-scale investigations of PFPs by analyzing seep discharge and transport char-
acteristics through a single PFP. An important research question was whether this PFP could be conceptualized as a homogeneous, 
one-dimensional flow path. Streambank seep discharge measurements were obtained by inducing a hydraulic head in a trench in-
jection system. Also, co-injection of Rhodamine WT (RhWT) and a potassium chloride (KCl) tracer over a 60-min period was used 
to investigate transport dynamics. Seep discharge and breakthrough curves for electrical conductivity (EC) and RhWT were mea-
sured at the streambank using a lateral flow collection device. The breakthrough curves were fit to one-dimensional convective-
dispersion equations (CDEs) to inversely estimate solute transport parameters. The PFP from which the seep originated was clean, 
coarse gravel (6% by mass less than 2.0 mm) surrounded by gravel with finer particles (20% by mass less than 2.0 mm). Located ap-
proximately 2 m from the trench, the seep (50 cm by 10 cm area) required at least 40 cm of hydraulic head for flow to emerge at the 
streambank. At a higher hydraulic head of 125 cm, seep discharge peaked at 3.5 L/min. This research verified that localized PFPs 
can result in the rapid transport of water (hydraulic conductivity on the order of 400 m/d) and solutes once reaching a sufficient 
near-bank hydraulic head. A one-dimensional equilibrium CDE was capable of simulating the EC (R2 = 0.94) and RhWT (R2 = 0.91) 
breakthrough curves with minimal RhWT sorption (distribution coefficient, Kd, equal to 0.1 cm3/g). Therefore, the PFP could be con-
ceptualized as a one-dimensional, homogenous flow and transport pathway. These results are consistent with previous research ob-
serving larger-scale phosphorus transport.
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More recent research has further documented that near-
bank ground water discharges to streams at focused as op-
posed to diffuse points. This focused seepage can influence 
flow and sediment, nutrient, and contaminant loads entering 
streams (Duval and Hill, 2007; Fox et al., 2007; Wilson et al., 
2007; LaSage et al., 2008; Fuchs et al., 2009; O’Driscoll and De-
Walle, 2010). The Committee on Hydrologic Sciences of the 
National Research Council (NRC, 2004) identified several re-
search needs in regard to ground water fluxes across interfaces 
and prioritized the need to determine the relative importance 
of diffuse versus focused recharge/discharge in specific hy-
drogeologic settings (LaSage et al., 2008).

One mechanism for the occurrence of focused discharge 
points is due to PFPs in the alluvial subsurface (Duval and 
Hill, 2006, 2007; Fox et al., 2007; Wilson et al., 2007; LaSage et 
al., 2008; Chu-Agor et al., 2008, 2009; Heeren et al., 2010). Du-
val and Hill (2006, 2007) used bromide and nitrate injection 
into a streambank to document streambank seepage in poorly 
sorted gravel PFPs in two riparian floodplains. Their primary 
conclusion was that sustained seepage during low flow con-
ditions may impact riparian zone nitrogen cycling. Fox et al. 
(2007) and Wilson et al. (2007) studied ground water seepage 
in the Mississippi Embayment leading to streambank failures 
and demonstrated that focused discharge can significantly im-
pact lateral channel migration. Similar conclusions regarding 
seepage impacts on bank stability were made by LaSage et al. 
(2008) for a Coastal Plain stream in western Kentucky and by 
Lindow et al. (2009) for a stream in North Carolina.

Furthermore, consider that the primary mechanism by 
which phosphorus is transported from uplands to streams is 
usually considered to be surface runoff, with subsurface trans-
port assumed negligible. Fuchs et al. (2009) investigated sub-
surface movement of phosphorus in riparian floodplains in 
eastern Oklahoma with alluvial, gravel subsoils. Phosphorus 
has been a primary water quality concern in this watershed 
(Andrews et al., 2009). Their work included a trench injection 
and monitoring system approximately 15–20 m from the Bar-
ren Fork Creek with observation wells installed within a 7–8 m 
radius of the trench. The dimensions of the trench were ap-
proximately 0.5 m wide by 2.5 m long by 1.2 m deep. The bot-
tom of the trench was located approximately 25–50 cm below 
the interface between the topsoil and gravel layers. The bot-
tom was left open to allow water to infiltrate directly into the 
gravel layer. They discovered that the movement of a Rhoda-
mine WT (RhWT) and phosphorus co-injection occurred rap-
idly in PFPs. At the same riparian floodplain site, Heeren et 
al. (2010) investigated the floodplain-scale transport of RhWT 
along a PFP, infiltration of RhWT into the alluvial ground wa-
ter system, and then transport in the alluvial system as influ-
enced by the floodplain-scale stream/aquifer dynamics. They 
concluded that spatially variable PFPs, even in the coarse 
gravel subsoils, affected water level gradients and the distri-
bution of dye into the shallow groundwater system.

The objective of this research was to build upon the previ-
ous floodplain-scale investigations of PFPs (Fuchs et al., 2009; 
Heeren et al., 2010) by analyzing seep discharge and transport 
characteristics through a single PFP. A trench injection system 
was used to artificially induce ground water heads on the al-
luvial system with: (1) simultaneous co-injection of potas-
sium chloride (KCl) tracer and RhWT, (2) measurement of the 
seep discharge, and (3) development of breakthrough curves 
for RhWT and electrical conductivity (EC) (see Supplemental 
video, Streambank Seep).

Unique to this research was the quantification of PFP hy-
draulic parameters, the determination of the required hydrau-
lic head required to induce seepage flow through the PFP, and 
the investigation of flow and transport dynamics in this spe-

cific PFP as opposed to the larger-scale studies previously 
mentioned (Fuchs et al., 2009; Heeren et al., 2010). The trench 
injection system allowed for a unique analysis of this identi-
fied PFP through inverse modeling with both equilibrium and 
nonequilibrium transport models. A significant research ques-
tion was whether the gravel PFP could be conceptualized as a 
homogeneous, one-dimensional flow path, assessed based on 
the ability of such models to predict the observed concentra-
tion breakthrough for the tracer and RhWT. Finally, these in-
versely estimated parameters provided information on the po-
tential transport of more reactive solutes (e.g., phosphorus) 
through PFPs.

2. Materials and methods

2.1. Barren Fork Creek floodplain site

The study site was located in a riparian floodplain in the 
Ozark region of northeastern Oklahoma adjacent to the Bar-
ren Fork Creek. The erosion of carbonate bedrock (primarily 
limestone) by slightly acidic water has left a large residuum of 
chert gravel in Ozark soils, with floodplains generally consist-
ing of coarse chert gravel overlain by a mantle (1–300 cm) of 
gravelly loam or silt loam. The site (Figure 1, latitude: 35.90°, 
longitude: −94.85°) was located immediately downstream of 
the Eldon Bridge US Geological Survey (USGS) gage station 
07197000. With a watershed size of 845 km2, the Barren Fork 
Creek site has a median daily flow of 3.6 m3/s.

Fuchs et al. (2009) and Heeren et al. (2010) demonstrated 
large-scale (i.e., greater than 10  m) preferential movement of 
RhWT and potassium phosphate solution in the coarse gravel 
substrate at the site, hypothesized to be due to a number of 
subsurface PFPs. Heeren et al. (2010) also performed flood-
plain-scale electrical resistivity imaging which indicated the 
presence of a layer of clean, coarse gravel at the location of the 
PFP. Disturbed gravel samples were obtained from the stream-
bank for the seep and soil material surrounding the seep. Per-
cent of soil particles less than 2.0 mm in the PFP and in stream-
bank samples surrounding the PFP were approximately 6% 
and 20% by mass, respectively (Heeren et al., 2010).

Significant streambank erosion since the original trench in-
stallation in 2007 had resulted in lateral movement of the creek 
towards the trench and exposed a single, identifiable PFP ad-
jacent to the streambank (Figure 1). At the time of this exper-
iment, the trench was approximately 2.0  m away from the 
streambank with many of the observation wells installed by 
Fuchs et al. (2009) and Heeren et al. (2010) removed by stream-
bank migration. The exposure of this single PFP allowed a 
quantification of a single PFP’s hydraulic parameters, the de-
termination of the required hydraulic head required to in-
duce seepage flow through the PFP, and the investigation of 
flow and transport dynamics in this specific PFP as opposed 
to the larger-scale studies previously mentioned where trans-
port was influenced by potentially multiple PFPs (Fuchs et al., 
2009; Heeren et al., 2010).

2.2. Seep flow rate measurements

A series of artificially-induced seep discharge measurements 
were made by generating different hydraulic heads in the 
trench, located approximately 2.0 m from the seep, and mea-
suring the seepage outflow at the streambank face (Figure 2). 
Hydraulic heads were induced by pumping water at a con-
stant rate from the Barren Fork Creek into the trench using a 
gasoline-powered water pump (American Honda, Alpharetta, 
GA). A preliminary pumping period was included (5–10 min) 
prior to measuring the seepage discharge at each of the cor-
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responding hydraulic heads (i.e., approximately 65, 100, 115, 
and 125 cm above the seep outflow point). Seep flow was mea-
sured using lateral flow collection flumes, as used by Fox et 
al. (2007) and Wilson et al. (2007), installed just below the seep 
emergence point. Triplicate measurements of the seep flow 
were obtained by determining the time required to fill a con-
tainer of known volume to a specific depth. The average and 
standard deviations of the seep discharge were calculated and 
compared relative to the hydraulic head induced in the trench. 
A sigmoidal function, as used by Fox et al. (2007), was in-
versely fit to these data to describe the seep discharge versus 
head relationship.

2.3. KCl and Rhodamine WT injection tests

A 125-cm hydraulic head above the seep outflow point was 
induced by pumping water from the Barren Fork Creek into 
the trench at approximately 190 L/min for roughly 30 min be-
fore injecting KCl and RhWT. This preliminary pumping pe-
riod was intended to achieve steady state flow in the PFP 
prior to injecting the tracers. Samples from the trench (grab 
sample from the middle of the trench) and steady-state seep 
flow (grab sample of seep discharge flowing through the lat-

eral flow collection flume) were taken prior to the injection 
to quantify initial conductivity (185 μS/cm) and fluorescence 
(less than 10 μg/L) concentrations. Initial concentrations were 
approximately equivalent between the trench and seep water.

About 50  L of a 100  mg/L KCl (i.e., 50  mg/L  Cl−) and 
60  mg/L RhWT solution were input into the trench from an 
inflow tank over a 60-min period. The tracer and RhWT solu-
tion was dispersed as much as possible using a PVC T-joint. 
Injection from the inflow tank to the trench was initiated by 
opening a valve, whose position remained constant through-
out the experiment. Therefore, as the head in the inflow tank 
decreased, the mass flow rate of the KCl and RhWT solution 
decreased into the trench, leading to a trench concentration 
that increased to a peak, declined exponentially, and then de-
creased sharply after the 60-min injection period. While this 
injection strategy failed to produce a Dirac or pulse input 
boundary condition, the actual input boundary condition was 
numerically modeled with both equilibrium and nonequilib-
rium conventional convective-dispersion equations (CDEs) us-
ing step impulses.

Continuous manual stirring of the trench throughout the 
125-cm head occurred during the injection in an attempt to 
create as uniform a boundary condition as possible. Dur-

Figure 1. Map showing the 
location of the study site (top), 
plan view and side view of the 
trench system and spatial location 
of preferential flow pathway (PFP) 
(bottom right), and pictures of the 
Barren Fork Creek at high stream 
stage and the trench injection 
system with injected KCl/
Rhodamine WT solution (bottom 
left).
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ing and after the injection, samples were obtained from the 
trench (grab sample from the middle of the trench) and the 
seep (composite sample from discharge flowing through the 
lateral collection flume) at equivalent times. Samples were 
transported back to the laboratory for analysis. Electrical con-
ductivity was measured using an OAKTON pH/CON 510 
conductivity meter (OAKTON Instruments, Vernon Hills, IL) 
with a range of 0–1999 μS/cm and resolution of 1 μS/cm for 
EC. The RhWT concentrations were measured with a Trilogy 
laboratory fluorometer (Turner Designs, Inc., Sunnyvale, CA), 
which had a minimum detection limit of 10 μg/L.

2.4. Transport modeling with CXTFIT

Flow through the PFP and emerging as a seep at the stream-
bank was idealized as one-dimensional flow through satu-
rated porous media. One research question was whether a 
one-dimensional solution could represent the observed con-
centration breakthrough curves. One-dimensional solutions 
to the CDE may not be valid and fit the breakthrough data 
if the vertical thickness or width of the PFP changes along 
the 2  m flow path. The EC and RhWT concentration break-
through curves were modeled using CXTFIT (version 2.1) (To-
ride et al., 1999), a model used extensively for simulating sol-
ute transport through soils (e.g., [Beven et al., 1993; Gwo et 
al., 1995; Baumann et al., 2002; Lee et al., 2002). CXTFIT solves 
various boundary value, initial value, and production value 
problems (Toride et al., 1999). The program uses a nonlinear 
least-squares parameter optimization method to derive sol-
ute transport parameters for various model formulations. The 
equilibrium CDE with the assumptions of steady-state flow, 
no degradation of the solute in the liquid or adsorbed phases, 
and no production of the solute within the simulation domain 
is given by the following equation:

R ∂c = D(h)
 ∂2c – v ∂c                    (1)

    ∂t            ∂x2       ∂x 

where c is the concentration of the solute in the liquid phase, 
D(h) is the dispersion coefficient, v is the average pore-water 
velocity, t is time, x is the spatial distance, and R is the retarda-

tion coefficient given by the following equation:

R = 1 +
 Kd ρb            (2)               θ

where ρb is bulk density, θ is the volumetric water content, 
and Kd is the distribution coefficient for sorption (Toride et al., 
1999).

The model also solves a two-site (TS) chemical nonequi-
librium model and a two-region (TR) physical nonequilib-
rium model (Brusseau et al., 1991; Brusseau, 1998; Wilson et 
al., 1998). These two models can be expressed by the same di-
mensionless equations for linear sorption and steady-state wa-
ter flow (where degradation and solute production has been 
appropriately neglected for this research):

βR ∂C1 =  1 ∂2C1 – ∂C1 – ω(C1 – C2)
               

      ∂T     P  ∂Z2     ∂Z                          (3)

(1 – β)R ∂C2 = ω(C1 – C2)
                   (4)              ∂T

where the subscripts 1 and 2 refer to equilibrium and nonequi-
librium sites, respectively, C is the dimensionless concentra-
tion (c/co, where co is the input concentration), T is dimension-
less time, Z is dimensionless distance, P is the Peclet number 
(Equation (5)), β is a dimensionless partitioning coefficient 
(Equation (6)), and ω is a dimensionless mass transfer coeffi-
cient (Equation (7)):

P = vL                  (5)
       D(h)

TS:     β = θ + fρbKd
                 θ  + ρbK            

TR:     β =
 θm + fρbKd

                 θ  + ρbKd           (6)

TS:     ω = (1 – β)RL
                         v
TR:     ω = L               (7)

                             θv

Figure 2. (a) Illustration of the 
Barren Fork Creek streambank 
and seep emerging from the 
streambank. Observation wells 
shown in the figure were originally 
installed by Fuchs et al. (2009). (b) 
Approximately 50-cm wide by 10-
cm thick clean, coarse gravel of the 
seep surrounded by gravel with finer 
particles. (c) Relationship between 
the induced hydraulic head and the 
seep discharge, measured using a 
lateral flow collection pan. Error bars 
for each data point represent one 
standard deviation from the average 
measured flow rate. Dashed line is a 
best-fit sigmoidal relationship.
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where f is the fraction of equilibrium exchange sites, θm is the 
volumetric water content of the mobile fluid region, L is a 
characteristic length scale, and  is a first-order mass transfer 
coefficient (Toride et al., 1999).

The EC and RhWT input boundaries at the trench were in-
put as a series of step impulses into CXTFIT because of the in-
flow strategy. Following the procedure by Pang and Close 
(1999), equilibrium and TR models in CXTFIT were first applied 
to the seep EC data with R = 1. The equilibrium model was used 
to inversely estimate v and D(h). The TR model examined the 
presence of physical nonequilibrium of the conservative solute 
and inversely estimated v, D(h), the fraction of immobile water 
(i.e., β = θm/θ), and ω. The β value was used to assess the impor-
tance of physical nonequilibrium: β < 1 suggested some fraction 
of immobile region water (Pang and Close, 1999).

Equilibrium and nonequilibrium models were fit to the 
RhWT data, assuming that v and D(h) derived from the EC 
modeling were solute independent. Sorption was included 
(R  >  1) for RhWT since RhWT is known to slightly sorb in 
some subsoils (Sabatini, 1999; Sutton et al., 2000; Flury and 
Wai, 2003). Note that chemical nonequilibrium has been re-
ported to occur for fluorescent dyes, increasing the spreading 
of dye breakthrough curves (Sabatini, 1999).

3. Results and discussion

The seep emerged at the streambank in a coarse gravel layer 
approximately 50 cm wide and 10 cm thick (see Supplemen-
tal video, Streambank Seep). It was approximately 1.9  m be-
low the ground surface, which was consistent with previous 
characterization of the PFP using electrical resistivity (Heeren 
et al., 2010). The PFP from which the seep originated was clean 
gravel surrounded by gravel with finer particles (Figure 2). 
The percent of material finer than 2.0 mm confirmed this ob-
servation. Furthermore, disturbed samples and electrical re-
sistivity measurements from the PFP closely mimicked sam-
ples from a recent gravel bar deposit just upstream of the seep 
(Heeren et al., 2010; Miller et al., 2010). These results sup-
ported the hypothesis that the PFP was a buried gravel bar.

The PFP required approximately 40 cm of hydraulic head 
for flow to emerge at the streambank (Figure 2). The reason for 
this minimum head requirement was that the gravel and finer 
material surrounding the PFP possessed a relatively large hy-
draulic conductivity and therefore promoted significant mass 
transfer into the soil in the up-gradient section of the PFP. 
Heeren et al. (2010) suggested a similar phenomenon when ob-
serving results from a floodplain-scale RhWT injection study. 
Their study demonstrated that the transport of RhWT was af-
fected by the PFP but also mimicked the general ground wa-
ter flow direction as water containing the tracer recharged the 
ground water system. Therefore, at smaller hydraulic heads, 
the PFP may impact the distribution of water and solutes in 
the floodplain without surfacing at the streambank.

As the head above the seep increased, discharge from the 
seep reached a maximum of approximately 3.5 L/min (Figure 
2). In order to generate a hydraulic head of 125 cm above the 
seep, the required pumping rate into the trench was approx-
imately 190  L/min. Therefore, flows emerging at the stream-
bank through this particular PFP represented approximately 
2% of the total flow injected into the trench. The hydrau-
lic heads induced on the seep were reasonable compared to 
flow rates reported by other studies when measuring natural 
streambank seeps. Fox et al. (2007) and Wilson et al. (2007) re-
ported seep flow rates on the order of 1.0 L/min. A one-dimen-
sional conceptualization of the PFP flow was more reasonable 
at higher heads when exfiltration into non-PFP subsoil was hy-
pothesized to be small compared to discharge through the PFP.

Background EC levels were approximately 185  μS/cm; no 
detectable (i.e., less than 10  μg/L) RhWT was measured in 
background samples. The injected KCl solution increased the 
trench EC to a 500 μS/cm peak concentration, and the RhWT 
injection resulted in peak RhWT concentrations slightly less 
than 400 μg/L. The RhWT was visually observed in the seep 
less than two to three minutes after injection into the trench 
was initiated (see Supplemental video, Streambank Seep). 
Also, as observed by Fuchs et al. (2009) and Heeren et al. 
(2010), RhWT was detected in the two observation wells that 
surrounded the seep during injection, but not in other adjacent 
observation wells located equivalent distances from the trench.

The shape of the step impulses input into CXTFIT for the 
trench mimicked the measured trench EC and RhWT concen-
trations (Figure 3). Nine step impulses were used for the EC 
boundary condition (Figure 3a), and twelve step impulses were 
used for the RhWT boundary condition (Figure 3b). The num-
ber and duration of step inputs for EC and RhWT were fit by 
trial and error to obtain the best match to the input boundary 
condition. The equilibrium CDE with no retardation was able 
to match the observed EC breakthrough curve with a coeffi-
cient of determination, R2, of 0.94 (Figure 4a). The inversely es-
timated ground water flow velocity, u, and dispersion coeffi-
cient, D(h), suggested rapid movement of the KCl tracer from 
the trench to the seep. In fact, estimated u from CXTFIT was 
26.2 m/h or 630 m/d. Using an estimated induced hydraulic 
gradient (0.625 m/m) and porosity (0.4), the estimated hydrau-
lic conductivity of the PFP was approximately 400 m/d. Fuchs 
et al. (2009) measured hydraulic conductivities of the gravel 
subsoil on the order of 140–230 m/d using falling-head tests in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  (a) Electrical conductivity (EC) and (b) Rhodamine WT 
(RhWT) concentrations measured in the trench during the transport 
experiments and the step impulse input boundary conditions for CXT-
FIT (version 2.1).
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the trench, so values derived in this research were deemed rea-
sonable based on the fact that the previous estimate was an in-
tegrated measurement over PFP and non-PFP flow domains.

The large D(h) and therefore small Peclet number suggested 
that the 2-m long PFP behaved more like a completely mixed 
system (dispersion dominated) as opposed to a plug flow sys-
tem. Dispersion is the only cause of spreading of the break-
through curve for EC in an equilibrium model; previous 
researchers have suggested that high values of D(h) may be un-
realistic if physical nonequilibrium is present (Pang and Close, 
1999). The TR model predicted an EC breakthrough curve 
equivalent to the equilibrium model results with an equivalent 
R2 (Figure 4a). However, depending upon the initial param-
eter values specified in the inverse routine, non-unique solu-
tions were obtained for the parameter estimates and the stan-
dard errors of the inversely estimated parameters were large; 
therefore, physical equilibrium was assumed to be an ade-
quate representation of the transport process.

Application of the equilibrium and nonequilibrium mod-
els to the RhWT breakthrough curves resulted in similar con-
clusions. The equilibrium model predicted the observed 
breakthrough with an equivalent R2 = 0.91 when using appro-
priate parameters from the EC data (Figure 4b). The equilibrium 
model predicted a retardation coefficient, R, of 1.30, which re-
sulted in a Kd of 0.1 cm3/g (i.e., a highly mobile solute) when us-
ing typical values of the bulk density and porosity from Fuchs 
et al. (2009). Some of the discrepancy between model predic-
tions and observed RhWT seep concentrations was due to 
the limitations associated with using assumed step impulses 
for the RhWT input boundary condition in the trench as op-
posed to having real-time data for the boundary concentration  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(Figure 3). The nonequilibrium model for RhWT exhibited the 
same properties as the nonequilibrium model for EC: (1) it did 
not improve the fit between measured and observed RhWT seep 
breakthrough in terms of the R2; (2) non-unique parameter sets 
were obtained depending on the initial parameter estimates; and 
(3) the standard errors of the inversely estimated parameters 
were large. Similar to the EC, equilibrium was assumed to be an 
adequate representation of the transport process.

The previous CXTFIT simulations provided guidance re-
garding reactive solute transport of phosphorus, a primary 
water quality constituent of concern in this watershed. Fuchs 
et al. (2009) reported a phosphorus Kd of 4.5 L/kg for fine ma-
terial (i.e., less than 2.0 mm) in the gravel substrate at the Bar-
ren Fork Creek site. Using the 6% estimate for fine material 
content and typical values of the bulk density and porosity, 
the R for phosphorus transport in the PFP would range from 
2.0 to 2.4, only slightly greater than the R for RhWT. Therefore, 
phosphorus reaching the PFP from infiltration would be rap-
idly transmitted in the PFP.

Of course, phosphorus in these floodplain systems may be 
more associated with colloid-sized soil particles, which could 
still be subject to piping through the PFP (Schelde et al., 2006; 
Fuchs et al., 2009; Heeren, 2011), rather than being dissolved, 
and therefore the calculated Kd may be conceptually inappropri-
ate. Future work is needed to investigate this question. An addi-
tional question yet to be answered is the leaching potential for 
phosphorus in these cherty soils. The potential for phosphorus 
leaching is commonly estimated based on point-measurements 
of soil test phosphorus (STP) or measurements of the sorption 
capability of disturbed soil samples representing the soil matrix. 
However, macropores and gravel outcrops, which have been 
frequently observed in these riparian floodplains, may have a 
significant impact on water movement to the PFPs, and current 
research is underway to quantify leaching potential.

4. Summary and conclusions

Limited data have been reported on the flow and transport dy-
namics of preferential flow pathways. Unique to this research 
was the quantification of hydraulic parameters for the preferen-
tial flow pathway (i.e., hydraulic conductivity on the order of 
400 m/d and flow velocity greater than 26 m/h with a hydrau-
lic gradient of approximately 0.63 m/m), the determination of 
the hydraulic head required to induce seepage (i.e., 40 cm ap-
proximately 2 m from the streambank seep), and an investiga-
tion of flow and transport dynamics in this specific pathway 
(i.e., conceptualization of a one-dimensional flow path) as op-
posed to previously-reported larger-scale studies at the site.

The pathway from which the seep originated was a local-
ized zone of relatively clean gravel (6% fines by mass) sur-
rounded by gravel with finer particles (20% fines by mass). 
For this riparian floodplain, water flowing through the pref-
erential flow pathway moved into the gravel material in the 
up-gradient reaches of the PFP and in soils surrounding the 
pathway. Therefore, the pathway required high heads to ex-
filtrate the bank as a ground water seep. It may also play an 
influential role as a free-drainage system for the riparian area 
that could limit saturation-excess Hortonian overland flow 
to the stream. The pathway will likely be active during high 
stream stage periods and redistribute water and solutes across 
a larger area of the floodplain by bank storage of stream water.

The breakthrough curves of electrical conductivity and Rho-
damine WT highlighted the almost immediate appearance of 
the solutes at the streambank face after injection into the trench 
approximately 2 m away. One-dimensional convective-disper-
sion models were able to match the electrical conductivity and 
Rhodamine WT breakthrough curves at a high hydraulic head 

Figure 4.  (a) Electrical conductivity (EC) and (b) Rhodamine WT 
(RhWT) concentrations measured in the seep outflow during the 
transport experiments and the predicted solute concentration using 
equilibrium models in CXTFIT (version 2.1). Nonequilibrium model 
predictions were equivalent for both EC and RhWT.
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when exfiltration into non-PFP subsoil was hypothesized to 
be small compared to discharge through the seep. The electri-
cal conductivity breakthrough curve suggested physical equi-
librium within the system, although transient storage of flow 
and solutes is expected on the boundary of the preferential flow 
pathway. The inversely estimated transport parameters for the 
preferential flow pathway, when combined with previous esti-
mates of phosphorus retardation in these gravel soils, suggested 
that phosphorus reaching the pathway from infiltration would 
be rapidly transmitted to the stream.
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