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For phosphorus (P) transport from upland areas to surface 
water systems, the primary transport mechanism is typically 
considered to be surface runoff  with subsurface transport 
assumed negligible. However, certain local conditions can 
lead to an environment where subsurface transport may be 
signifi cant. Th e objective of this research was to determine 
the potential of subsurface transport of P along streams 
characterized by cherty or gravel subsoils, especially the impact 
of preferential fl ow paths on P transport. At a fi eld site along 
the Barren Fork Creek in northeastern Oklahoma, a trench 
was installed with the bottom at the topsoil/alluvial gravel 
interface. Fifteen piezometers were installed surrounding the 
trench to monitor fl ow and transport. In three experiments, 
water was pumped into the trench from the Barren Fork Creek 
to maintain a constant head. At the same time, a conservative 
tracer (Rhodamine WT) and/or potassium phosphate solution 
were injected into the trench at concentrations at 3 and 100 
mg/L for Rhodamine WT and at 100 mg/L for P. Laboratory 
fl ow-cell experiments were also conducted on soil material 
<2 mm in size to determine the eff ect that fl ow velocity had 
on P sorption. Rhodamine WT and P were detected in some 
piezometers at equivalent concentrations as measured in the 
trench, suggesting the presence of preferential fl ow pathways 
and heterogeneous interaction between streams and subsurface 
transport pathways, even in nonstructured, coarse gravel soils. 
Phosphorus transport was retarded in nonpreferential fl ow 
paths. Breakthrough times were approximately equivalent 
for Rhodamine WT and P suggesting no colloidal-facilitated 
P transport. Results from laboratory fl ow-cell experiments 
suggested that higher velocity resulted in less P sorption for 
the alluvial subsoil. Th erefore, diff erences in fl ow rates between 
preferential and nonpreferential fl ow pathways in the fi eld 
led to variable sorption. Th e potential for nutrient subsurface 
transport shown by this alluvial system has implications 
regarding management of similar riparian fl oodplain systems.
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The adverse impact of increased nutrient loadings on surface 

water quality has drawn considerable attention in recent 

years. Polluted drinking water, excessive algal growth, taste and 

odor issues, and fi sh kills are only a few of the negative eff ects that 

can result from an overload of nutrients. While N is a concern, 

P is generally considered the most limiting nutrient. Daniel et al. 

(1998) found that concentrations of P critical for terrestrial plant 

growth were an order of magnitude larger than concentrations 

at which lake eutrophication may occur. Excessive soil P 

concentrations can increase potential P transport to surface waters 

or leaching into the groundwater and have negative implications.

Subsurface Nutrient Transport Studies
Subsurface P transport is a less studied and understood trans-

port mechanism compared to transport by overland fl ow, although 

numerous studies have reported P in groundwater and subsurface 

P transport (Turner and Haygarth, 2000; Kleinman et al., 2004; 

Nelson et al., 2005; Andersen and Kronvang, 2006; Hively et al., 

2006). For example, from research on four grassland soils, Turner 

and Haygarth (2000) documented that subsurface P transfer, 

primarily in the dissolved form, can occur at concentrations that 

could cause eutrophication. Kleinman et al. (2004) noted that the 

P leaching is a signifi cant, but temporally and spatially variable 

transport pathway. Nelson et al. (2005) indicated that P leach-

ing and subsurface transport should be considered when assessing 

long-term risk of P loss from waste-amended soils. Andersen and 

Kronvang (2006) modifi ed a P Index to incorporate potential P 

transport pathways of tile drains and leaching in Denmark. Hive-

ly et al. (2006) considered transport of total dissolved P (TDP) for 

both basefl ow and surface runoff . Other researchers are beginning 

to emphasize colloidal P transport in the subsurface, as P attaches 

to small size particles capable of being transported through the 

soil pore spaces (de Jonge et al., 2004; Heathwaite et al., 2005; Ilg 

and Kaupenjohann, 2005).
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Th e potential for subsurface nutrient transport in association 

with vegetated buff er strips (VBS) along the riparian areas of sur-

face water systems has recently been emphasized. Th e VBS can be 

either grass or forested, and act as a zone in which runoff  is cap-

tured and/or sediment trapped, inhibiting sediment-bound nutri-

ent transport to the stream. However, some studies have shown 

these VBS systems promote subsurface nutrient loading to streams 

(Osborne and Kovacic, 1993; Vanek, 1993; Cooper et al., 1995; 

Polyakov et al., 2005). Polyakov et al. (2005) examined current 

research regarding riparian buff er systems and their ability to re-

tain nutrients. Th eir fi ndings suggested that conditions, such as 

the spatial variability in soil hydraulic conductivity, the presence 

of preferential fl ow pathways, and limited storage capacity in the 

riparian zone’s soil, could subvert the buff er system’s ability and al-

low for increased nutrient transport. Osborne and Kovacic (1993) 

showed VBS could actually act like a nutrient source, releasing dis-

solved and total P into the groundwater. Another study conducted 

in Sweden showed that the soil in riparian zones had almost no P 

retention capacity due to a natural calcium leaching process which 

started more than 3000 yr ago (Vanek, 1993). Also, a study by 

Cooper et al. (1995) showed a high P availability for groundwater 

transport due to saturation of the riparian zone.

Th ere have been several studies conducted in which observation 

wells were used to monitor the fl ow of nutrients in groundwater in 

riparian zones (Vanek, 1993; Carlyle and Hill, 2001; McCarty and 

Angier, 2001). Vanek (1993) noted groundwater P concentrations 

taken from 12 wells in a lake riparian zone ranged from 0.4 to 

11.0 mg/L with an average of 2.6 mg/L. Carlyle and Hill (2001) 

monitored the behavior of P in the subsurface in a river riparian 

zone and suggested that riparian areas can become saturated with 

P. Th ey noticed higher soluble reactive phosphorus (SRP) concen-

trations (0.10–0.95 mg/L) in areas characterized by having soils 

with higher hydraulic conductivities buried under the top soils. 

Th ey suggested that riparian areas might actually be contribut-

ing to the release of P because they increase the redox potential. 

McCarty and Angier (2001) studied preferential fl ow pathways 

in riparian fl oodplains. Th eir fi ndings showed increased biological 

activity in these pathways and could lead to reduced conditions, 

which, in turn, decrease the ability to remove nutrients.

It should be noted that surface runoff  usually consists of high 

fl ows over a short period of time, whereas subsurface fl ow is char-

acterized by lower fl ow rates over long periods of time. Th e point 

is that even though surface runoff  has shown higher concentra-

tions in many fi eld studies (i.e., Owens and Shipitalo, 2006), 

low-concentration subsurface fl ow occurring over a long period 

of time could still be making a viable contribution to the total 

nutrient load of a surface water body. Th e fi ndings mentioned 

above show that there is a potential for subsurface nutrient 

transport. Th erefore, there is a need for more research devoted to 

monitoring and understanding subsurface P transport.

Hydraulic Conditions Promoting Subsurface 

Phosphorus Transport
As noted earlier, local or regional conditions can lead to con-

ditions where subsurface transport is signifi cant (Andersen and 

Kronvang, 2006). Areas such as riparian fl oodplains commonly 

consist of alluvial deposits with gravelly soils possessing hydraulic 

properties conducive to the subsurface transport of P. Gravel or 

cherty soils are common throughout the Ozark region of Okla-

homa, Arkansas, and Missouri. In eastern Oklahoma, cherty soils 

adjacent to rivers consist of gravelly silt loam to gravelly loam sub-

strate below a thin layer of organic matter. Sauer and Logsdon 

(2002) studied the hydraulic properties of some of these cherty 

soils (Clarksville and Nixa series) and concluded that relatively 

subtle morphological factors can have a disproportionate impact 

on water fl ow in the soils, suggesting the need for further research 

regarding their hydraulic properties. Th ese soils possess infi ltration 

rates as high as 1.22 to 3.67 m/d according to USDA Soil Surveys. 

Th erefore, the potential for subsurface transport is signifi cant.

Objectives
More research pertaining to the role of subsurface P trans-

port is needed, especially in riparian fl oodplains. Current best 

management practices aimed at reducing P load through sur-

face runoff  may be ineff ective if subsurface fl ow is a signifi cant 

transport mechanism and therefore could impact long-term 

planning of available water supplies. Th is research attempts to 

quantify the potential for subsurface alluvial transport of P in 

a riparian fl oodplain, especially the impact of preferential fl ow 

paths on P transport. If subsurface P transport is important 

on these landscapes, questions need to be answered regarding 

what impact, if any, current best management practices are 

having on this transport mechanism.

Materials and Methods
To study the potential for subsurface transport in a riparian 

fl oodplain (Fig. 1), a trench-piezometer system was installed in a 

riparian area (latitude: 35.90°, longitude:–94.84°) approximately 

20 m adjacent to the Barren Fork Creek near Tahlequah, OK (Fig. 

2). Th e trench system was designed to induce a constant water head 

and a tracer/P injection source on the subsurface alluvial gravel 

with subsequent monitoring of fl ow, tracer, and P transport in the 

piezometer fi eld. Th e dimensions of the trench were approximate-

ly 0.5 m wide by 2.5 m long by 1.2 m deep. Th e bottom of the 

trench was located approximately 25 to 50 cm below the interface 

between the topsoil and gravel layers, thereby short-circuiting fl ow 

and tracer/P directly into the gravel. A bracing system consisted of 

a frame constructed with 5 by 13 cm studs and covered with 2-cm 

plywood. Fifteen piezometers were installed at various locations 

around the trench with the majority of the piezometers located 

between the trench and the river (Fig. 2). Th e piezometers were 

approximately 6 m (20 ft) long and were constructed of Schedule 

40 PVC. Each consisted of at least a 3-m screened section at the 

base. Th e piezometers were installed using a Geoprobe (Kejr, Inc., 

Salina, KS) drilling machine. Fuchs (2008) discussed additional 

details on piezometer installation.

Soil Sampling
Samples from the surface of the alluvial gravel were taken when 

installing the trench since the unconsolidated gravel was unstable. 
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Although these samples were disturbed, they still provided a rea-

sonable representation of the subsoil. Th e samples taken from the 

gravel layer were fi rst sieved to determine the particle size distribu-

tion for the gravel subsoil. After oven drying the sample, the coarse 

gravel was fi rst separated out using a stack of fi ve sieves ranging 

from 25.4 to 4.75 mm (no. 4). Next, the smaller particles were 

sieved using a sieve stack as follows: 4.75 mm (no. 4), 2.0 mm (no. 

10), 0.85 mm (no. 20), 0.6 mm (no. 30), 0.425 mm (no. 40), 

0.25 mm (no. 60), 0.15 mm (no. 100), and 0 mm (pan).

Th e particle size distribution was analyzed to determine the 

D
10

, D
30

, D
50

, and D
60

 (i.e., diameter of soil particles in which 

10, 30, 50, and 60%, respectively, of the sample is fi ner). Once 

the particle size was known, the diameters were used with an 

empirical equation proposed by Alyamani and Sen (1993) to 

estimate the hydraulic conductivity of the soil:

( ) 2
0 50 10= 1300 I + 0.025 D -DK ⎡ ⎤⎣ ⎦  [1]

where K is the hydraulic conductivity in m/d, D
50

 and D
10

 are 

in millimeters, and I
0
 is the intercept of the line formed by D

50
 

and D
10

 with the grain size axis. Th is estimate for hydraulic 

conductivity was compared to another estimate obtained using a 

falling head test (Landon et al., 2001; Fox, 2004). Th e falling head 

test was performed by fi lling the trench with water until steady-

state conditions were reached, shutting off  water to the trench, 

and recording water levels over time as the trench drained. Data 

obtained from the falling head experiment were then used with the 

Darcy equation to estimate the vertical hydraulic conductivity:

1 0 0 1/( ) ln( / )vK L t t H H= −  [2]

where K
v
 is the vertical hydraulic conductivity of the soil in m/d, 

L is the sediment interval being tested in m (i.e., 0.25 to 0.50 

m for the trench system), and H
0
 and H

1
 are the displacement 

in meters of water at time t
0
 and t

1
, respectively (Landon et al., 

2001; Fox, 2004).

After sieving the soil sample, particles with a diameter <2.0 

mm were further analyzed for P sorption. Adsorption isotherms 

were estimated by adding diff erent levels of P (0, 1, 5, 10, 25, 

50, 100, 200, 400, and 800 mg P/L) to 2.0 g soil samples. Th e 

samples were shaken for 24 h using a reciprocating shaker and 

then centrifuged for 10 min at 10,000 rpm. Th e P in solution 

was then quantifi ed using ICP–AES analysis. Data were fi t to 

linear (Eq. [3]) and Langmuir (Eq. [4]) isotherms to provide 

information in regard to the ability of the fi ne sediment frac-

tion of the alluvial soils to adsorb P from solution:

e d eq K C=  [3]

/(1 )O
e e eq Q bC bC= +  [4]

where q
e
 is the mass of P sorbed per unit mass of soil, C

e
 is the 

equilibrium, dissolved phase concentration, K
d
 is the distribution 

coeffi  cient, and Q0 and b are parameters of the Langmuir isotherm 

(i.e., Q0 is the mass of P sorbed per unit mass of soil at complete 

surface coverage and b is the binding energy).

An ammonium oxalate extraction was also performed on the 

fi ne material to determine the degree of P saturation, which is 

the ratio of P to the total amount of iron and aluminum (McK-

eague and Day, 1966; Iyengar et al., 1981; Pote et al., 1996). Th is 

procedure dissolved the noncrystalline forms of aluminum and 

iron in the material, considered to be the main sink for P among 

acidic soils. Th erefore, selective dissolution of these amorphous 

minerals liberates any P associated with them into solution.

Tracer and Phosphorus Injection Experiments
Two Rhodamine WT tracer and one P (potassium phos-

phate, KH
2
PO

4
) injection experiments were performed to 

Fig. 1. Field site located approximately 25 km east of Tahlequah, OK adjacent to the Barren Fork Creek.

Fig. 2. Location of the trench and piezometers relative to the Barren 
Fork Creek at the fi eld site.
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monitor subsurface solute transport from the trench (Table 

1). Before the injection, each piezometer and the Barren Fork 

Creek was sampled and analyzed for background P levels. Also, 

a water level indicator was used to determine the depth to the 

water table in each piezometer before injection. Experiments 

were performed near base fl ow conditions in the Barren Fork 

Creek with ground water tables approximately 3.5 m below 

ground surface. Next, water was pumped from the Barren Fork 

Creek into the trench at approximately 0.0044 m3/s (i.e., 4.4 

L/s) to induce water movement. Th e steady-state water level in 

the trench was held as constant as possible at approximately 40 

to 60 cm above the bottom of the trench. Water levels in the 

piezometers surrounding the trench were monitored over time. 

Pumping continued until the system reached pseudo-steady-

state conditions, which was verifi ed when the water levels in 

the piezometers remained constant.

Rhodamine WT or P (KH
2
PO

4
) was injected into the 

trench at a constant rate using a variable rate chemical pump 

(Table 1). Once the injection began, samples were taken from 

the piezometers for the duration of the experiment to monitor 

the movement of the Rhodamine WT tracer and P. To sample 

the piezometers, a peristaltic pump was used. To obtain water 

samples at two diff erent depths for Exp. 2 and 3, two hoses 

were run to each of the piezometers. One hose was lowered to a 

depth 10 cm below the water table, while another was lowered 

to a depth 1.10 m below the water table.

Th e samples were placed into small bottles and then put 

into a refrigerated cooler and transported back to the labora-

tory where they were analyzed for Rhodamine WT, P and other 

cations such as calcium and aluminum. Each sample was ana-

lyzed for Rhodamine WT content using a Turner model 111 

fl uorometer and an Aquafl or handheld fl uorometer. Samples 

were then analyzed for P content using two diff erent methods. 

Th e Murphy and Riley (1962) method was used to measure the 

dissolved inorganic P present in the samples, and an inductive-

ly coupled plasma atomic emission spectroscopy (ICP–AES) 

machine was used to measure the total dissolved P.

Laboratory Flow-Cell Experiments
Th e fi ne material (i.e., <2.0 mm) obtained from the sieve anal-

ysis was also used in laboratory fl ow-cell experiments (DeSutter 

et al., 2006) to investigate the P sorption characteristics with 

respect to the fl ow velocity. Th e use of a uniform layer of fi ne 

material removed physical nonequilibrium eff ects due to spatial 

uniformity in dispersivity. Approximately 5.0 g of the fi ne mate-

rial was placed in each of six fl ow-through cells (Fig. 3). Th is 

corresponded to a soil depth of approximately 2.3 mm. A What-

man 42 fi lter was placed at the bottom of each cell to prevent the 

fi ne material from passing through the bottom. Each cell had a 

nozzle at the bottom with a hose running from the nozzle to a 

peristaltic pump. Th e pump pulled water with a predetermined 

P concentration through the cells and fi ne material at a known 

fl ow rate (mL/min) (Fig. 3). Two diff erent speeds on the peri-

staltic pump were used to evaluate the eff ect that fl ow velocity 

had on P sorption. Th e fl ow rates used averaged 0.4 mL/min 

for three low fl ow experiments and 14 mL/min for three high 

fl ow experiments. Th ese fl ow rates corresponded to average fl ow 

velocities of 1.3 and 46 m/d, respectively.

First, 20 mL of deionized water was pulled through the soil 

to determine the background P that was removed from the soil. 

Next, a KH
2
PO

4
 solution was injected into each cell at 1.0 mg/L 

and kept at a constant head using a Mariotte bottle system (Fig. 

3). Th e low fl ow experiment was run for approximately 8 h, 

while the high fl ow experiment was run for 1 h. Th is was done 

to achieve approximately equal P loads to each system. Samples 

were taken periodically throughout each experiment. Th e sam-

ples were analyzed in the laboratory for P and Ca using both the 

Murphy and Riley (1962) method and ICP–AES analysis.

Th e solution dissolved P concentrations obtained from the 

ICP–AES analysis were then used to evaluate the eff ect fl ow 

velocity on P sorption. Two scientifi c perspectives were used 

to analyze these data. Th e fi rst method was based on contami-

nant transport theory and compared the outfl ow dissolved P 

concentrations from both low fl ow and high fl ow velocities 

over time. Th e dissolved P concentrations determined by ICP–

AES analysis were plotted vs. a dimensionless injection time, 

t*, where t* = tQ/V
ps
, where Q is the infl ow rate and V

ps
 is the 

pore volume. From the curve produced from outfl ow dissolved 

P concentration vs. t*, a breakthrough time, t
b
*

,
 was estimated 

for each of the fl ow velocity experiments. Th is was assumed 

to be the time at which 50% of the infl ow concentration was 

detected in the outfl ow solution.

A sorbing contaminant moves through porous media at a 

retarded fl ow velocity, as suggested by the following advection-

dispersion-retardation equations:

( ) 2 2

2 2

( / ) ( / ) ( / )

( / ) ( / ) ( / )

h
L

s L s

R c t c x D c x
c t c x c x
∂ ∂ = − ∂ ∂ + ∂ ∂

∂ ∂ = − ∂ ∂ + α ∂ ∂

v

v v  [5]

where x is the direction along the length of the column, c 

is the concentration, v is the pore water velocity, )(h
LD  is the 

hydrodynamic dispersion coeffi  cient, α
L
 is the dispersivity, and 

ν
s
 is the sorbed contaminant velocity. Th e sorbed contaminant 

velocity is simply the groundwater velocity divided by the 

retardation factor, R:

1 ( / )d bR K= + ρ ε  [6]

where ρ
b
 is the soil bulk density and ε is porosity. Solutions to Eq. 

[5] were given by Ogata and Banks (1961) and Hunt (1978):

Table 1. Summary of Rhodamine WT and P (KH
2
PO

4
) injection 

experiments. Water was injected at a rate of approximately 
0.0044 m3/s.

Experiment no.

1 2† 3†

Injection compound Rhodamine WT Rhodamine WT KH
2
PO

4

Concentration, mg/L 100 3 100

Compound injection 
   duration, min

60 90 90

Duration of water 
   injection, min

120 200 200

Average water level in 
   trench, cm

44 60 60

† Experiments 2 and 3 were performed simultaneously.
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( ) 1/2
0 s L sC x, t = (C /2)erfc[(x - v t)/2( v t) ]α  [7]

Th ese data from the fl ow-through experiments were then 

used with this equation to inversely estimate v
s
 and α

L
 by 

minimizing the sum of squared errors between predicted and 

observed outfl ow concentrations (i.e., x = 0.23 cm). With 

this estimated sv , the average fl ow velocity measured during 

the experiment (v) was used to estimate R and then K
d
. Th e 

K
d
 values estimated from low-fl ow and high-fl ow velocity 

experiments were compared.

Based on the one-dimensional advection-dispersion equa-

tions, a ratio relating the breakthrough times and fl ow ve-

locities was derived assuming the length of the columns were 

equivalent between fl ow velocity experiments:

l hh l b b(v /v ) = (t /t )  [8]

where t
lb  and t

hb  
and are the breakthrough times and v

h
 and v

l
 are 

the velocities for the high fl ow and low fl ow tests, respectively. If 

the ratios diff ered between experiments, then variable P sorption 

was occurring and the fl ow velocity had an eff ect on the sorption 

characteristics of the fi ne (i.e., <2.0 mm) material.

Th ese fl ow-cell data were also analyzed based on the con-

centrations of dissolved P in the outfl ow compared to the total 

amount of P added to the system. If an equal mass of P was 

added to each system, the measured dissolved P concentrations 

in the outfl ows would be approximately equal if fl ow velocity 

did not have an eff ect on sorption. Th e mass of P added per 

kg of soil (mg P/kg soil) was found by multiplying Q (mL/

min) by the infl ow P concentration (mg/L) and by the elapsed 

time of the experiment (min). Th ese data were plotted against 

the dissolved P concentrations (mg/L) detected in the outfl ow 

solutions for both fl ow velocities. If velocity had an eff ect on 

sorption, the curve for the low velocity data set would be lower 

than the curve for the high velocity data set.

Results and Discussion

Soil Properties
From the particle size analysis of the gravel subsoil, it was 

found that roughly 81% of the material by mass was larger 

than 2.0 mm. Th is was signifi cant because 2.0 mm is generally 

the upper limit used when attempting to characterize the sorp-

tion properties of a material. In other words, 81% of the gravel 

subsoil would likely be considered to have negligible sorption 

capabilities. According to the Wentworth (1922) scale, this 

gravel subsoil is classifi ed as coarse gravel. Th e uniformity coef-

fi cient, defi ned as the ratio of D
60

 (i.e., 19 mm) to D
10

 (i.e., 0.9 

mm), equaled 22 and suggested a fairly well-graded soil.

Th e particle size distribution was also used to estimate the 

hydraulic conductivity, K, of the gravel subsoil. Using a D
50

 of 

13 mm, a D
10

 of 0.9 mm and I
0
 equal to 0.4 mm, the K was 

estimated to be 640 m/d. Estimates for K
v
 obtained from the 

falling head test ranged from 140 to 230 m/d. It should be noted 

that most of the equations used to calculate K and K
v
 previously 

focused on soils with much smaller grain sizes (Landon et al., 

2001). As indicated in the particle size distribution, the alluvial 

system tested here had a large percentage of gravels >10 mm in 

diameter. Although the estimates for K and K
v
 obtained from the 

particle size distribution and falling head test may be elevated 

representations, they still demonstrate how conductive the gravel 

subsoil was and could be used as an indicator of the potential for 

rapid water and nutrient transport in the alluvial system.

Th e fraction of alluvial deposit <2.0 mm (i.e., about 19%) 

was found to possess considerable sorption capability based on 

linear (K
d
 = 4.5 L/kg based on C

e
 <10 mg/L) and Langmuir 

(Q0 = 125 mg/kg and b = 0.048 L/kg) isotherms (Fig. 4). When 

compared to other Oklahoma surface soils analyzed for P sorp-

tion properties, the Q0 determined for these samples (125 mg/

kg) was slightly lower than the range in Q0 (191–772 mg/kg) 

of other surface soils analyzed in eastern Oklahoma (Fuhrman, 

Fig. 3. Laboratory fl ow-through experimental setup. The experimental setup follows that of DeSutter et al. (2006).
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1998). A weighted linear K
d
 calculated based on the fraction of 

material above and below 2 mm resulted in a K
d
 of 0.9 L/kg. 

Th is weighted K
d
 suggested a P sorption R of 18 to 24 based on 

estimates of ρ
b
 for the gravel material of 1.5 to 1.8 g/cm3 and 

ε of 0.35 to 0.40.

Results from the ammonium oxalate extractions showed a 

degree of P saturation of 4.2% when not including the α factor 

of 0.5 (Beauchemin and Simard, 1999). Th is α factor has been 

used to adjust the total amount of iron and aluminum that could 

be available in diff erent soil types. Th e value was derived from a 

given set of soils and laboratory conditions. Th us, it may not be 

appropriate to use it for all cases. When incorporating the α fac-

tor of 0.5, the degree of P saturation for the fi ne soil was found 

to be 8.4%. Both P saturation values could be considered lower 

than agricultural topsoils with a history of P applications beyond 

crop needs. Th is suggested that the fi ne soil material would be 

capable of sorbing a considerable amount of P. However, this 

only pertains to the fi ne material in the gravel subsoil, which is 

only about 19% of the entire size fraction.

Tracer and Phosphorus Injection Experiments
In the fi rst experiment, Rhodamine WT was injected at 

100 mg/L (Table 1). Samples analyzed from this experiment 

showed detectable concentrations in all of the piezometers. 

Concentrations detected in piezometers located 2 to 3 m from 

the trench (i.e., piezometers A, B, and C) peaked at 36 μg/L 

with peak concentrations occurring approximately 30 min af-

ter injection. Detected levels in piezometers located 7 to 8 m 

from the trench (i.e., piezometers K, L, and M) were generally 

<30 μg/L with peak concentrations occurring approximately 

50 min after initiation of injection (Fig. 5a).

Also, Rhodamine WT concentrations detected in piezom-

eters D, I, and J for the fi rst experiment were much higher 

than those detected in all other piezometers (Fig. 5b). Sample 

concentrations from these piezometers all exceeded 300 μg/L, 

which was the upper detection limit on the fi eld fl uorometer. 

After dilution in the laboratory, the concentrations in these 

wells were found to be close to the injected concentration of 

100 mg/L. Piezometers D, I, and J were hypothesized to be 

located in a preferential fl ow pathway which was more conduc-

tive than other subsurface material (Fig. 5b).

In the second experiment, Rhodamine WT was injected at 

approximately 3.0 mg/L with the intent of staying within the 

range of detection for the fi eld fl uorometer (Fig. 6). Sample 

analysis showed a pattern similar to the fi rst injection, with 

detection levels in piezometers D, I, and J approximately 

equivalent to the injected concentration of 3.0 mg/L (Fig. 6). 

However, there was no Rhodamine WT detected in any of the 

other piezometers. Th is was hypothesized to be due to the fact 

that the injected concentration of 3.0 mg/L (compared to 100 

mg/L in the fi rst experiment) was diluted near the detection 

limit by the time it reached the outer piezometers.

Fig. 4. Laboratory data fi t to Langmuir isotherm (solid line), where Qo 
is the mass of phosphorus sorbed per unit soil mass at complete 
surface coverage and b is the binding energy, for fi ne soil 
material (i.e., <2.0 mm). The distribution coeffi  cient, K

d
, for the 

linear isotherm based on equilibrium solution concentrations of 
less than 10 mg/L is also given in the legend.

Fig. 5. (a) Rhodamine WT concentrations for nonpreferential fl ow 
piezometers located 2 to 3 m and 7 to 8 m from trench during Exp. 1. 
(b) Rhodamine WT concentrations in preferential and nonpreferential 
fl ow piezometers during Exp. 1. Note: Concentrations >300 μg/L 
were above detection limit of fi eld fl uorometer.
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Th e results from the second Rhodamine WT injection sup-

ported the hypothesis that a highly conductive preferential fl ow 

pathway existed in the coarse gravel subsoil. Th e Rhodamine 

WT concentrations detected in the preferential fl ow pathway, 

(i.e., Fig. 6d, e, and f ), were roughly two orders of magnitude 

larger than the concentrations detected in the nonpreferential 

fl ow piezometers, (i.e., Fig. 6b and c). Th is demonstrated the 

potential for rapid subsurface transport in this alluvial system.

Another trend visible from the Rhodamine WT injections 

was that samples taken from 10 cm below the water table 

Fig. 6. Rhodamine WT concentrations in (a) trench compared to (b) and (c) nonpreferential fl ow piezometers and (d), (e), and (f) preferential fl ow 
piezometers during Exp. 2.
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showed signifi cantly higher concentrations than samples taken 

110 cm below the water table for the piezometers considered 

to be in the preferential fl ow pathway (Fig. 6). Th ese data sup-

ported the possibility of layering (i.e., vertical anisotropy) in 

the subsoil. Th ese fi ndings also support those of previous re-

searchers, such as Poole et al. (2002), that such preferential 

fl ow pathways may be located at specifi c elevations within the 

alluvial fl oodplain. However, unlike the study by Poole et al. 

(2002), the preferential fl ow pathway in this research did not 

correspond to topographic elements on the surface.

Before the injection experiments, the water levels detected in 

each piezometer showed minor diff erences (i.e., <1 cm). Th erefore, 

a minimal hydraulic gradient existed which was directed toward 

the preferential fl ow pathway. However, during injection, water 

level readings from two of the piezometers (i.e., D and J) in the 

preferential fl ow pathway suggested that water was fl owing down 

the side of the piezometer. Th is qualitative evidence again sup-

ports the hypothesis of vertical anisotropy with a confi ning layer 

or bottom of the preferential fl ow pathway located between 1.7 m 

(i.e., the elevation of the bottom of the trench at the topsoil/gravel 

interface) and 3.5 m (i.e., the original water table elevation).

Background dissolved P samples before the last injection 

were grouped according to the observed piezometer fl ow re-

sponse from the Rhodamine WT experiments: (i) preferential 

fl ow piezometers vs. (ii) nonpreferential fl ow piezometers. A 

statistically signifi cant diff erence (α = 0.05, P value = 0.013) 

was noted between the background dissolved P concentra-

tion in preferential vs. nonpreferential fl ow piezometers (Fig. 

7). Concentrations of dissolved P in the Barren Fork Creek 

were approximately 1.8 times higher than those observed in 

the piezometers. Th e diff erence between piezometer groupings 

suggested potential for the preferential fl ow piezometers to be 

more directly connected to the stream channel and nonpoint 

source loads in the stream.

In the third experiment, P was injected into the trench at 

a concentration of 100 mg/L, as shown in Fig. 8. Similar to 

the Rhodamine WT injections, dissolved P concentrations in 

preferential fl ow piezometers again mimicked concentrations 

injected into the trench: Fig. 8d and f. Also, the breakthrough 

time of dissolved P in preferential fl ow piezometers was ap-

proximately equivalent to the breakthrough time of Rhod-

amine WT. Dissolved P and Rhodamine WT were detected at 

50% of the injected concentration approximately 20 to 30 min 

after injection. Such results suggested no enhanced transport 

of P with colloids. In fact, no visible colloids were observed on 

a 0.45-μm fi lter during sampling. Negligible colloids were also 

supported by the approximately equivalent P concentrations 

between the Murphy and Riley (1962) and ICP–AES meth-

ods. Had colloids been present in this system, the transport 

velocity of the colloids may have been equivalent to the average 

groundwater fl ow velocity in the preferential fl ow paths due 

to the fact that the colloid size would be much smaller than 

the soil pore size in this coarse gravel (McCarthy and Zachara, 

1989; Ramaswami et al., 2005).

Th e long tailings shown in both the Rhodamine WT and P 

preferential fl ow piezometer data suggested that the alluvial system 

experienced nonequilibrium conditions. Direct comparison of 

Rhodamine WT and dissolved P in specifi c preferential fl ow wells 

indicated that P and Rhodamine WT possessed equivalent periods 

of detection. Both dissolved P and Rhodamine WT reached back-

ground levels at approximately 120 min in piezometers D and J, 

as shown in Fig. 6d, 6f, 8d, and 8f, and approximately 200 min in 

piezometer I, as shown in Fig. 6e and 8e. Th ese results signaled the 

presence of heterogeneities in aquifer dispersivity, a result that is 

not unexpected in such geomorphologically active alluvial stream 

systems, and/or chemical kinetics.

In nonpreferential fl ow piezometers, dissolved P was not 

detected above background concentrations (i.e., 40 μg/L) even 

Fig. 7. Box plots of background dissolved P concentration in preferential fl ow vs. nonpreferential fl ow piezometers before P injection experiment 
(i.e., Exp. 3). 25th and 75th percentiles = boundary of the box; median = line within the box; 10th and 90th percentiles = whiskers above and 
below the box.
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in piezometers 2 to 3 m from the trench. Rhodamine WT was 

detected in nonpreferential fl ow piezometers 2 to 3 m from the 

trench at concentrations near 40 μg/L. Th is result suggested 

that sorption retarded the movement of P to these nonprefer-

ential fl ow piezometers, and that no signifi cant sorption was 

observed for piezometers D and J. Two hypotheses were pro-

Fig. 8. Dissolved P concentrations in (a) trench compared to (b) and (c) nonpreferential fl ow piezometers and (d), (e),  and (f) preferential fl ow 
piezometers during Exp. 3.
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posed for the lack of sorption that was suggested in piezom-

eters considered to be in the preferential fl ow pathway: (i) the 

presence of fewer particles with signifi cant P sorption capabil-

ity and/or (ii) lack of contact time between aqueous and solid 

phases due to the higher fl ow velocities. To evaluate the fi rst 

hypothesis, undisturbed soil cores would be needed from the 

preferential fl ow path. However, this was diffi  cult to obtain in 

the coarse gravel substrate. Th erefore, this hypothesis was not 

evaluated. Th e second hypothesis was evaluated using fl ow-cell 

experiments in the laboratory.

Laboratory Flow-Cell Experiments
Both the contaminant transport and load perspectives sug-

gested that fl ow velocity had an eff ect on the sorption capa-

bilities of the system. Figure 9a shows the dissolved P con-

centrations for both velocities plotted vs. dimensionless time. 

Concentrations detected in the outfl ow solution for the high 

velocity experiment are approximately 90% of the infl ow dis-

solved P concentration after <1 min. Th erefore, the break-

through time, t
b
, for the experiment is <1 min. Th e exact time 

at which 50% of the sample was detected is not known because 

the fi rst sample (i.e., at 0.5 min) corresponded to 60% of the 

infl ow concentration. Th e exponential fi t to these data (Fig. 9a) 

was used to estimate a t
b
* of 2.7, which corresponded to a t

b
 of 

0.4 min. For the low fl ow experiment, the outfl ow concentra-

tion gradually increased with time and reached approximately 

75% of the infl ow concentration after 8 h of injection. Th e 

t
b
 determined for the low fl ow experiment was approximately 

155 min, which corresponded to a t
b
* of 25.4 (Fig. 9a).

Th ese data suggested that increased P sorption was occur-

ring in the low fl ow experiment. Specifi cally, the velocity ratio 

between the high fl ow and low fl ow experiments was approxi-

mately 36 when using average fl ow velocities of v
h
 = 46 and v

l
 

= 1.3 m/d, respectively. Compared to the ratio of the break-

through times of approximately 390, additional P sorption was 

occurring during the low-fl ow experiment. Th is could likely 

be due to the small reaction time between the P and soil sur-

faces during the high-fl ow experiment. In previous laboratory 

studies, diff erences were observed in water soluble P extrac-

tion at two diff erent shake times (i.e., 1 h and 16 h) indicating 

that kinetics played a signifi cant role in desorption/adsorption. 

Even though there was no visible preferential fl ow pathways 

(i.e., edge fl ow) in the laboratory fl ow-cell experiments, such 

pathways may have existed. If pathways existed, they were con-

sistent among three replicates at the high fl ow velocity.

Th ese fl ow-cell data were also analyzed by comparing the to-

tal mass of P added to the dissolved P concentrations detected 

in the outfl ow, as shown in Fig. 9b. Variables such as infl ow P 

concentration, mass of P added and mass of soil sample were 

held constant. Th e only parameter changed between the two 

experiments was fl ow velocity. From Fig. 9b, it is noticeable 

that the outfl ow P concentrations detected for the low fl ow 

experiment were consistently less than the concentrations ob-

tained during the high fl ow experiment at the same milligrams 

of P added per kilograms of soil. Similar to the contaminant 

transport analysis, these data also suggest that more P sorption 

was occurring during low fl ow velocity experiments and that 

fl ow velocity had an eff ect on sorption.

Th is fi ne (i.e., <2.0 mm) material consists of secondary min-

erals with larger surface areas, such as kaolinite and noncrystal-

line Al and Fe oxyhydroxides, and is characterized by valence-

unsatisfi ed edge hydroxyl groups. Due to the valency, these edge 

hydroxyl groups are highly active and account for the majority 

of P sorption in the material. Although isotherm data on the 

fi ne material showed that material had lower sorption proper-

ties than other surface soils in Oklahoma, it did suggest that the 

material was capable of sorbing P. Th erefore, the fi nding that P 

was sorbing in the low fl ow experiment is reasonable.

Th e fl ow-cell experiments suggested that neither variation 

in fi ne particle distribution nor P sorption kinetics could be 

eliminated as factors hypothesized to contribute to the fi eld-

observed increased sorption in nonpreferential pathways com-

pared to preferential fl ow pathways. Most likely, a combination 

of both the presence of fewer fi ne particles (i.e., soil particles 

<2.0 mm in diameter which possess greater P sorption capabil-

Fig. 9. Dissolved P concentrations detected in outfl ow (C) vs. (a) 
dimensionless time and (b) mg P added per kg of soil, where Q is 
the fl ow rate, V

ps
 is the pore space volume, C

b
 is the background 

P concentration released from the soil, C
o
 is the infl ow P 

concentration, and t
b
* is the dimensionless breakthrough time.
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ity) and the lack of contact time between aqueous and solid 

phases due to the higher fl ow velocities in the preferential fl ow 

path contributed to the variability in P sorption observations. 

Estimates for K
d
 obtained from the Ogata and Banks (1961) 

and Hunt (1978) equations were 11 and 0.9 L/kg for the low 

fl ow and high fl ow experiments, respectively. It should be not-

ed that direct comparisons of K
d
 between the batch and fl ow-

cell experiments is diffi  cult. Th e batch sorption and fl ow-cell 

experiments are diff erent tests with nonsimilar soil to solution 

ratios. Furthermore, reaction products were being removed 

during the fl ow-cell experiments, but not during the batch ex-

periment. Removal of reaction products allowed the reaction 

to continue to proceed more easily.

Th e diff erences in the K
d
 values suggested that nonequilib-

rium processes were occurring in the system. Th ese processes 

can be divided into physical and chemical nonequilibrium. 

Physical nonequilibrium is the result of dissolved P moving 

into the micropores between the soil particles. Because there 

was not a large amount of fi ne clay in the material, the eff ect of 

microporosity is likely negligible. Th erefore, the diff erences in 

the K
d
 are likely due to a chemical kinetics, meaning that the 

amount of sorption observed varies due to the time associated 

with the reaction between dissolved P and the soil surfaces. If 

one was attempting to derive parameters for a predictive model 

as opposed to simply demonstrating the presence and infl uence 

of chemical kinetics, a nonequilibrium model, such as those 

discussed by Pang and Close (1999) and McGechan and Lewis 

(2002), would be more appropriate for analyzing the column 

data than the equilibrium model used in this research.

Research Implications
Th is research demonstrated that preferential fl ow pathways 

can occur even in nonstructured, coarse gravel substrates and 

demonstrated that the heterogeneity in the riparian fl oodplain 

subsoil can promote signifi cant subsurface nutrient transport. 

Th is research directly confi rmed previous research fi ndings by 

Carlyle and Hill (2001) and McCarty and Angier (2001). Pref-

erential fl ow pathways may create direct hydraulic connections 

between nonpoint source loads in the stream and the alluvial 

gravel subsoil. Th ese direct connections could lead to a tran-

sient storage mechanism, where nutrient loads concurrent with 

large storm events could potentially migrate from the stream 

into the adjacent fl oodplain, contaminating the alluvial storage 

zone. Second, a direct connection may exist between upland 

sources of P and the streams such that a signifi cant nonpoint 

source load may not be currently considered in analyzing for the 

impact of P application and management on such landscapes. 

Future research should be aimed at quantifying the preferential 

fl ow path length, where this research only identifi ed relatively 

short fl ow paths (i.e., 2–3 m), and likelihood of connectivity 

with the stream. Tools which may prove eff ective at quantify-

ing such characteristics include geophysical techniques such as 

electrical resistivity imaging (Sima et al., 2008).

Th is research has wide reaching implications for how ri-

parian fl oodplains are managed. Millions of dollars are spent 

each year to mitigate surface runoff  and sediment and nutrient 

loads. Although these management plans can be eff ective, this 

research has shown that subsurface P transport could also be a 

contributing factor in certain conditions. Because the nutrient 

load studied here was input directly into the subsurface, the 

overall subsurface load contribution could not be quantifi ed. 

Th e next step is determining if similar conditions like this are 

common and if a direct connection exists between nutrient 

sources on the surface and the conductive subsurface material.

Conclusions
Th is research demonstrated that subsurface movement of P 

can be an important transport mechanism, especially in areas 

such as riparian fl oodplains with hydraulic conditions condu-

cive to the rapid transport of P. Th e movement of water and 

contaminants in riparian fl oodplains, even those classifi ed as 

nonstructured, coarse gravel, is not homogeneous and can be 

impacted by the presence of preferential fl ow pathways. In the 

presence of preferential fl ow paths, P could be transported 

through alluvial groundwater without any reduction in its 

concentration. In contrast, in the absence of preferential fl ow 

paths, P transport was hindered.

Minimal sorption of P to subsoil material in the preferential 

fl ow pathways occurred because of two hypothesized factors: 

(i) the presence of fewer fi ne particles (i.e., soil particles <2.0 

mm in diameter) and (ii) lack of contact time between aqueous 

and solid phases due to the higher fl ow velocities. Laboratory 

fl ow experiments suggested that higher velocity of fl ow through 

the subsoil resulted in less P sorption. Th ese fi ndings suggested 

that high concentrations of dissolved P (i.e., concentrations 

mimicking the injected concentration) detected in the piezom-

eters located in the preferential fl ow pathway were a result of 

the greater fl ow velocity. Th e velocity, in turn, likely led to a 

smaller reaction time between the dissolved P and soil surfaces, 

prohibiting measurable sorption. Th e lack of dissolved P above 

background concentrations in piezometers outside of the pref-

erential fl ow pathway may have been a result of the P solution 

moving much slower through the subsoil and therefore sorbing 

to the fi ne material.
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