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ABSTRACT

For phosphorus (P) transport from upland area tfasel water systems, the primary
transport mechanism is typically considered to unéase runoff with subsurface transport
assumed negligible. However, certain local condgican lead to an environment where
subsurface transport may be significant. The abjeof this research was to determine
the potential of subsurface transport of P alongashs characterized by cherty or gravel
subsoils, especially the impact of preferentiaivlpaths on P transport. At a field site
along the Barren Fork Creek in northeastern Oklahomtrench was installed with the
bottom of the trench at the topsoil/alluvial grawelerface. Fifteen piezometers were
installed at various locations surrounding thedrem order to monitor flow and transport.
In three experiments, water was pumped into thectrérom the Barren Fork Creek to
maintain a constant head. At the same time, a ceatsee tracer (Rhodamine WT) and/or
potassium phosphate solution were injected intartiech at concentrations at 3 and 100
mg/L for Rhodamine WT and at 100 mg/L for P. Laiory flow-cell experiments were
also conducted on soil material less than 2 mmize ®© determine the effect that flow
velocity had on P sorption. Rhodamine WT and P vemtected in some piezometers at
equivalent concentrations as measured in the tresugjyesting the presence of preferential
flow pathways and heterogeneous interaction betveteams and subsurface transport
pathways, even in non-structured, coarse gravéd.séthosphorus transport was retarded
in non-preferential flow paths but not in preferahtflow pathways. Breakthrough times
were approximately equivalent for Rhodamine WT adhdsuggesting no colloidal-
facilitated P transport. Results from laboratoowficell experiments suggested that higher
velocity resulted in less P sorption for the alalwsubsoil. Therefore, with differences in
flow rates between preferential and non-preferéfittav pathways in the field, variable
sorption was hypothesized to have occurred. Thenpial for nutrient subsurface transport
shown by this alluvial system has implications regag management of similar riparian
floodplain systems.

vi



SUBSURFACE TRANSPORT OF PHOSPHORUSTO STREAMS: A POTENTIAL
SOURCE OF PHOSPHORUSNOT ALLEVIATED BY BEST MANAGEMENT
PRACTICES (BMPS)

|. PROBLEM AND RESEARCH OBJECTIVES

The adverse impact of increased nutrient loadingsswarface water quality has
drawn considerable attention in recent years. uRall drinking water, excessive algal
growth, taste and odor issues, and fish kills arg a few of the negative effects that can
result from an overload of nutrients. While niteogis a concern, phosphorous (P) is
generally considered the most limiting nutrient. nigh et al. (1998) found that
concentrations of P critical for terrestrial plambwth were an order of magnitude larger
than concentrations at which lake eutrophicationy maccur. Excessive soil P
concentrations can increase potential P transposutface waters or leaching into the
groundwater and have negative implications.

1.1 Subsurface Nutrient Transport Studies

Subsurface P transport is a less studied and unddrdransport mechanism
compared to transport by overland flow, althougimarous studies have reported P in
groundwater and subsurface P transport (Turner Haygbarth, 2000; Kleinman et al.,
2004; Nelson et al., 2005; Andersen and Kronvar@if)62 Hively et al., 2006). For
example, from research on four grassland soilshdruand Haygarth (2000) documented
that subsurface P transfer, primarily in the digsdlform, can occur at concentrations that
could cause eutrophication. Kleinman et al. (200é4jed that the P leaching is a
significant, but temporally and spatially varialttensport pathway. Nelson et al. (2005)
indicated that P leaching and subsurface transgwtld be considered when assessing
long-term risk of P loss from waste-amended soil8&ndersen and Krovang (2006)
modified a P Index to incorporate potential P tpmspathways of tile drains and leaching
in Denmark. Hively et al. (2006) considered traspf total dissolved P (TDP) for both
baseflow and surface runoff. Other researchersbagenning to emphasize colloidal P
transport in the subsurface, as P attaches to ssmadl particles capable of being
transported through the soil pore spaces (de Jengk, 2004; Heathwaite et al., 2005; Ilg
et al., 2005).

The potential for subsurface nutrient transporassociation with vegetated buffer
strips (VBS) along the riparian areas of surfacetewasystems has recently been
emphasized. The VBS can be either grass or fateatel act as a zone in which runoff is
captured and/or sediment trapped, inhibiting sedtfbeund nutrient transport to the
stream. However, some studies have shown these 3Bfms promote subsurface
nutrient loading to streams (Osborne and Kovad@831 Vanek, 1993; Cooper et al., 1995;
Polyakov et al., 2005). Polyakov et al. (2005) eixesdl current research regarding riparian
buffer systems and their ability to retain nutrgent Their findings suggested that
conditions, such as the spatial variability in doydraulic conductivity, the presence of
preferential flow pathways, and limited storageamty in the riparian zone’s soil, could
subvert the buffer system’s ability and allow focieased nutrient transport. Osborne and
Kovacic (1993) showed VBS could actually act likaewrient source, releasing dissolved
and total P into the groundwater. Another studydteted in Sweden showed that the soil



in riparian zones had almost no P retention capatie to a natural calcium leaching
process which started over 3000 years ago (Var#3)1 Also, a study by Cooper et al.
(1995) showed a high P availability for groundwatiemsport due to saturation of the
riparian zone.

There have been several studies conducted in vatisarvation wells were used to
monitor the flow of nutrients in groundwater inanmn zones (Vanek, 1993; Carlyle and
Hill, 2001; McCarty and Angier, 2001). Vanek (1993ioted groundwater P
concentrations taken from 12 wells in a lake rigarzone ranged from 0.4 to 11.0 mg/L
with an average of 2.6 mg/L. Carlyle and Hill (2QGnonitored the behavior of P in the
subsurface in a river riparian zone and suggestadriparian areas can become saturated
with P. They noticed higher soluble reactive phasph (SRP) concentrations (0.10 to
0.95 mg/L) in areas characterized by having soilh wWigher hydraulic conductivities
buried under the top soils. They suggested thgarian areas might actually be
contributing to the release of P because they aseréhe redox potential. McCarty and
Angier (2001) studied preferential flow pathwaysriparian floodplains. Their findings
showed increased biological activity in these patysvand could lead to reduced
conditions, which, in turn, decrease the abilitygmove nutrients.

It should be noted that surface runoff usually cgissof high flows over a short
period of time, whereas subsurface flow is charasd by lower flow rates over long
periods of time. The point is that even thoughfeme runoff has shown higher
concentrations in many field studies (i.e., Owend &hipitalo, 2006), low-concentration
subsurface flow occurring over a long period of dirmould still be making a viable
contribution to the total nutrient load of a sudawater body. The findings mentioned
above show that there is a potential for subsunfatgent transport. Therefore, there is a
need for more research devoted to monitoring amgrstanding subsurface P transport.

1.2 Hydraulic Conditions Promoting Subsurface Phosphorus Transport

As noted earlier, local or regional conditions ckad to conditions where
subsurface transport is significant (Andersen armhikang, 2006). Areas such as riparian
floodplains commonly consist of alluvial depositghagravelly soils possessing hydraulic
properties conducive to the subsurface transpoR. ofcravel or cherty soils are common
throughout the Ozark region of Oklahoma, Arkansas Missouri. In eastern Oklahoma,
cherty soils adjacent to rivers consist of gravsilyloam to gravelly loam substrate below
a thin layer of organic matter. Sauer and Logs@@®2) studied the hydraulic properties
of some of these cherty soils (Clarksville and Nbaies) and concluded that relatively
subtle morphological factors can have a dispropoatie impact on water flow in the soils,
suggesting the need for further research regarttiag hydraulic properties. These soils
possess infiltration rates as high as 1.22 to 8d according to USDA Soil Surveys.
Therefore, the potential for subsurface transpgosignificant.

1.3 Objectives

More research pertaining to the role of subsurfadeansport is needed, especially
in riparian floodplains. Current best managemeractices aimed at reducing P load
through surface runoff may be ineffective if suliaoe flow is a significant transport
mechanism and therefore could impact long-term rptan of available water supplies.
This research attempts to quantify the potentialstdosurface alluvial transport of P in a



riparian floodplain, especially the impact of prefatial flow paths on P transport. If
subsurface P transport is important on these lap#s; questions need to be answered
regarding what impact, if any, current best managenpractices are having on this
transport mechanism.

Il. METHODOLOGY

In order to study the potential for subsurface gpamt in a riparian floodplain
(Figure 1), a trench-piezometer system was ingtdliea riparian area (latitude: 3590
longitude: -94.8%) approximately 20 m adjacent to the Barren ForseRmear Tahlequah,
OK (Figure 2). The trench system was designed doida a constant water head and a
tracer/P injection source on the subsurface alluyiavel with subsequent monitoring of
flow, tracer, and P transport in the piezometeldfid@he dimensions of the trench were
approximately 0.5 m wide by 2.5 m long by 1.2 mmed&he bottom of the trench was
located approximately 25 to 50 cm below the infédoetween the topsoil and gravel
layers, thereby short-circuiting flow and tracedifectly into the gravel. A bracing system
consisted of a frame constructed with 5 cm by 13 stods and covered with 2 cm
plywood. Fifteen piezometers were installed aiowes locations around the trench with
the majority of the piezometers located betweentrdvech and the river (Figure 2). The
piezometers were approximately 6 m (20 ft) long arede constructed of Schedule 40
PVC. Each consisted of at least a 3 m screendmisext the base. The piezometers were
installed using a Geoprobe(Kejr, Inc.) drilling machine. Fuchs (2008) dissad
additional details on piezometer installation.

e

Approximate Location of Trench/
Piezometer System (20 m from
Creek Bank)

Alluvial Gravel Apparent
on Unstable Streambanks

Figure 1. Field site located approximately 25 km east of Tahlequah, Oklahoma adjacent to the Barren
Fork Creek.
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Figure 2. (a) Location of the trench and piezometersand (b) illustration of piezometersrelativeto the
location of thetrench. Photograph was taken from piezometer D looking northeast towards
piezometersA and E.

2.1 Soil Sampling

Samples from the surface of the alluvial gravel eveaken when installing the
trench since the unconsolidated gravel was unstabthough these samples were
disturbed, they still provided a reasonable repredion of the subsoil. The samples taken
from the gravel layer were first sieved to detemnthe particle size distribution for the



gravel subsoil. After oven drying the sample, doarse gravel was first separated out
using a stack of five sieves ranging from 25.4 rord.75 mm (No. 4). Next, the smaller
particles were sieved using a sieve stack as fallagiw75 mm (No. 4), 2.0 mm (No. 10),
0.85 mm (No. 20), 0.6 mm (No. 30), 0.425 mm (N9, 4025 mm (No. 60), 0.15 mm (No.
100), and 0 mm (pan).

The particle size distribution was analyzed to aeiee theD1g, D3, Dso, andDgo
(i.e., diameter of soil particles in which 10, 30, and 60%, respectively, of the sample is
finer). Once the particle size was known, the di@msewere used with an empirical
equation proposed by Alyamani and Sen (1993) tonatt the hydraulic conductivity of
the soil:

K =130(I, +0.024D,, - D, )’ (1)
whereK is the hydraulic conductivity in m/@so andDj are in mm, andp is the intercept
of the line formed byDsy and D1 with the grain size axis. This estimate for hyiica
conductivity was compared to another estimate nbthusing a falling head test (Landon
et al.,, 2001; Fox et al., 2004). The falling héest was performed by filling the trench
with water until steady state conditions were reaglshutting off water to the trench, and
recording water levels over time as the trenchné@i Data obtained from the falling head
experiment were then used with the Darcy equatmredtimate the vertical hydraulic
conductivity:

K, =— ;nHo )
-1, H,;
whereK, is the vertical hydraulic conductivity of the soilm/d,L is the sediment interval
being tested in m (i.e., 0.25 to 0.50 m for thendte system), andHp, and H; are the
displacement in m of the water at tigeandt; respectively (Landon et al., 2001; Fox et
al., 2004).

After sieving the soil sample, particles with ardeter less than 2.0 mm were
further analyzed for P sorption. Adsorption isothe were estimated by adding different
levels of P (0, 1, 5, 10, 25, 50, 100, 200, 40@ &0 mg P/L) to 2.0 g soil samples. The
samples were shaken for 24 hours using a recipngcahaker and then centrifuged for 10
minutes at 10,000 rpm. The P in solution was theantified using ICP-AES analysis.
Data were fit to linear (equation 3) and Langmuweguation 4) isotherms to provide
information in regard to the ability of the finedsment fraction of the alluvial soils to
adsorb P from solution:

qe = KdCe (3)
bC

- (0] e 4

q. =Q 1+6C, (4)

wherege is the mass of P sorbed per unit mass of €Rilis the equilibrium, dissolved
phase concentratiofq is the distribution coefficient, an@” andb are parameters of the
Langmuir isotherm (i.eQ° is the mass of P sorbed per unit mass of soiloatptete
surface coverage afs the binding energy).

An ammonium oxalate extraction was also perforreadthe fine material to
determine the degree of P saturation, which igdtie of P to the total amount of iron and
aluminum (McKeague and Day, 1966; lyengar et é811 Pote et al., 1996). This
procedure dissolved the non-crystalline forms afrahum and iron in the material,



considered to be the main sink for P among aciulis.s Therefore, selective dissolution of
these amorphous minerals liberates any P assoeigiethem into solution.

2.2 Tracer and Phosphor us Injection Experiments

Two Rhodamine WT tracer and one P (potassium plaasptKHPQOy) injection
experiments were performed to monitor subsurfat@esdaransport from the trench (Table
1). Prior to the injection, each piezometer arel Barren Fork Creek was sampled and
analyzed for background P levels. Also, a wateellendicator was used to determine the
depth to the water table in each piezometer poianjection. Experiments were performed
near base flow conditions in the Barren Fork Cresith ground water tables
approximately 3.5 m below ground surface. Nextaewatas pumped from the Barren Fork
Creek into the trench at approximately 0.0044snfi.e., 4.4 L/s) in order to induce water
movement. The steady-state water level in theclremas held as constant as possible at
approximately 40 to 60 cm above the bottom of thendh. Water levels in the
piezometers surrounding the trench were monitoresl ime. Pumping continued until
the system reached pseudo-steady state conditidnish was verified when the water
levels in the piezometers remained constant.

Rhodamine WT or P (KHPOy) was injected into the trench at a constant rategu
a variable rate chemical pump (Table 1). Onceinfextion began, samples were taken
from the piezometers for the duration of the expernit in order to monitor the movement
of the Rhodamine WT tracer and P. To sample teegmneters, a peristaltic pump was
used. In order to obtain water samples at twaeeckfit depths for experiment 2 and 3, two
hoses were run to each of the piezometers. Oreeaas lowered to a depth 10 cm below
the water table, while another was lowered to drd&éd 0 m below the water table.

Table 1. Summary of Rhodamine WT and phosphorus (KH2PO4) injection experiments. Water was
injected at a rate of approximately 0.0044 m?/s.

Experiment No. 1 2 3
Injection Compound Rhodamine WT Rhodamine WT KH,PO,
Concentration (mg/L) 100 3 100
Compound Injection 60 90 20

Duration (min)

Duration of Water 120 200 200
Injection (min)

Average Water Level in
Trench (cm) 44 60 60

& Experiments 2 and 3 were performed simultaneously.

The samples were placed into small bottles and phugnnto a refrigerated cooler
and transported back to the laboratory where thesevanalyzed for Rhodamine WT, P
and other cations such as calcium and aluminum.ch Esample was analyzed for
Rhodamine WT content using a Turner model 111 dowter and an Aquaflor handheld
fluorometer. Samples were then analyzed for Pestinising two different methods. The
Murphy-Riley (1962) method was used to measuralis®olved inorganic P present in the



samples, and an inductively coupled plasma atomisson spectroscopy (ICP-AES)
machine was used to measure the total dissolved P.

2.3 Laboratory Column Experiments

The fine material (i.e., less than 2.0 mm) obtaifrech the sieve analysis was also
used in laboratory flow-cell experiments (DeSut&tral., 2006)to investigate the P
sorption characteristics with respect to the flogloeity. The use of a uniform layer of
fine material removed physical non-equilibrium effe due to spatial uniformity in
dispersivity. Approximately 5.0 g of the fine ma&krwas placed in each of six flow-
through cells (Figure 3). This corresponded t@iadepth of approximately 2.3 mm. A
Whatman 42 filter was placed at the bottom of easlhto prevent the fine material from
passing through the bottom. Each cell had a naziee bottom with a hose running from
the nozzle to a peristaltic pump. The pump pulledter with a predetermined P
concentration through the cells and fine matetial known flow rate (mL/min) (Figure 3).
Two different speeds on the peristaltic pump weseduto evaluate the effect that flow
velocity had on P sorption. The flow rates usedraged 0.4 mL/min for three low flow
experiments and 14 mL/min for three high flow expents. These flow rates
corresponded to average flow velocities of 1.3 4bdn/d, respectively.

Inflow Solution from Marriott
Infiltrometer

-t 47 mm——3

A

90 mm
23 - Constant Water Level

3 mm
Y < —— Soil
v i v“‘\\ 45-um Filter

Filter Support System

Qutflow Solution

Figure 3. Laboratory flow-through experimental setup. The experimental setup followsthat of
DeSutter et al. (2006).

First, 20 mL of deionized water was pulled throutje soil to determine the
background P that was removed from the soil. Na&XH,PO. solution was injected into
each cell at 1.0 mg/L and kept at a constant heauywa Mariott bottle system (Figure 3).
The low flow experiment was run for approximately hurs, while the high flow



experiment was run for 1 hour. This was done tuex® approximately equal P loads to
each system. Samples were taken periodically ¢irout each experiment. The samples
were analyzed in the laboratory for P and Ca ubmwity the Murphy-Riley (1962) method
and ICP-AES analysis.

The solution dissolved P concentrations obtainethfthe ICP-AES analysis were
then used to evaluate the effect flow velocity osdPption. Two scientific perspectives
were used to analyze these data. The first methaxl based on contaminant transport
theory and compared the outflow dissolved P comagahs from both low flow and high
flow velocities over time. The dissolved P concatmbns determined by ICP-AES
analysis were plotted versus a dimensionless injed¢ime,t’, wheret = tQ/Vps, WwhereQ
is the inflow rate and/ys is the pore volume. From the curve produced fiaurtflow
dissolved P concentration versusa breakthrough timé;, was estimated for each of the
flow velocity experiments. This was assumed tdHsetime at which 50% of the inflow
concentration was detected in the outflow solution.

A sorbing contaminant moves through porous medaratarded flow velocity, as
suggested by the following advection-dispersioangtion equations:

2
R@ = —V@ + th) E
ot ox ox?

ac ac . d°c

— =V, —+a\V,—

ot Sox - ox?
wherex is the direction along the length of the colurmims the concentratiow, is the pore
water velocity,D™" is the hydrodynamic dispersion coefficieat, is the dispersivity, and

v, Is the sorbed contaminant velocity. The sorbedtarainant velocity is simply the

S

groundwater velocity divided by the retardationtéacR:
£

wherepy, is the soil bulk density andis porosity. Solutions to equation 5 were given by
Ogata and Banks (1961) and Hunt (1978):

C(X,t)=&erf Xt (7)
2 2a vt

These data from the flow-through experiments wérentused with this equation to
inversely estimate/, anda, by minimizing the sum of squared errors betweedioted

and observed outflow concentrations (ixes, 0.23 cm). With this estimated the average

flow velocity measured during the experimev)t\as used to estimakand therKy. The
Kq4 values estimated from low-flow and high-flow vatgexperiments were compared.

Based on the one-dimensional advection-dispersguations, a ratio relating the
breakthrough times and flow velocities was deriesduming the length of the columns
were equivalent between flow velocity experiments:

(6)

Vo ot
v, ot

(8)

by



where t, and t, are the breakthrough times amdandv, are the velocities for the high

flow and low flow tests, respectively. If the raiaiffered between experiments, then
variable P sorption was occurring and the flow g#johad an effect on the sorption
characteristics of the fine (i.e., less than 2.0)mmaterial.

These flow-cell data were also analyzed based ®rdhcentrations of dissolved P
in the outflow compared to the total amount of Hextlto the system. If an equal mass of
P was added to each system, the measured dissBhamhcentrations in the outflows
would be approximately equal if flow velocity didbthhave an effect on sorption. The
mass of P added per kg of soil (mg P/kg soil) veamél by multiplyingQ (mL/min) by the
inflow P concentration (mg/L) and by the elapsedetiof the experiment (min). These
data were plotted against the dissolved P conde@riga(mg/L) detected in the outflow
solutions for both flow velocities. If velocity Haan effect on sorption, the curve for the
low velocity data set would be lower than the cuorethe high velocity data set.

[11. PRINCIPLE FINDINGSAND SIGNIFICANCE

3.1 Soil Properties

From the particle size analysis of the gravel silpg was found that roughly 81%
of the material by mass was larger than 2.0 mmufieigl). This was significant because
2.0 mm is generally the upper limit used when aptmy to characterize the sorption
properties of a material. In other words, 81% lné gravel subsoil would likely be
considered to have negligible sorption capabiliti&scording to the Wentworth (1922)
scale, this gravel subsoil is classified as cogragel. The uniformity coefficient, defined

as the ratio 0Dgp (i.€., 19 mm) tdDyp (i.e., 0.9 mm), equaled 22 and suggested a fairly
well-graded soil.
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The patrticle size distribution was also used tomede the hydraulic conductivity,
K, of the gravel subsoil. Using@s, of 13 mm, aD1 of 0.9 mm and, equal to 0.4 mm,
the K was estimated to be 640 m/d. Estimateskipobtained from the falling head test
ranged from 140 to 230 m/d. It should be noted thast of the equations used to
calculateK andK, previously focused on soils with much smaller grsizes (Landon et
al., 2001). As indicated in the particle size rilsttion, the alluvial system tested here had
a large percentage of gravels greater than 10 mammeter. Although the estimates for
K andK, obtained from the particle size distribution aatliig head test may be elevated
representations, they still demonstrate how comgeithe gravel subsoil was and could be
used as an indicator of the potential for rapidevand nutrient transport in the alluvial
system.

The fraction of alluvial deposit less than 2.0 mine.(about 19%) was found to
possess considerable sorption capability basednearl K4 = 4.5 L/kg based o, less
than 10 mg/L) and Langmuif = 125 mg/kg and = 0.048 L/kg) isotherms (Figure 5).
When compared to other Oklahoma surface soils aedlfor P sorption properties, Q8
determined for our sample (125 mg/kg) was sligttiyer than the range i@° (191 to 772
mg/kg) of other surface soils analyzed in eastetal@ma (Fuhrman, 1998). A weighted
linear Kq4 calculated based on the fraction of material akaowe below 2 mm resulted in a
Kq of 0.9 L/kg. This weighte®y suggested a P sorptiéhof 18 to 24 based on estimates
of pp, for the gravel material of 1.5 to 1.8 g/ftamde of 0.35 to 0.40.
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Figure5. Laboratory data fit to Langmuir isotherm, where Q° is the mass of phosphor us sorbed per
unit soil mass at complete surface coverage and b isthe binding energy, for fine soil material (i.e, less
than 2.0 mm). Thedistribution coefficient, Kg, for the

Results from the ammonium oxalate extractions skloavdegree of P saturation of
4.2% when not including the factor of 0.5 (Beauchemin and Simard, 1999). Tdis
factor has been used to adjust the total amountoof and aluminum that could be
available in different soil types. The value wasided from a given set of soils and
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laboratory conditions. Thus, it may not be appiadprto use it for all cases. When
incorporating thex factor of 0.5, the degree of P saturation forfthe soil was found to
be 8.4%. Both P saturation values could be corsid®wer than agricultural topsoils
with a history of P applications beyond crop needshis suggested that the fine soil
material would be capable of sorbing a consideraloh@unt of P. However, this only
pertains to the fine material in the gravel suhsehich is only about 19% of the entire
size fraction.

3.2 Tracer and Phosphor us I njection Experiments

In the first experiment, Rhodamine WT was injece#d100 mg/L (Table 1).
Samples analyzed from this experiment showed ddikctconcentrations in all of the
piezometers. Concentrations detected in piezos&ieated 2 to 3 m from the trench (i.e.
piezometers A, B, and C) peaked at B6/L with peak concentrations occurring
approximately 30 min after injection. DetecteddBvin piezometers located 7 to 8 m from
the trench (i.e., piezometers K, L, and M) wereegalty less than 3@Qug/L with peak
concentrations occurring approximately 50 min afté@ration of injection (Figure 6a).

Also, Rhodamine WT concentrations detected in pregters D, I, and J for the
first experiment were much higher than those detknt all other piezometers (Figure 6b).
Sample concentrations from these piezometers edleded 30Qug/L, which was the upper
detection limit on the field fluorometer. Afterudlion in the laboratory, the concentrations
in these wells were found to be close to the ie@ctoncentration of 100 mg/L.
Piezometers D, |, and J were hypothesized to batddcin a preferential flow pathway
which was more conductive than other subsurfacema{Figure 6b).

In the second experiment, Rhodamine WT was injeateapproximately 3.0 mg/L
with the intent of staying within the range of dgien for the field fluorometer (Figure 7).
Sample analysis showed a pattern similar to thet fifjection, with detection levels in
piezometers D, |, and J approximately equivalenhéinjected concentration of 3.0 mg/L
(Figure 7). However, there was no Rhodamine WTeatetl in any of the other
piezometers. This was hypothesized to be dueetdeitt that the injected concentration of
3.0 mg/L (compared to 100 mg/L in the first expegit) was diluted near the detection
limit by the time it reached the outer piezometers.

The results from the second Rhodamine WT injecsigpported the hypothesis that
a highly conductive preferential flow pathway egitin the coarse gravel subsoil. The
Rhodamine WT concentrations detected in the prefddlow pathway, i.e. Figures 7 (d),
(e), and (f), were roughly two orders of magnitlager than the concentrations detected
in the non-preferential flow piezometers, i.e. Fegi7 (b) and (c). This demonstrated the
potential for rapid subsurface transport in thig\aal system.

Another trend visible from the Rhodamine WT injeas was that samples taken
from 10 cm below the water table showed signifiahigher concentrations than samples
taken 110 cm below the water table for the piezensetonsidered to be in the preferential
flow pathway (Figure 7). These data supportedpbssibility of layering (i.e., vertical
anisotropy) in the subsoil. These findings alsopsupthose of previous researchers, such
as Poole et al. (2002), that such preferential flmathways may be located at specific
elevations within the alluvial floodplain. Howevemlike the study by Poole et al. (2002),
the preferential flow pathway in this research nad correspond to topographic elements
on the surface.
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Prior to the injection experiments, the water lsvdétected in each piezometer
showed minor differences (i.e., less than 1 cmier&fore, a minimal hydraulic gradient
existed which was directed towards the prefererft@h pathway. However, during
injection, water level readings from two of the zmeneters (i.e., D and J) in the
preferential flow pathway suggested that water \flagving down the side of the
piezometer. This qualitative evidence again sugpthe hypothesis of vertical anisotropy
with a confining layer or bottom of the preferehfiaw pathway located between 1.7 m
(i.e., the elevation of the bottom of the trenchhe topsoil/gravel interface) and 3.5 m
(i.e., the original water table elevation).

Background dissolved P samples prior to the Igstiion were grouped according
to the observed piezometer flow response from thedBmine WT experiments: (1)
preferential flow piezometers versus (2) non-piéal flow piezometers. A statistically
significant difference o = 0.05, p-value = 0.013) was noted between thédvaand
dissolved P concentration in preferential versus-pi@ferential flow piezometers (Figure
8). Concentrations of dissolved P in the BarrerkKireek were approximately 1.8 times
higher than those observed in the piezometers. difference between piezometer
groupings suggested potential for the prefererikal piezometers to be more directly
connected to the stream channel and non-point sdoacls in the stream.
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0.07 4

0.06 +

0.05 :l .
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Figure 8. Box plots of background phosphorus (P) concentration in preferential flow versus non-
preferential flow piezometersprior to P injection experiment (i.e., experiment 3). 25th and 75th
per centiles = boundary of the box; median = line within the box; 10" and 90" per centiles = whiskers
above and below the box.

P Concentration, mg/L

In the third experiment, P was injected into thenth at a concentration of 100
mg/L, as shown in Figure 9. Similar to the RhodamWT injections, dissolved P
concentrations in preferential flow piezometersimagaimicked concentrations injected
into the trench: Figures 9 (d), (e), and (f). Al#we breakthrough time of dissolved P in
preferential flow piezometers was approximatelyieajent to the breakthrough time of
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Rhodamine WT. Dissolved P and Rhodamine WT werecdtied at 50% of the injected
concentration approximately 20 to 30 min afteratifn.
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Figure 9. Phosphorus concentrationsin trench (a) compared to non-preferential flow piezometers (b)
and (c) and preferential flow piezometers (d), (€), and (f) during experiment 3.
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Such results suggested no enhanced transport ahReeloids. In fact, no visible
colloids were observed on a 0.4B filter during sampling. Negligible colloids weadso
supported by the approximately equivalent P comagohs between the Murphy-Riley
(1962) and ICP-AES methods. Had colloids been ptese this system, the transport
velocity of the colloids may have been equivalertie average groundwater flow velocity
in the preferential flow paths due to the fact it colloid size would be much smaller
than the soil pore size in this coarse gravel (Mt@aand Zachara, 1989; Ramaswami et
al., 2005).

The long tailings shown in both the Rhodamine Wid & preferential flow
piezometer data suggested that the alluvial systgarienced non-equilibrium conditions.
Direct comparison of Rhodamine WT and dissolveah Bgecific preferential flow wells
indicated that P and Rhodamine WT possessed equivaleriods of detection. Both
dissolved P and Rhodamine WT reached backgrouredslet approximately 120 min in
piezometers D and J, as shown in Figures 7(d), 9(@), and 9(f), and approximately 200
min in piezometer I, as shown in Figures 7(e) afej.hese results signaled the presence
of heterogeneities in aquifer dispersivity, a restilat is not unexpected in such
geomorphologically active alluvial stream systeargj/or chemical kinetics.

In non-preferential flow piezometers, dissolved Raswnot detected above
background concentrations (i.e., 46/L) even in piezometers 2 to 3 m from the trench.
Rhodamine WT was detected in non-preferential fluezometers 2 to 3 m from the
trench at concentrations near g@/L. This result suggested that sorption retardes t
movement of P to these non-preferential flow pieetars, and that no significant sorption
was observed for piezometers D and J. Two hyposhesze proposed for the lack of
sorption that was suggested in piezometers corgides be in the preferential flow
pathway: (1) the presence of fewer particles witnificant P sorption capability and/or
(2) lack of contact time between aqueous and sphdses due to the higher flow
velocities. To evaluate the first hypothesis, stdbed soil cores would be needed from
the preferential flow path. However, this was idifft to obtain in the coarse gravel
substrate. Therefore, this hypothesis was notuewadl. The second hypothesis was
evaluated using flow-cell experiments in the lalbana

3.3 Laboratory Flow Experiments

Both the contaminant transport and load perspectuggested that flow velocity
had an effect on the sorption capabilities of tyetesn. Figure 10a shows the dissolved P
concentrations for both velocities plotted versuseshsionless time. Concentrations
detected in the outflow solution for the high vatp@xperiment are approximately 90% of
the inflow dissolved P concentration after lessathamin. Therefore, the breakthrough
time, t,, for the experiment is less than 1 min. The ekaw at which 50% of the sample
was detected is not known because the first sa(hple at 0.5 min) corresponded to 60%
of the inflow concentration. The exponential fit these data (Figure 10a) was used to
estimate d, of 2.7, which corresponded tagof 0.4 min. For the low flow experiment,
the outflow concentration gradually increased wiithe and reached approximately 75%
of the inflow concentration after 8 hours of injeat Thet, determined for the low flow
experiment was approximately 155 min, which coroesied to d, of 25.4 (Figure 10a).
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These data suggested that increased P sorptionoe@sring in the low flow
experiment.  Specifically, the velocity ratio betme the high flow and low flow
experiments was approximately 36 when using aveflagevelocities ofv, = 46 andv, =
1.3 m/d, respectively. Compared to the ratio of bheakthrough times of approximately
390, additional P sorption was occurring during tbe-flow experiment. This could
likely be due to the small reaction time betwees Bhand soil surfaces during the high-
flow experiment. In previous laboratory studiedffedtences were observed in water
soluble P extraction at two different shake times.,(1 hr and 16 hr) indicating that
kinetics played a significant role in desorptiorsi@agtion. Even though there was no
visible preferential flow pathways (i.e., edge flow the laboratory flow-cell experiments,
such pathways may have existed. If pathways exishey were consistent among three
replicates at the high flow velocity.

These flow-cell data were also analyzed by compahe total mass of P added to
the dissolved P concentrations detected in thdavytlas shown in Figure 10b. Variables
such as inflow P concentration, mass of P addedmasls of soil sample were held
constant. The only parameter changed betweemtbesxperiments was flow velocity.
From Figure 10Db, it is noticeable that the outflBwconcentrations detected for the low
flow experiment were consistently less than theceatrations obtained during the high
flow experiment at the same mg of P added per kgodf Similar to the contaminant
transport analysis, these data also suggest tha Ph@orption was occurring during low
flow velocity experiments and that flow velocitychan effect on sorption.

This fine (i.e., less than 2.0 mm) material comssist secondary minerals with
larger surface areas, such as kaolinite and nostadlipe Al and Fe oxyhydroxides, and is
characterized by valence-unsatisfied edge hydrgsglips. Due to the valency, these edge
hydroxyl groups are highly active and account foe tmajority of P sorption in the
material. Although isotherm data on the fine mateshowed that material had lower
sorption properties than other surface soils inaB&ina, it did suggest that the material
was capable of sorbing P. Therefore, the findimat P was sorbing in the low flow
experiment is reasonable.

The flow-cell experiments suggested that neitheriatian in fine particle
distribution nor P sorption kinetics could be ehied as factors hypothesized to
contribute to the field-observed increased sorpitonon-preferential pathways compared
to preferential flow pathways. Most likely, a camdition of both the presence of fewer
fine particles (i.e. soil particles less than 2.6hrm diameter which possess greater P
sorption capability) and the lack of contact timeviieen aqueous and solid phases due to
the higher flow velocities in the preferential flguath contributed to the variability in P
sorption observations. Estimates ¥4 obtained from the Ogata and Banks (1961) and
Hunt (1978) equations were 11 L/kg and 0.9 L/kg toe low flow and high flow
experiments, respectively. It should be noted thedct comparisons dky between the
batch and flow-cell experiments is difficult. Thatth sorption and flow-cell experiments
are different tests with non-similar soil to sotutiratios. Furthermore, reaction products
were being removed during the flow-cell experimehtg not during the batch experiment.
Removal of reaction products allowed the readtiooontinue to proceed more easily.

The differences in th&y values suggested that nonequilibrium processeg wer
occurring in the system. These processes can kdedivinto physical and chemical
nonequilibrium. Physical non-equilibrium is thesu# of dissolved P moving into the
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micropores between the soil particles. Becausetvas not a large amount of fine clay in
the material, the effect of microporosity is liketggligible. Therefore, the differences in
the Ky are likely due to a chemical kinetics, meaning thatamount of sorption observed
varies due to the time associated with the reachietween dissolved P and the soil
surfaces. If one was attempting to derive pararadtera predictive model as opposed to
simply demonstrating the presence and influencehemmical kinetics, a non-equilibrium

model, such as those discussed by Pang and Cl@8®)(hnd McGechan and Lewis

(2000), would be more appropriate for analyzing tetumn data than the equilibrium

model used in this research.

4.4 Research Implications

This research demonstrated that preferential flattwways can occur even in non-
structured, coarse gravel substrates and dematbtitzdt the heterogeneity in the riparian
floodplain subsoil can promote significant subscefanutrient transport. This research
directly confirmed previous research findings byl@a and Hill (2001) and McCarty and
Angier (2001). Preferential flow pathways may ceeatirect hydraulic connections
between nonpoint source loads in the stream andltw@al gravel subsoil. These direct
connections could lead to a transient storage nmésima where nutrient loads concurrent
with large storm events could potentially migratenf the stream into the adjacent
floodplain, contaminating the alluvial storage zor&econd, a direct connection may exist
between upland sources of P and the streams satla gignificant nonpoint source load
may not be currently considered in analyzing foe timpact of P application and
management on such landscapes. Future researchd dmuaimed at quantifying the
preferential flow path length, where this reseamly identified relatively short flow paths
(i.,e., 2 to 3 m), and likelihood of connectivity tvithe stream. Tools which may prove
effective at quantifying such characteristics indugeophysical techniques such as
electrical resistivity imaging (Sima et al., 2008).

This research has wide reaching implications fow hgparian floodplains are
managed. Millions of dollars are spent each yeanitigate surface runoff and sediment
and nutrient loads. Although these managementsptan be effective, this research has
shown that subsurface P transport could also mntilbuting factor in certain conditions.
Because the nutrient load studied here was inpattly into the subsurface, the overall
subsurface load contribution could not be quartifieThe next step is determining if
similar conditions like this are common and if aedit connection exists between nutrient
sources on the surface and the conductive subsuniaterial.

V. CONCLUSIONSAND FUTURE WORK

This research demonstrated that subsurface moveofiddtcan be an important
transport mechanism, especially in areas such @eian floodplains with hydraulic
conditions conducive to the rapid transport of PThe movement of water and
contaminants in riparian floodplains, even thosssified as non-structured, coarse gravel,
is not homogeneous and can be impacted by thermesé preferential flow pathways. In
the presence of preferential flow paths, P could tkensported through alluvial
groundwater without any reduction in its concembrat In contrast, in the absence of
preferential flow paths, P transport was hindered.
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Minimal sorption of P to subsoil material in theefarential flow pathways
occurred because of two hypothesized factors:h@ yptesence of fewer fine particles (i.e.
soil particles less than 2.0 mm in diameter) arjdd@k of contact time between aqueous
and solid phases due to the higher flow velocitieaboratory flow experiments suggested
that higher velocity of flow through the subsoisuéied in less P sorption. These findings
suggested that high concentrations of dissolved.&?, (concentrations mimicking the
injected concentration) detected in the piezomdteated in the preferential flow pathway
were a result of the greater flow velocity. Thdoedy, in turn, likely led to a smaller
reaction time between the dissolved P and soilased, prohibiting measurable sorption.
The lack of dissolved P above background conceotstin piezometers outside of the
preferential flow pathway may have been a resulhefP solution moving much slower
through the subsoil and therefore sorbing to the material.

Because of the quantity of data generated duriegfigld tracer studies, future
research is underway to better understand the watdity changes in the alluvial ground
water during the injection experiments. Future wakalso aimed at investigating the
preferential flow pathways in more detail. Eledtficesistivity mapping will be used at the
field site to attempt to identify and map the prefgial flow pathways.
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APPENDI X. AERIAL PHOTO OF FIELD SITE ALONG BARREN FORK CREEK
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