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CHAPTER |

INTRODUCTION

The impact of increased nutrient loadings on serfagaters has drawn
considerable attention in recent years. Polluteéckohg water, excessive algal growth,
taste and odor issues, and fish kills are onlyvadéthe negative effects that can result
from an overload of nutrients. As an example, Isakacha and Spavinaw on Spavinaw
Creek in northeast Oklahoma supply more than Haliedrinking water for the cities of
metropolitan Tulsa, Oklahoma. Due to the overabuod of nutrient loading in the
watershed, excess growth of algae has degradesiatiee quality of the lake. The cost of
drinking water treatment and the taste and oddbolpros have increased significantly in
the past decade. While nitrogen is a concern, giwsps (P) is generally considered the
most limiting nutrient. The majority of P loadinig the lake in this area comes from
surface-applied poultry litter. Of the 48,000 kgdy phosphorous entering Lake Eucha,
69% is thought to come from poultry litter appliocat as fertilizer to pasture and crops in
the watershed (Wagner and Woodruff, 1997; Stormal.et2001, 2002). Poultry is the
principal industry in the basin. In the watersheder 2,000 poultry houses produce
approximately 91,700 tons of poultry litter eachayemost of which is applied to

permanent pastures.



P is an essential nutrient not only for crops Wdab dor aquatic life. However,
excessive soil P concentrations can increase patdnhttransport to surface waters or
leaching into the subsurface. This can have senmgative implications. Daniel et al.
(1998) found that concentrations of P critical tenrestrial plant growth were an order of
magnitude larger than concentrations at which &keophication may occur.

With these negative impacts in mind, researcheve hvestigated the sources of
P loads reaching surface waters. Many studies dfotlnat the primary transport
mechanism for P from the source to the water bambuwed through surface transport
(i.e. runoff of dissolved P or erosion of soil caining particulate P) and considered the
role of subsurface transport to be negligible. Idoe&r, there is a lack of research
pertaining to the role of subsurface transporteesly in riparian floodplains. Riparian
floodplains commonly consist of alluvial depositsatt possess hydraulic properties
conducive to the subsurface transport of P. Tésearch attempts to quantify the role

that a subsurface alluvial system can have in panisig P in a riparian floodplain.



CHAPTERIII

REVIEW OF LITERATURE

2.1 Subsurface Nutrient Transport Studies

Subsurface P transport is a less studied and uoddrdransport mechanism
compared to transport by overland flow, althougmatous studies have reported its
occurrence (Andersen and Kronvang, 2006; Hivelhalet 2006; Nelson et al., 2005;
Kleinman et al., 2004). For example, Andersen ldravang (2006) modified a P Index
to incorporate potential P transport pathways lef dirains and leaching in Denmark.
Hively et al. (2006) considered transport of talisisolved P (TDP) for both baseflow and
surface runoff. Nelson et al. (2005) indicatedt ghlaosphorus leaching and subsurface
transport should be considered when assessingtésng+isk of P loss from waste-
amended soils. Kleinman et al. (2004) noted thatR leaching is a significant, but
temporally and spatially variable transport pathwayrom research on four grassland
soils, Turner and Haygarth (2000) documented thiassrface P transfer, primarily in the
dissolved form, can occur at concentrations thatlcca@ause eutrophication. Other
researchers are beginning to emphasize colloidalaRsport in the subsurface, as P
attaches to small size particles capable of bewmgsported through the soil pore spaces

(Heathwaite et al., 2005; lig et al., 2005; de #&agal., 2004).



Surface water problems resulting from excess misies not a new issue. It has
been studied for quite some time and researches dteveloped management practices
in an effort to reduce the nutrient loads assodiatéh surface runoff. One of these
management practices involves the use of vegetauédr strips (VBS) along riparian
areas. The VBS can be either grass or forestatlaanas a zone in which runoff is
captured and sediment is trapped, inhibiting sedirbeund nutrient transport to the
stream. However, some studies have shown thesesy88ms can promote subsurface
nutrient loading to streams.

A study by Polyakov et al. (2005) examined curnesstearch regarding riparian
buffer systems and their ability to retain nutrgent Their findings suggested that
conditions, such as the spatial variability in dojdraulic conductivity, the presence of
preferential flow pathways, and limited storageazaty in the riparian zone’s soil, could
subvert the buffer system’s ability and allow facreased nutrient transport. Osborne
and Kovacic (1993) showed VBS could actually ake la nutrient source, releasing
dissolved and total P into the ground water throughthe year. Another study
conducted in Sweden showed that the solil in ripazenes had almost no P retention
capacity due to a natural calcium leaching proeeseh started over 3000 years ago
(Vanek, 1993). Also, a study by Cooper et al. 8)9%howed a high P availability for
ground water transport due to saturation of tharigm zone.

There have been several studies conducted in vdishrvation wells were used
to monitor the flow of nutrients in groundwater. anék (1993) noted 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 (2Q®nonitored the behavior of P in the



subsurface in a river riparian zone. This studygested that riparian areas can become
saturated with P and lose their ability to retdin They noticed higher soluble reactive
phosphorus (SRP) concentrations (100 to @9Q) in areas characterized by having soils
with higher hydraulic conductivities buried unddrettop soils. The authors also
developed relationships for SRP with dissolved @xygnd iron (F&).

Most research to date on nutrient transport hasised on surface transport.
Owens and Shipatalo (2006) monitored surface ruaonéf subsurface P concentrations
and found that the surface runoff concentrationsewgenerally much higher than the
subsurface. However, the findings mentioned alsh@wv that there is a potential for
subsurface nutrient transport. Surface runoff Igwansists of high flows over a short
period of time, whereas subsurface flow is usucttigracterized by lower flow rates over
long periods of time. The point here is that etleough the surface runoff has shown
higher concentrations, low-concentration subsurfeme occurring over a long period of
time could still be making a viable contribution ttee total nutrient load of a surface
water body. Therefore, there is a need for mosearh devoted solely to monitoring

and evaluating the subsurface transport of P.

2.2 Subsurface Fate and Transport Processes

There are many different fate processes whichrPucalergo after it enters the
soil matrix, such as sorption, uptake, and mineaéibn (Figure 2.1). One process by
which P can be removed from the system is by platake. When plants uptake P from

soil solution in the root zone, a concentratiordggat is created. In response, a diffusion



process across the soil solution begins to occdmaore P is removed until the plant has
used all it needs or is harvested.

Next, P can be partitioned between organic andgemc pools and within
different water and soil phases. From Figure 2elcan see that P can be divided into
many groups. Organic P consists of applied org&hitertilizer, P present in plant
residue and P found in soil organic matter. O#wrrces of P come from atmospheric
deposition and from application of mineral fer@iz. Organic and inorganic P is then

available for processes such as adsorption angppisgion.

The Phosphorus Cycle

Figure 2.1. Various poolsof P and their interactionswith the soil matrix
(http://msucar es.com/cr ops/soils/images/phosphor us.gif ).



Some of the P will go into solution form. The remiag P will either sorb to the
surrounding mineral surfaces, usually forming Fel & oxides, or precipitate into
secondary compounds. This sorption process caeitlher equilibrium or kinetic. The
equilibrium group consists of the P which is stigngprbed to the soil particles. The
kinetic group refers to the P which may be weaklisbed to the soil and is released into
solution at some point after it initially entersetigroundwater. This theory originated
when researchers began noticing slight increaseB soncentration over time when
performing lab experiments. The only explanationthis comes from P that is initially
sorbed being released from their “kinetic sorptisités according to some reaction rate
constant.

Carlyle and Hill (2001) highlight the release ofrBm stable and kinetic sorption
sites into the solution pool due to changes in welbemistry within different zones of a
riparian floodplain. They monitored how P dynamatgnged due to hydrologic flow
paths, lithology, and redox chemistry in a riparfenodplain. Their data showed higher
concentrations of SRP were detected in buried mamnel sediments underneath the
topsoil compared to the soils located at the rimargin. These buried channels consist
of soils or gravels with higher hydraulic condutttes. The areas of high SRP also
occurred with elevated levels of dissolved iron’{JFand reduced dissolved oxygen (DO)
levels when compared to other sampling sites. Buggested that riparian areas might
actually be contributing to the release of P beedhsy increased the redox potential.

This can be explained using some principles of mettemistry. In order for low
DO levels to exist, the water would have likely hgeesent in the subsurface for a long

time. This gives microorganisms more time to iedxygen in the water for biological



processes and in turn depletes the DO. When Diepketed, the redox potential of the
soil increases. When the redox potential of thkiscreases, metals like iron (E¥ and
aluminum (AF*) gain electrons and convert to’Fand AF*. When this process occurs,
phosphates (P®) that were initially sorbed to the ¥eand AF* are released into
solution. This is why higher SRP concentrationgsengbserved in areas with low DO
and high iron concentrations.

Another method of subsurface P transport is knovgn calloid-facilitated
transport. Colloids are substances with tiny, ddfusable particles that are suspended
in a solution. They generally consist of soil paes less than 10m in diameter. The
mechanism for this transport occurs when solubs®iBs to the tiny soil particles in the
colloid. The solution then moves through the pgpaces in the vadose zone. This is all
determined by the size and stability of the cokozhd the geometry of the soil particles
(de Jonge et al., 2004). de Jonge et al. (200z2\Wast that spatial heterogeneity strongly
affects actual colloid transport and leaching odrsgly adsorbing P. Other studies noted
significant amounts of particulate P when monitgrirainage from field catchments and

tile-drained fields (Grant et al., 1996, Laubeakt 1999.

2.3 Hydraulic Conditions Promoting Subsurface Phosphorus Transport

Local or regional conditions can lead to conditiovi'ere subsurface transport is
important (Andersen and Kronvang, 2006). Areas scriparian floodplains commonly
consist of alluvial deposits possessing hydrautmpprties conducive to the subsurface
transport of P. These gravelly or cherty soils@m@mon throughout the Ozark region of

Oklahoma, Arkansas, and Missouri. In eastern Oktahacherty soils adjacent to rivers



in the Lake Eucha/Spavinaw basin consist of graalt loam to gravelly loam substrate
below a thin layer of organic matter (Figure 2.2he cherty soils include the following
soils series of excessively drained soils formedhilh slope sediments: Clarksville
(loamy-skeletal, siliceous, semiactive, mesic Typigleudults), Nixa (loamy-skeletal,
siliceous, active, mesic glossic fragiudults), Goahe (loamy-skeletal, siliceous,
semiactive, mesic Typic Paleudults), Noark (clagkgletal, mixed, semiactive, mesic
Typic Paleudults), and Wilderness (loamy-skelesdiceous, active, mesic Oxyaquic
Fragiudalfs). A map of their distribution in thake Eucha/Spavinaw basin indicates that
three of these soil series (Clarksville, Nixa andalM) are prevalent features of the
landscape (Figure 2.2).

An example of a typical pedon is shown in Table. 2.he Clarksville series
dominates the soil types in the lower portion &f thatershed. Particle size averages 18
to 35% clay, 5 to 40% sand, and 35 to 70% rocknfixgfs. Sauer and Logsdon (2002)
studied the hydraulic properties of some of thdsty soils (Clarksville and Nixa) and
concluded that relatively subtle morphological tastcan have a disproportionate impact
on water flow in the soils, suggesting the need ffother research regarding their
hydraulic properties. These soils possess irittnarates as ranging from 1.22 to 3.67
m/d according to USDA Soil Surveys. Therefore, ib&ential for subsurface transport is
significant. Research by McCarty and Angier (20@igused on studying preferential
flow pathways that existed in riparian floodplaingheir findings showed increased
biological activity in these pathways and suggesiedecrease in the ability to store

nutrients. Current best management practices aaheeducing P load through surface



runoff may be ineffective if subsurface flow is igrsficant transport mechanism and

therefore could impact long-term planning of avalgawater supplies in Oklahoma.

Figure 2.2. Map of thedistribution of cherty soilswithin the Eucha/Spavinaw basin.

Table2.1 Typical pedon for Clarksville cherty soils common in Ozark region of
Oklahoma and Arkansas.

Depth
Horizon Increment Soil Type/Description
(cm)
Oi 0-2 Decomposed Organic Matter
A 2-12 Dark Grayish Brown (10YR 4/2)
Gravelly Silt Loam
E 12-30 60% Light Yellowish Brown
(10YR 6/4) and 40% Brown (10YR
5/3) Gravelly Silt Loam
Btl 30-46 Light Yellowish Brown (10YR 6/4)
Gravelly Silt Loam
Bt2 46-74 Yellowish Brown (10YR 5/6) Very
Gravelly Loam
2Bt3 74-104 Yellowish Brown (10YR 5/6)
Extremely Gravelly Clay Loam
2Bt4 104-132 Strong Brown (7.5YR 5/6) Very
Gravelly Clay Loam
3Bt5 132-152 Red (2.5YR 4/6) Cobbly Clay

10



Although there is an understanding of the P cyitlete is a lack of research and
knowledge on the overall magnitude of P transpothe subsurface. Previous research
has suggested that areas designed to retain rtatgan become saturated with P. The
guestion is whether the potential sorption of Rririhe infiltrated water limits transport
to streams. If it is saturated, then the quesbenomes what the desorption and/or
precipitation potential from these subsurface sadls It is hypothesized that the
subsurface P load could potentially be significainsites with these cherty soils because
of the material’'s transport capability. The higbnductivity of the cherty soils means
less contact time between solution and solid phasdsmost likely, less sorption. The
eventual scientific impact will be to determinesdbsurface P transport is important on
these landscapes and if so, what impact, if are/carrent management practices having

on this P source.
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CHAPTER 111

METHODOLOGY

In order to study the potential for subsurface gpat in a riparian floodplain, a
trench-piezometer system was installed in a ripafiaodplain adjacent to the Barren
Fork Creek near Tahlequah, OK (Figure 3.1). Thednesystem was designed to induce
a constant water head and a tracer/P injectionceonin the subsurface alluvial gravel

with subsequent monitoring of flow, tracer, anddhsport in the piezometer field.

Figure 3.1. Field site located approximately 25 km east of Tahlequah, Oklahoma
adjacent totheBarren Fork Creek.
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3.1 Trench L ocation

The proposed site for the trench was located wtiexecherty, gravel layer was
bounded by a relatively impermeable bedrock layerorder to induce water flow
laterally through the soil profile above it. Inder to determine the soil profile beneath
the surface, two methods were used. First, grgametrating radar (GPR) readings were
taken every 25 cm along a 100 m transect. Theadfaut showed differences in the soil
profile that might represent where the gravel cletsswere present, but indicated no
impermeable bedrock.

Next, sample trenches were dug along the sameetaas the GPR readings to
determine the accuracy of the GPR. Based on tbélgw observed in the sample
trenches, it was determined that the gravel lageuwed between 120 cm and 150 cm
below the ground surface at all sampling locatioriBisturbed gravel layer samples
suggested that the alluvial gravel was homogenemas initiated at a fairly uniform
depth throughout the site. The thickness of tlavegrlayer could not be determined due
to limitations on the dig depth of the excavatohishh was between 3 and 4 m. No
bedrock layer was encountered at any of the sagnfocations along the 100 m transect.
Because there was no optimum location in which dgheevel layer was known to be
bounded by an impermeable layer, the site of thactr became relatively arbitrary.
Therefore, a location for the trench approximagflym from the stream bank was chosen

(Figure 3.2).
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Baron Fork Creek
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[ J
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Figure 3.2. (a) Location of thetrench and piezometersand (b) illustration of
piezometersrelativeto the location of the trench. Photograph was taken from
piezometer D looking northeast towards piezometers A and E.

3.2 Trench Installation

The trench was installed using a backhoe. The nbimas of the trench were
approximately 0.5 m wide by 2.5 m long by 1.2 mpdedhe bottom of the trench was
located approximately 25 to 50 cm below the intefédetween the topsoil and gravel
layers. In order to prevent the trench walls frootlapsing, it was necessary to build a
support system. This bracing system consistedfadrae constructed with 5 cm by 13
cm studs and covered with 2 cm plywood. The top laottom were left open (Figure
3.3). Along with bracing the walls of the trendhjs design allowed the water to

infiltrate directly into the gravel layer.
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(a) (b)

Figure 3.3. (a) Illustration of the bottom of the trench located just below the
gravel/topsoil interface and (b) photograph of gravel sampletoillustrate particle
size.

3.3 Piezometer Installation

Fifteen piezometers were installed at various oaataround the trench with the
majority of the piezometers located between thectieand the river (Figure 3.2). The
piezometers were approximately 6 m long and wenestcocted of 5 cm diameter
Schedule 40 PVC. Each consisted of either a 3 @& mor screened section at the base.
The piezometers were installed using a Geoprobkindrimachine, which used a
hydraulic press and hammer to push a steel tubec(ii.diameter, 120 cm long) into the
soil. Once a tube was driven to about 10 cm algpeeind surface, another tube was
threaded onto it. This was continued until a desidepth was reached. For our case,
once a depth of 6 m was reached, the 5-cm diampeteometers were lowered down the
7.6-cm drill shaft and used to dislodge an expeleddp on the end of the steel tube.

Next, the steel tube was pulled up, leaving thegneeter in place.

15



3.4 Soil Sampling

Core samples for the topsoil were taken at vargistances (3.0, 6.0, and 12.0 m)
from the trench using a Giddings hydraulic drillimgachine. The samples were obtained
by pushing a 5-cm diameter, 120-cm long steel tulie a plastic liner to the desired
depth. The tube was then retracted and the pliséc containing the soil profile was
removed. The topsoil samples generally consistesbib from just below the surface to
depths of about 1.5 m. It should be noted thae samples could not be obtained for the
gravel layer. It was too difficult for the Giddimgnachine to push through this layer
without damaging the equipment. Therefore, samipten the gravel profile were taken
when digging the trench with the backhoe. Oncegttasvel layer was reached with the
backhoe bucket, the trench walls began caving ienathying to dig deeper. Therefore,
only the top of the gravel layer could be sampledlithough these samples were
disturbed, they still provided a representatiothefsubsoil.

The samples taken from the gravel layer were apdlyar soil properties. The
samples were first sieved to determine the parside distribution for the gravel subsoil.
After oven drying the sample, the coarse gravel fivas separated out using a stack of
five sieves ranging from 25.4 mm to 4.75 mm (No. #lext, the smaller particles were
sieved using a sieve stack as follows: 4.75 mm @p2.0 mm (No. 10), 0.85 mm (No.
20), 0.6 mm (No. 30), 0.425 mm (No. 40), 0.25 mno.(H0), 0.15 mm (No. 100), and O
mm (pan). Each sample was shaken for approxima@ho 15 minutes on a vibratory
sieve shaker. After shaking, each sieve was wdigb@letermine the mass retained for

each particle diameter. This produced a distrisutf particles by mass.
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The patrticle size distribution was analyzed to deiee theD,o, D3g, Dsg, andDgg
(i.e., diameter of soil particle in which 10, 3@, &and 60%, respectively, of the sample is
finer). Two properties determined from the partisize analysis were the uniformity

coefficient,C, and the coefficient of curvatur€,, using equations (1) and (2):

c, =D (1)
DlO
2
c =2 )
D60 DlO

The uniformity coefficient is a parameter which icates the range of distribution of
grain sizes in a soil sample. A lar@g suggests a well graded soil, where a number
closer to one means that all of the soil partielesapproximately equal size. Das (2002)
suggests that for a gravel to be considered walllgn,C, should be greater than 4 and
C. should be between 1 and 3.

Once the particle size was known, the diameterewesed with an empirical
equation proposed by Alyamani and Sen (1993) imagt the hydraulic conductivity of
the gravel subsoil:

K =130dI, +0.029D,, - D,, )|’ 3)
whereK is the hydraulic conductivity in m/d)so andDjo are the particle diameters in
mm at which 50 and 10% of the sample is finer, @espely, and, is the intercept of the
line formed byDsy andD;o with the grain size axis (x-axis). This estiméte hydraulic
conductivity was compared to another estimate nbthusing a falling head test (Landon
et al., 2001). The falling head test was perforrhggumping water out of the Barren
Fork Creek and into the trench until steady stateditions were reached. The pumps

were then shut off and water levels were recordezt time as the trench drained. A
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meter stick was attached to the side of the treéadilow for accurate readings while the
water level in the trench decreased. The numbeétaired from the falling head
experiment were then used with the Darcy and Hearsfjuations to estimate the vertical

hydraulic conductivity:

H
K,=—E Into @)
tl_tO Hl
EE+L H
K,=1im__|p "o (5)
t1 t0 Hl

where K, is the vertical hydraulic conductivity of the sail m/d, L is the sediment
interval being tested in m (0.25 to 0.5 rkly andH; are the displacement in m of the
water at timep andt; respectivelyD is the diameter of the device amds the isotropic
transformation ratio (assumed to be unity).

After sieving the soil sample, particles with a digendess than 2.0 mm (No. 10
sieve) were further analyzed for P sorption cap@dsli Phosphorus adsorption isotherms
were estimated by adding different levels of P ((,110, 25, 50, 100, 200, 400, and 800
mg P/L) to 2.0 g soil samples. The samples wer&keshdor 24 hours using a
reciprocating shaker and then centrifuged for 1@utas at 10,000 rpm. The P in
solution was then quantified using ICP-AES analysiBata were fit to linear and
Langmuir isotherms to provide information in regaodthe ability of the fine sediment

fraction of the alluvial soils to adsorb P fromugan:

qe = KdCe (6)
— O bCe
qe - Q 1+ bCe (7)
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whereqe is the mass of P sorbed per unit mass of €Riis the equilibrium, dissolved
phase P concentratioly is the distribution coefficient, an@°’ andb are parameters of
the Langmuir isotherm (i.&° is the mass of P sorbed per unit mass of soibaiptete
surface coverage atds the binding energy).

An ammonium oxalate extraction was also performedthe fine material to
determine the degree of P saturation, which is @fie of P to the total amount of iron
and aluminum (lyengar et. al 1981, McKeague and D#861land Pote et. al. 1996).
This procedure dissolved the non-crystalline foohaluminum and iron in the material,
considered to be the main sink for P among acidiis.s Therefore, selective dissolution

of these amorphous minerals liberated any P agsdardth them into solution.

3.5 Tracer and Phosphorus I njection Experiments

Two Rhodamine WT tracer and one P @R, injection experiments were
performed to monitor subsurface movement from teach (Table 3.1). Prior to the
injection, each piezometer was sampled and analiaeblackground P levels. Also, a
water level indicator was used to determine the lddpt the water table in each
piezometer prior to injection. This would give pnesentation of the hydraulic gradient
in the subsurface. Next, water was pumped from HreeB Fork Creek into the trench at
approximately 0.0044 ffs in order to induce water movement. The wateellén the
trench was held as constant as possible at appatedyd0 to 60 cm above the bottom of
the trench for experiments 1 and 2, respectiveliater levels in the piezometers

surrounding the trench were monitored over timeorPto the KHPQO, injection
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experiment, background concentrations of P were to@d in the piezometers and in

the Barren Fork Creek.

Table 3.1. Summary of Rhodamine WT and phosphorus (KH,PO,) injection
experiments.

Experiment No. 1 2 3
Injection Compoun  Rhodamine WT ~ Rhodamine WT KH,PO4
Concentration (ppm) 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

Pumping continued until the system reached psetebmlyg state conditions,
which was verified when the water levels in the piezenseremained constant. Once
the system had reached steady state, either Rhodami or P (KHPQ,) was injected
into the trench at a constant rate using a varieddtke chemical pump (Table 3.1). The
solutions for Rhodamine WT and KPIO, were injected at a constant rate for either 90 or
120 min.

Once the injection began, samples were taken frompteeometers for the
duration of the experiment in order to monitor thevement of the Rhodamine WT
tracer and KHPQ,. To sample the piezometers, a peristaltic pump wgeed. In order to
obtain water samples at two different depths for erpent 2 and 3, two hoses were run
to each of the piezometers. One hose was lowereddepth 10 cm below the water
table, while another was lowered to a depth 110 crovbéhe water table. Each of the

two hoses from the piezometers was run to a celucation where they could more
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easily be connected to the peristaltic pump. TWas the most time-efficient setup when
considering the number of piezometers that neenlbd sampled.

The samples were placed into small bottles, put atefrigerated cooler, and
transported back to the lab where they were analj@e&hodamine WT, P and other
cations such as calcium and aluminum. Each sama¢eanalyzed for Rhodamine WT
content using a Turner model 111 fluorometer andAguaflor handheld fluorometer.
Samples were then analyzed for P content using tiereint methods. The Murphy-
Riley (1962) method was used to measure the dissalverganic P present in the
samples, while an inductively coupled plasma atoemission spectroscopy (ICP-AES)

machine was used to measure the total P presdm sotution.

3.6 Laboratory Column Experiments

The fine material (i.e. diameter less than 2.0 rabtgined from the sieve analysis
was also used in a laboratory flow-through experineninvestigate the P sorption
characteristics with respect to the flow velocity (D#&r et. al. 2006). Approximately
5.0 g of the fine material was placed in each offlsw-through cells. This corresponded
to a soil depth of approximately 2.3 mm. A Whatd@nfilter was placed at the bottom
of each cell to prevent the fine material from pagshrough the bottom. Each cell had a
nozzle at the bottom with a hose running from thezieto a peristaltic pump (Figure
3.4). The pump pulled water with a predetermineaitentration through the cells and
fine material at a known flow rate (mL/min). Two fdifent speeds on the peristaltic

pump were used to evaluate the effect that flow vgldead on P sorption. The flow
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rates used averaged 0.4 mL/min for the low flow expent and 14 mL/min for the high
flow experiment. These flow rates corresponded svaye flow velocities of 1.3 and 46
m/d, respectively. First, 20 mL of deionized wateas pulled through the soil to
determine the background P that was removed fromsthle Then, a KHPO, was
injected into each cell at 1.0 ppm and kept at mstamt head using a Mariott bottle
system (Figure 3.4). The low flow experiment was famapproximately 8 hours, while
the high flow experiment was run for 1 hour. This wase to achieve approximately
equal P loads to each system. Samples were takeodipally throughout each
experiment. The samples were analyzed in the l&rgrédor P and Ca using both the

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

Vent tube
Salution supply

| ube

#5 two-hole I

stapper 1|
Liquid level
).\/ & AT-mm filter apparatus
! A Clampf"\ /
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/ Liquid level /. \
. F
$oil pad 0.45 um filtes /
—r

800 sili
T ewper i
LI L
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Teflon ﬂ Salutian
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tubing 0{[0 drain)

Figure 3.4. Laboratory flow-through experimental setup. (DeSutter et al. 2006).

The solution P concentrations obtained from the-KES analysis were then
used to evaluate the effect flow velocity on P dorpt Two scientific perspectives were

used to analyze these data. The first method wsedban contaminant transport theory
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and compared the outflow P concentrations from bmthflow and high flow velocities
over time. The P concentrations determined by AES analysis were plotted versus a
dimensionless injection time;
t = tQ/Vps,

whereQ is the inflow rate an¥s is the pore volume. The time was non-dimensiogélliz
by multiplying the time at which the sample was takgrflow rate for each experiment
and dividing by the pore volume. From the curvedpiced from outflow P concentration
versust', a breakthrough time, was estimated for each of the experiments. This was
assumed to be the time at which 50% of the inflowceatration was detected in the
outflow solution.

A sorbing contaminant moves through porous mede r@&tarded flow velocity,

as suggested by the following advection-dispersetardation equations:

oc __,0¢, pm9C

R—=-v
ot x - ox2
ac v 0C v 0°%C
— =t g L 8
ot R 0x " R 0x? ®)
ac oc d%c
N _Vs_+aLVs—2
ot o0x o0x

wherex is the direction along the length of the columans the concentration; is the
pore water velocity, D" is the hydrodynamic dispersion coefficientr, is the
dispersivity, andv, is the sorbed contaminant velocity. The sorbedaminant velocity

is simply the groundwater velocity divided by théardation factorR, and describes the
reduced rate at which a sorbing contaminant moveaigih the soil. Solutions to these

one-dimensional equations were given by Ogata an¢8@961) and Hunt (1978):
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C(xt)= % erfc[x_—vst] (9)

2\ a vt
The data from the flow-through experiments were tlised with this equation to

inversely estimates, anda, by minimizing the sum of squared errors betweexlipted

and observed outflow concentrations (i>e5 0.23 cm). With this estimate fax, the
average flow velocity measured during the experinfentvas used to estimat and
thenKy. TheKy estimated from low-flow and high-flow velocity expaents was then
compared with th&, from the batch sorption tests.

Based on the one-dimensional advection-dispemstuations, a ratio relating the
breakthrough times and flow velocities was deriveslasng the length of the columns

were equivalent between flow velocity experiments:

t
Voo Ta (10)
Vit

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

flow and low flow tests, respectively. The derived &tpn suggested that the ratio of the
flow velocities for the high flow and low flow tests weeproportional to the inverse of
the breakthrough times for each velocity. If thest#gos were approximately equal, then
equivalent transport processes (i.e., advectigpeision, and sorption) were occurring
for both flow velocities. If the ratios differechdn variable P sorption was occurring and
the flow velocity had an effect on the sorption euteristics of the fine (i.e., less than
0.2 mm) material.

These data were also analyzed based on the coaiensrof P in the outflow as

measured by the ICP compared to the total amour® aefdded to the system. The
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principle of this method was that if an equal mas® avas added to each system, the
measured P concentrations in the outflows wouldgpecximately equal if flow velocity
did not have an effect on sorption. The mass atiéed per kilogram of soil (mg P/kg
soil) was found by multiplyin@ (mL/min) by the inflow P concentration (mg/L) ang b
the elapsed time of the experiment (min). Thest deere plotted against the P
concentrations (mg/L) detected in the outflow solsi for both flow velocities. In
theory, if equivalent sorption was occurring, theves associated with each data set
would be approximately equal. If velocity had dfe@& on sorption, the curve for the

low velocity data set would be lower than the cumetiie high velocity data set.
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4.1 Soil Properties

From the particle size analysis of the gravel silbgowas found that roughly
81% of the material by mass was larger than 2.0 Figufe 4.1). This was significant
because 2.0 mm is generally considered the uppet lised when attempting to
characterize the sorption properties of a material.other words, 81% of the gravel
subsoil would likely be considered to have negligibbrption capabilities.
pertinent particle diameters used in calculating timiformity coefficient,C,, and the
coefficient of gradationC. can be found in the legend included in Figure 4Fbr our

sample,C, was 22 andC. was 2.3. These numbers suggest that the gravebisuas

fairly well-graded.
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Figure4.1 Particle size distribution for gravel subsoil in theriparian floodplain.
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The patrticle size distribution was also used taveste the hydraulic conductivity,
K, of the gravel subsoil. Usingx, of 13 mm, &4 of 0.85 mm and, equal to 0.4 mm,
the hydraulic conductivity was estimated to be 6aAfl. Estimates for hydraulic
conductivity, K, obtained from the falling head test data rangedthf150 to 220 m/d
(Table 4.1). The estimates were much higher than WSDA NRCS soil survey
estimates for the three main topsoils in Cherokeen@ (Table 4.1). This could be due
to the fact that most of the equations used toutaieK previously focused on soils with
much smaller grain sizes (Landon et al.,, 2001). iWdicated in the particle size
distribution, the alluvial system tested here hdarge percentage of gravels greater than
10 mm in diameter. Although the estimates for hyticaconductivity obtained from the
particle size distribution and falling head testynbe elevated representations of e
they still demonstrated how conductive the gravélssd was and could be used as an
indicator of the potential for rapid water and ment transport in the alluvial system.

Table 4.1. Hydraulic conductivity estimates from tests conducted on disturbed soil
samplesfor the gravel subsoil versus USDA-NRCS soil surveysfor topsoils.

USDA Soil Survey,
Baron Fork Field Sample Cherokee Co., OK
Hydraulic Hydraulic
Equation  Conductivity, Conductivity, K
Used K (m/d) Soil Type (m/d)
Alyamani &
Sen 640 Clarksville 25
Darcy 150 Elsah 6.7
Hvorslev 220 Britwater 0.8

The fraction of alluvial deposit less than 2.0 mire.(about 19%) was found to
possess considerable sorption capability basethearl Ky = 2.0 L/kg based oG = 50

mg/L) and Langmuir@°® = 125 mg/kg and = 0.048 L/kg) isotherms. However, when
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compared to other Oklahoma soils analyzed for Ptisorproperties, th€° determined
for our sample (125 mg/kg) was lower than any otbds analyzed in Eastern Oklahoma
(Table 4.2).

Table 4.2. Values for P sorption maximum, Q° and Binding Energy, b for
Oklahomatopsoils (Fuhrman, 1998).

P sorption Binding
maximum, Q°  Energy, b

Soil Type (mg/kg) (L/kQg)
Sallisaw 772 4.32
Cahaba 703 2.57
Shermore 698 2.87
Carnisaw 599 1.19
Stigler 580 0.92
Captina 542 3.84
Rexor 506 1.29
Kullit 465 3.16
Ruston 343 1.41
Gallion 191 1.03

Results from the ammonium oxalate extractions shaavddgree of P saturation
of 4.2% when not including the alpha factor of B8duchemin and Simard 1999). This
alpha factor has been used to adjust the total ataduron and aluminum that could be
available in different soil types. The value wasivk from a given set of soils and
laboratory conditions. Thus, it may not be appiapr for use in all cases. When
incorporating the alpha factor of 0.5, the degre saturation for the fine soil was found
to be 8.4%. Both P saturation values could beidensd lower than agricultural topsoils
with a history of P applications beyond crop need#is suggested that the fine soill
material was capable of sorbing a considerable at@iuP. However, this only pertains
to the fine material in the gravel subsoil, whichoisly about 19% of the entire size

fraction.
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A weighted lineaKy calculated based on the 2.0 mm size fraction tesuh aKgy
of 4.5. This weighte&q suggested a P sorption retardation fadkwf 18 to 24 based on
soil bulk density estimateg,, for the gravel material of 1.5 to 1.8 gftand porositys,

equal to 0.35 to 0.4, wheReis defined as:

R=1+ (Mj ®)

100

80 4

60 -

® Laboratory Data
Langmuir Isotherm

Q° = 125 mg/kg, b = 0.048 Limg

40 -

20 1 Linear Isotherm for C,<10 mg/L

K, = 4.5 Likg

Equilibrium Sorbed Concentration, q, (mg/kg)

T T T T

0 20 40 60 80 100

Equilibrium Solution Concentration, C, (mg/L)

Figure4.2. Laboratory data fit to Langmuir and linear isothermsto obtain sor ption
parametersfor fine soil material (< 2.0 mm).

4.2 Tracer and Phosphorus|njection Experiments

In the first experiment, Rhodamine WT was injectédl@0 ppm (Table 3.1).
Samples analyzed from this experiment showed ddélectancentrations in all of the
piezometers. Concentrations detected in piezosébeated 2 to 3 m from the trench

(i.e. piezometers A, B, and C) peaked at 36 ppb wéhk concentrations occurring
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approximately 30 minutes after injection began. ebttd levels in piezometers located 7
to 8 m from the trench (K, L, and M) were generdigs than 30 ppb with peak

concentrations occurring approximately 50 minutisranitiation of injection (Figure

4.3).
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Figure4.3. Rhodamine WT concentrations for piezometerslocated 2-3 m and 7-8 m
from trench.

Also, Rhodamine WT concentrations detected in pieters D, |, and J for the
first experiment were much higher than those dederteall other piezometers (Figure
4.4). Sample concentrations from these piezomateexceeded 300 ppb, which was the
upper detection limit on the field fluorometer. @&ft dilution in the lab, the
concentrations in these piezometers were found tddse to the injected concentration
of 100 ppm. Piezometers D, I, and J were hypothdsia be located in a preferential

flow pathway which was more conductive than other gtibse material (Figure 4.4).
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Figure 4.4. Rhodamine WT concentrationsin preferential and non-preferential flow

piezometers. Note: Concentrations > 300 ppb were above detection limit of field
fluorometer.

In the second experiment, Rhodamine WT was injeatepproximately 3.0 ppm
with the intent of staying within the range of deictfor the field fluorometer (Figure
4.5 (a). Sample analysis showed a pattern sinolahe first injection, with detection
levels in piezometers D, |, and J approximately egjent to the injected concentration of
3.0 ppm (Figures 4.5). However, there was no RhodaMiit detected in any of the
other piezometers. This was hypothesized to be tduthe fact that the injected
concentration of 3.0 ppm (compared to 100 ppm @ fitst experiment) was diluted

below detection limit by the time it reached theevytiezometers.
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Figure 4.5. Experiment 2 - Rhodamine WT concentrationsin trench (a) compared to
non-preferential flow piezometers (b) and (c) and preferential flow piezometers (d),

(e), and (f).
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The results from the second Rhodamine WT injectiopported the hypothesis
that a highly conductive preferential flow pathwayiseed in the subsoil. The
Rhodamine WT concentrations detected in the prefeleflow pathway, i.e. figures 4.5
(d), (e), and (f) were roughly two orders of magdé@uarger than the concentrations
detected in the non-preferential flow piezometers, Figures 4.5 (b) and (c). This
demonstrated the potential for rapid subsurfacespart in this alluvial system. These
preferential flow pathways in alluvial deposits @uépresent a direct connectivity with
upland nonpoint source pollution sources.

Another trend visible from the Rhodamine WT injen8owvas that samples taken
from 10 cm below the water table showed significaritigher concentrations than
samples taken 110 cm below the water table for teopneters considered to be in the
preferential flow pathway (Figure 4.5). These dafpp®rted the possibility of layering
in the subsoil and suggested that the flow is la@geugh in the preferential flow
pathways to inhibit vertical mixing.

Prior to the injection experiments, piezometers waampled to determine the
hydraulic gradient and background P levels. Theewdévels detected in each
piezometer showed minor differences (i.e. less tham). Therefore, it was difficult to
determine if a hydraulic gradient existed which \@a&ected towards the preferential flow
pathway. However, water level readings from 2 of tlezgmeters in the preferential
flow pathway suggested that water was flowing down side of the piezometer.
Background P samples were grouped according tolikerved piezometer flow response
from the Rhodamine WT experiments: (1) prefererft@l piezometers versus (2) non-

preferential flow piezometers. A statistically sigegint difference ¢ = 0.05) was
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observed between the background P concentratiorefergntial versus non-preferential
flow piezometers (Figure 4.6 and Table 4.3). Cotredions of P in the Barren Fork
Creek were approximately 1.8 times higher than tluiseerved in the piezometers. The
difference between piezometer groupings suggestéehipa for the preferential flow
piezometers to be more directly connected to theast channel and non-point source

loads in the stream.
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Figure 4.6. Experiment 3 - Box plots of background phosphorus (P) concentration in
preferential flow versus non-preferential flow piezometers prior to P injection
experiment. 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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Table 4.3. t-test two-sample assuming unequal variances on background P
concentrations in preferential flow versus non-preferential flow piezometers for
experiment 3.

Preferential Flow Non-Preferential
Piezometers Flow Piezometers

Number of
samples 6 24
Mean 0.051 0.047
Standard
Deviation 0.003 0.002
t Stat 3.46
P(T<=t) two-
tail 0.013*

* Statistically significant difference between tp@ups atr = 0.05.

In the third experiment, KHPO, was injected into the trench at a concentration of
100 ppm, as shown in figure 4.7 (a). Similar t@ tRhodamine WT injections, P
concentrations in preferential flow piezometersimgaimicked concentrations injected
into the trench (Figures 4.7 (b) and (c). In noefgrential flow piezometers, P was not
detected above background concentrations everergopieters 2 to 3 m from the trench.
These results suggested that sorption retardedhtivement of P to these piezometers,
and that no significant sorption was observed fez@meters D and J. Two hypotheses
were proposed for the lack of sorption that wagyested in piezometers considered to be
in the preferential flow pathway: (1) the preseontdewer particles with significant P
sorption capability and/or (2) lack of contact tilmetween aqueous and solid phases due
to the higher flow velocities. To evaluate thaffinypothesis, undisturbed soil cores were
needed from the preferential flow path. Howevkese were difficult to obtain in the

gravel substrate due to the large particle sizeowrtered when trying to drive a
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sampling core. Therefore, this hypothesis wasmatuated. The second hypothesis was

evaluated using flow-cell experiments in the labana
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Figure 4.7. Experiment 3 - Phosphorus concentrations in trench (a) compared to
non-preferential flow piezometers (b) and (c) and preferential flow piezometers (d),
(e), and (f).
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4.3 Laboratory Flow Experiments

Both the contaminant transport and load perspestsuggest that flow velocity
had an effect on the sorption capabilities of thistea. Figure 4.8 (a) shows the P
concentrations for both velocities plotted versumeshsionless time. Concentrations
detected in the outflow solution for the high vetp@xperiment are approximately 90%
of the inflow P concentration after less than 1 .mirherefore, the breakthrough tintg,
for the experiment is less than 1 min. The exace tat which 50% of the sample was
detected is not known because the first sample &ted.5 min) corresponded to 60% of
the inflow concentration. The exponential fit teese data (Figure 4.8a) was used to
estimate &, of 2.7, which corresponded td2of 0.4 min. For the low flow experiment,
the outflow concentration gradually increased withe and reached approximately 75%
of the inflow concentration after 8 hrs of injectio Thet, determined for the low flow
experiment was approximately 160 min, which coroested to a, of 25 (Figure 4.8a).

These data suggested that greater P sorption teothevas occurring in the low
flow experiment. Specifically, the velocity rathetween the high-flow and low-flow
experiments was approximately 36 when using avetagevelocities ofv, = 46 andv =
1.3 m/d. Compared to the ratio of the breakthrodighes of approximately 390,
additional P sorption was occurring during the libow experiment. This could likely be
due to the small reaction time between the P anidssdfaces during the high-flow

experiment.
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The flow-through experiment data were also analyagadomparing the P load
added to the P concentrations detected in theowoytfhs shown in Figure 4.12 (b).
Variables such as inflow P concentration, mass afléked and mass of soil sample were
held constant. The only parameter changed betwleenwo experiments was flow
velocity. From Figure 4.8 (b), it is noticeablatlihe outflow P concentrations detected
for the low flow experiment were consistently lgbsn the concentrations obtained
during the high flow experiment at the same P ladded. Similar to the contaminant
transport analysis, these data also suggest tha Pheorption was occurring during low
flow velocity experiments and that flow velocitychan effect on sorption.

The results from flow cell experiments suggesteat theither variation in fine
particle distribution nor P sorption kinetics colid eliminated as factors hypothesized to
contribute to the field-observed sorption in noefprential pathways compared to
preferential flow pathways. Most likely, a combina of both the presence of fewer fine
particles (i.e. soil particles less than 2.0 mndiemmeter which possess greater P sorption
capability) and the lack of contact time betweenemys and solid phases due to the
higher flow velocities in the preferential flow patontributed to the variability in P
sorption observations. Estimates Kywere obtained from the Ogata and Banks (1961)
equation for both flow velocities (Table 4.4).

Table4.4. Soil-water partition coefficients, Ky, estimated from batch sorption and
laboratory flow experiments.

Experiment Ky (L/kg) SSE (%)

Batch 4.5 -
Low Flow 11 27
High Flow 0.9 1
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The differences in th&y values obtained from both the batch sorption mwth
test and the flow-through experiments suggestetl nbaequilibrium processes were
occurring in the system. These processes canvimed into physical and chemical
nonequilibrium. Physical non-equilibrium is thesué of dissolved P moving into the
micropores between the soil particles, resultingam overestimation of P sorption.
Because there was not a large amount of fine ayhe material, the effect of
microporosity is likely negligible. Therefore, tidé@ferences in th&are likely due to a
chemical kinetics, meaning that the amount of sonpbbserved varied due to the time

associated with the reaction between dissolveddRtansoil surfaces.
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CHAPTER YV

CONCLUSION

5.1 Summary and Conclusion

This research demonstrated that subsurface moveohdhtcan be an important
transport mechanism, especially in areas such p@sian floodplains with hydraulic
conditions conducive to the rapid transport of Plhe movement of water and
contaminants in riparian floodplains is not homagmrs, and can be impacted by the
presence of preferential flow pathways.

Using a trench-piezometer system, the subsurfearesport of a conservative
tracer (i.e., Rhodamine WT) and P solution was meoed while inducing flow in the
system. Concentrations of both Rhodamine WT andeRe vequivalent at the injection
point (i.e., trench) and at preferential flow pigrgers located on the southwest side of
the trench. However, concentrations of Rhodamirie &d P in non-preferential flow
piezometers, some of which were within 2 to 3 nth&f trench, did not mimic injected
concentrations.  Although Rhodamine WT was deteatednon-preferential flow
piezometers 2 to 3 m from the trench at conceptmatnear 40 ppb, P was not measured
above background concentrations (i.e. 40 ppb) ieseh non-preferential flow

piezometers.
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The results suggested that P sorption may havermctwn the fine material
along non-preferential flow pathways. Sorption Bf to subsoil material in the
preferential flow pathways was hypothesized to li@imal due to a combination of two
factors: (1) the presence of fewer fine particlies. (Soil particles less than 2.0 mm in
diameter) and (2) lack of contact time between agseand solid phases due to the
higher flow velocities. To test the second hype#ds laboratory experiments were
conducted. The flow-through experiments suggettadthe velocity of flow through the
subsoil had an effect on P sorption. When usieghigh flow velocity, the breakthrough
time for P was estimated to be 0.4 min and conagatrs reached 90% of the inflow
concentration in less than 10 min. Using the llmwfvelocity, the breakthrough time for
P was estimated to be 160 min and concentratiotecteel in the outflow increased at a
much slower rate before peaking at approximatebp b the inflow concentration after
370 min. The differences in the breakthrough timed outflow concentrations for each
velocity suggested that sorption was occurringis Hlypothesis was also supported when
analyzing the flow through experiment data on @d&llbasis. When equal masses of P
were added to each system and the only parame#eedlwas velocity, concentrations
detected in the outflow solutions from the low \c#p were consistently lower than
those detected using the high velocity. If vel¢iad no effect on sorption, the values
theoretically should have been the same.

These findings suggested that high concentration$ di.e., concentrations
mimicking the injected concentration) detected ke tpiezometers located in the
preferential flow pathway were a result of the ¢gedlow velocity in this zone. The

velocity, in turn, likely led to a smaller reactitime between the dissolved P and soil
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surfaces, prohibiting measurable sorption. Thk t#d° detection in the non-preferential
areas was also supported by the data from the low ¥elocity experiment. These
findings suggested that the lack of P detectiopi@zometers outside of the preferential
flow pathway may have been a result of the P smiuthoving much slower through the
subsoil and therefore sorbing to the fine materidlhis fine material consisted of
secondary minerals with larger surface areas, aadtaolinite and non-crystalline Al and
Fe oxyhydroxides, and is characterized by valemsatisfied edge hydroxyl groups.
Due to the valency, these edge hydroxyl groupshagkly active and account for the
majority of P sorption in the material. Althougbotherm data on the fine material
showed that material had lower sorption propetties other surface soils in Oklahoma,
it did suggest that the material was capable dbiagrP. Therefore, the finding that P
was sorbing in the low flow experiment was reastsmab

This research has wide reaching implications fow higparian floodplains are
managed. Millions of dollars are spent each yeanitigate surface runoff and sediment
and nutrient loads. Although these managemensptan be effective, this research has
shown that subsurface P transport could also beordrilbuting factor in certain
conditions. Because the nutrient load studied v input directly into the subsurface,
the overall subsurface contribution could not bardiied. The next step is determining
if similar conditions like this are common and ifd&rect connection exists between
nutrient sources on the surface and the condustilssurface material.

This study demonstrated the heterogeneity thattexmsthe subsoil which can
promote significant nutrient transport. Preferanflow pathways may create direct

hydraulic connections between nonpoint source laatise stream and the alluvial gravel
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subsoil. These direct connections could lead toamstent storage mechanism, where
upland nutrient loads concurrent with large stormengés could potentially migrate
downstream into the adjacent floodplain, contanmgatthe alluvial storage zone.
Second, a direct connection may exist between dpdanrces of P and the streams such
that a significant nonpoint source load may nocbeently considered in analyzing for

the impact of P application and management on kuadscapes.

5.2 Recommendations for Further Research

This research showed that alluvial subsurface systean have significant
potential for nutrient transport. However, thedstuwwas only conducted over a short
period of time. Previous research also showed &matlluvial system’s hydrologic
properties were highly spatially and temporallyiaiale and this research supported that
finding. It is unreasonable to think that the |lalegm nutrient impact that subsurface
systems have on surface water bodies could modsteply based on this one study.
Future work needs to focus on determining if simpaocesses are occurring in other
riparian areas and finding common geological charatics of these systems. This
study also monitored an unnatural nutrient loaduingdirectly into the subsurface.
Because of this, there is still a need for determgirwhether a direct connection exists
between surface-applied nutrients and subsurfakeial systems capable of rapid
transport. As long as the overall nutrient conttibn of subsurface alluvial systems
compared to surface mechanisms is not known, regseaill continue to focus on

mitigating nutrient inputs by reducing surface rfino
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Future research on similar riparian subsurfaceesystshould also attempt to
characterize the subsurface system in as muchl detapossible in order to more
accurately demonstrate the heterogeneities thatrogithin the subsurface. Electrical
resistivity imaging could be used to map the sulaser profile and identify regions that
could be conducive to rapid transport (i.e. prafaet flow pathways). Once these areas
were identified, they could be instrumented moreuaately, sampled over much longer
periods and analyzed in order to determine if pgses similar to those found here were
occurring in other areas.

Further work should also focus on transport botb end out of riparian areas.
For example, once an area conducive to subsurfemesport was identified, a
conservative tracer could be injected into theastrétself and piezometers located along
the stream could be sampled to determine if theetrevas moving into the riparian area
as well as downstream. Future projects should misoitor over longer periods of time
in hopes of more appropriately quantifying the magte of subsurface nutrient loading.
Research could continue to use conservative traseesway of monitoring the transport
potential but should also focus on monitoring taéural nutrient flow into and out of the
subsurface areas and in the stream itself. Thigdceelp determine whether nonpoint
source nutrient inputs upstream migrate into thmarran subsurface areas further
downstream and whether or not these areas arellgctoebing nutrients or acting as a
storage zone and transmitting them back into tfeast during periods of low flow.

Results from these studies could then be useddasfon identifying geologic
characteristics of the system that suggest thaswstdce nutrient loading could be a

problem. Ideally, these characteristics could thenexpanded to a watershed scale in
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hopes of isolating these areas. Once the areagigerio subsurface nutrient transport
were identified, the work could shift to designirdjuvial floodplain management

practices which incorporated subsurface transpgog autrient source. These alternative
management practices could then be put in platepes of reducing nutrient loading to

surface waters and improving water quality in thesas.
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Sieve Analysis on gravel subsoil

1st Sample
Sieve Percent Mass Cumulative
Opening Soil + Sieve Sieve Mass Soil Mass Retained on Percent Percent

Sieve No. (mm) Mass (9) (9) (9) each sieve Retained Finer

1" 25.4 676.7 582.74 93.96 9.57 9.57 90.43

3/4" 19.05 668.5 597.6 70.9 7.22 16.79 83.21

1/2" 12.7 652.2 534.2 118 12.02 28.81 71.19

3/8" 9.525 654.5 558.1 96.4 9.82 38.63 61.37

4 4.75 503.5 379.2 124.3 12.66 51.29 48.71

10 2 579.2 466.8 112.4 11.45 62.74 37.26

20 0.85 498.6 385 113.6 11.57 74.31 25.69

40 0.425 628.14 504.5 123.64 12.59 86.91 13.09

70 0.212 400.7 321.2 79.5 8.10 95.00 5.00

100 0.15 421.9 397.05 24.85 2.53 97.54 2.46

200 0.075 353.64 342.74 10.9 1.11 98.65 1.35

Pan - 391.1 379.37 11.73 1.19 99.84 0.16
Pan Mass 288.2
Pan + Gravel (wet) 2000.94
Pan + Gravel (dry) 1899.62
Gravel 1611.42

2nd Sample
Sieve Percent Mass Cumulative
Opening Soil + Sieve Sieve Mass Soil Mass Retained on Percent Percent

Sieve No. (mm) Mass (9) (9) (9) each sieve Retained Finer

4 4.75 1781.3 531.1 1250.2 77.58 77.58 22.42

10 2 603.7 467.2 136.5 8.47 86.05 13.95

20 0.85 460.5 384.9 75.6 4.69 90.75 9.25

40 0.425 565.2 504.2 61 3.79 94.53 5.47

70 0.212 374.2 320.8 53.4 3.31 97.85 2.15

200 0.075 367.7 342.7 25 1.55 99.40 0.60

Pan - 387.9 378.7 9.2 0.57 99.97 0.03
Sample 1 267.7
Sample 2 276.3
Can mass 46.5
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Date: November 16, 2007
Water levels prior to and during 2nd injection experiment

Piezometer Time  \vater Level
(m)
A 14:40 3.49
A 11:52 3.48
B 14:41 3.54
B 11:52 353
C 14:42 3.57
c 11:52 3.555
D 14:43 3.61
D 11:53 3.59
E 14:44 3.555
E 11:56 355
F 14:45 3.655
F 11:56 3.645
G 14:46 359
G 11:55 358
H 14:47 3.6
H 11:55 3.585
l 14:48 357
I 11:54 3.56
J 14:49 3.52
J 11:54 35
K 14:51 3.52
K 11:57 3.515
L 14:50 3.485
L 11:53 3.475
M 14:52 357
M 11:57 3.565
N 14:39 3.565
N 11:59 356
P 14:53 3.46
P 11:58 3.45

*Note: Water level indicates distance from top of piezometer casing to water table.
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Date: November 16, 2007
Water level in trench prior to and durinf thjection experiment

Trench
Water
Time Depth (m)
12:45 0.6
12:50 0.6
12:55 0.6
13:00 0.59
13:05 0.6
13:10 0.6
13:15 0.6
13:35 0.6
13:40 0.6
13:45 0.6
13:50 0.6
13:55 0.6
14:00 0.6
14.05 0.6
14:10 0.6
14:15 0.6
14:20 0.6
14:25 0.6
14:30 0.6
14:35 0.6
14:40 0.6
14:45 0.6
14:50 0.6
14:55 0.6
15:00 0.6
15:05 0.6
15:10 0.61
15:15 0.6
15:20 0.6
15:25 0.6
15:30 0.6
15:35 0.6
15:40 0.6
15:45 0.6
15:50 0.6
15:55 0.61
16:00 0.61
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Date: August 18, 2007

Injection: Rhodamine @ 100 ppm for 60 min

Piezometer  Elapsed Rhodamine Piezometer & Elapsed Rhodamine
(Sample Time Concentration Sample Time Concentration

Depth) (min) (ppb) Depth (min) (ppb)
A (U) 20 31.8 B (V) 18 20.9
A (U) 41 10.8 B (V) 38 21.6
A (L) 76 5.8 B (U) 72 10.1
A (U) 115 0.0 B (V) 120 35
A(L) 20 30.8 B (L) 19 24.2
A(L) 42 9.2 B (L) 39 25.6
A(L) 75 17.2 B (L) 72 35
A(L) 115 0.0 B (L) 121 0.0
C () 6 0.0 D (V) 5 3108.0
C ) 35 17.9 D (V) 32 6255.0
C () 64 244 D (V) 60 6771.0
C ) 126 0.0 D (U) 131 1625.0
C(L) 7 9.5 D (L) 5 6.3
C(L) 36 35.1 D (L) 35 4132.0
C(L) 65 12.5 D (L) 60 -
C(L) 126 1.9 D (L) 131 101.1
E (U) 21 53.6 F (V) 16 11.6
E (V) 43 7.9 F (V) 40 15.0
E (V) 77 2.9 F (V) 74 4.2
E (U) 112 3.3 F (V) 116 0.0
E (L) 21 32.0 F (L) 17 325
E (L) 44 16.7 F (L) 40 11.0
E (L) 77 5.5 F (L) 74 8.2
E (L) 112 2.2 F L 120 0.0
G (V) 11 35.2 H (V) 11 0.0
G (V) 36 15.7 H (V) 33 49.9
G (V) 68 3.8 H (U) 61 17.2
G (V) 122 0.0 H (U) 129 6.3
G (L) 12 23.3 H (L) 11 15.2
G (L) 37 21.4 H (L) 33 25.8
G (L) 69 142.2 H (L) 62 16.2
G (L) 123 0.0 H (L) 129 0.0

1 (V) 10 23.2 J (V) 8 5440.0
1 (V) 31 38.9 J (V) 29 7035.0
1 (V) 133 115.1 J (V) 137 184.8

I(L) 10 36.1 J(L) 9 25.2

I(L) 31 59.8 J (L) 30 14.1

I (L) 134 0.0

K (U) 25 5.4 L (U) 27 2.7
K (V) 49 11.8 L (V) 48 7.8
K (U) 144 6.0 L (U) 142 0.6
K (L) 26 4.8 L (L) 27 7.3
K (L) 50 17.6 L (L) 48 51.8
K (L) 144 0.0 L (L) 143 0.0
M (V) 23 27.1 N (U) 22 18.7
M (U) 51 12.4 N (U) 44 69.5
M (U) 146 0.0 N (U) 78 19.8
M (L) 24 8.0 N (U) 110 7.9
M (L) 52 9.3 N (L) 21 19.8
M (L) 146 0.0 N (L) 45 16.7

N (L) 78 6.3

P (V) 14 12.6 N (L) 111 1.6
P (V) 46 8.4

P (U) 150 295.0

P (L) 15 275

P (L) 47 9.0

P (L) 150 260.9
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Date: November 16, 2007

Injection: Rhodamine @ 3.0 ppm for 90 min & Phosphorus @ 100 ppm for 90 min

Started
Injection

12:36  14:06:27

Stopped
Injection

Rhodamine Phosphorus
Elapsed Concentration ~ Concentration
Sample#  Time Time Well Location (ppb) (ppm)
1 12:37 0:01 Trench 589 17.7
2 12:40 0:04 Trench 2911 77.6
3 12:44 0:08 Trench 2914 94.7
4 12:50 0:14 Trench 3778 114
5 13:01 0:25 Trench 3214 122
6 13:09 0:33 Trench 4425 91.1
7 13:17 0:41 Trench 3569 129
8 13:22 0:46 Trench 3708 111
9 13:31 0:55 Trench 3529 117
10 13:39 1:.03 Trench 2956 120
11 13:46 1:10 Trench 1900 71.3
12 14:05 1:29 Trench 1862 69.4
13 14:16 1:40 Trench 2282 7.23
14 14:25 1:49 Trench 27.35 1.01
15 14:41 2:05 Trench 7.958 0.0917
16 14:54 2:18 Trench 0.457 0.0435
17 15:08 2:32 Trench 5.365 0.0419
18 15:56 3:20 Trench 0 0.0417
19 Backgrounc  Creek 5.182 0.0891
20 Backgrounc A TOP (BG) 1.839 0.0449
21 12:40 0:04 A TOP 2.225 0.0377
22 12:52 0:16 A TOP 0.866 0.046
23 13:04 0:28 A TOP 5.354 0.0433
24 13:18 0:42 A TOP 3.921 0.108
25 13:32 0:56 A TOP 5.799 0.0588
26 13:58 1:22 A TOP 0.777 0.0309
27 14:17 1:41 A TOP 1.448 0.0383
28 14:44 2:08 A TOP 3.122 0.0792
29 Backgrounc A BOTTOM (BG) 4.903 0.0454
30 12:40 0:04 A BOTTOM 4.197 0.0429
31 12:52 0:16 A BOTTOM 0.66 0.0478
32 13:04 0:28 A BOTTOM 4.169 0.0438
33 13:18 0:42 A BOTTOM 1.268 0.0487
34 13:32 0:56 A BOTTOM 2.085 0.0637
35 13:58 1:22 A BOTTOM 6.69 0.0711
36 14:17 1:41 A BOTTOM 0.043 0.0395
37 14:44 2:08 A BOTTOM 4.598 0.124
38 Backgrounc B TOP (BG) 4,914 0.0462
39 12:42 0:06 B TOP 1.465 0.035
40 12:53 0:17 B TOP 0.4 0.0445
41 13:05 0:29 B TOP 0 0.042
42 13:19 0:43 B TOP 0 0.0701
43 13:32 0:56 B TOP 0.097 0.072
44 14:18 1:42 B TOP 6.856 0.0479
45 14:48 2:12 B TOP 0.812 0.0474
46 15:45 3:09 B BOTTOM 0.542 0.0494
47 Backgrounc B BOTTOM (BG) 0 0.0442
48 12:42 0:06 B BOTTOM 0 0.0426
49 12:53 0:17 B BOTTOM 1.107 0.0445
50 13:05 0:29 B BOTTOM 0 0.0591
51 13:19 0:43 B BOTTOM 0.234 0.0514
52 13:32 0:56 B BOTTOM 0 0.0463
53 14:17 1:41 B BOTTOM 0 0.0438
54 14:46 2:10 B BOTTOM 0.206 0.064
55 15:45 3:09 B TOP 1.553 0.0529
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56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

12:43
12:54
13:06
13:19
13:33
13:59
14:19
14:47
15:46

12:43
12:53
13:06
13:19
13:33
13:59
14:19
14:47
15:46

12:44
12:54
13:07
13:20
13:35
14:00
14:21
14:29
15:47

12:43
12:54
13:07
13:20
13:35
14:00
14:21
14:49
15:47

12:45
12:55
13:10
13:23
14:26
14:56
15:48

12:44
12:55
13:10
13:23
14:26
14:56
15:48

Backgrounc
0:07
0:18
0:30
0:43
0:57
1:23
1:43
2:11
3:10

Backgrounc
0:07
0:17
0:30
0:43
0:57
1:23
1:43
2:11
3:10

Backgrounc
0:08
0:18
0:31
0:44
0:59
1:24
1:45
1:53
311

Backgrounc
0:07
0:18
0:31
0:44
0:59
1:24
1:45
2:13
311

Backgrounc
0:09
0:19
0:34
0:47
1:50
2:20
312

Backgrounc
0:08
0:19
0:34
0:47
1:50
2:20
3:12

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP
TOP
TOP
TOP

BOTTOM (BG)

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP
TOP
TOP
TOP

BOTTOM (BG)

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP
TOP

BOTTOM (BG)

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM
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0.636
0.85
0.074
2.08
1.998

6.781

1.911
0.755

0.416

1.319

0.473

0.825
0.715
0.577
3.45
1610
1700
3070
2889
2344
1059
308.7
166.5
0.423
5.246
24.81
7.579
386.9
122.2
389.3
35.94
19.14
10.05
2.482

1.907
0.876
1.666
4.481
2.536
0.088
0.944
2.05
1.984
0.818
1451
0.466
1.999
0.466

0.0459
0.0385
0.0426
0.0456
0.124
0.0456
0.0593
0.047
0.0495
0.0463
0.0452
0.0408
0.0442
0.0444
0.0519
0.0456
0.0313
0.0448
0.0476
0.0557
0.0498
0.0293
50.5
50.3
106
106
114
39.2
9.25
3.15
0.0536
0.0303
0.841
0.131
11.3
4.07
16.8
1.18
0.462
0.125
0.0484
0.0486
0.0464
0.0481
0.0475
0.0377
0.0494
0.045
0.0481
0.0477
0.0563
0.0515
0.0503
0.0364
0.0616
0.108



112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178

12:56
13:11
13:24
14:02
14:57
15:48

12:45
12:56
13:11
13:24
14:02
14:57
15:48

12:47
12:57
13:12
13:25
14:03
14:28
14:59
15:49

12:46
12:57
13:12
13:25
14:03
14:28
14:59
15:49

12:48
12:58
13:13
13:26
14:04
15:00
15:51

12:48
12:58
13:13
13:26
14:04
15:00
15:51

12:49
12:39
12:58
13:14
13:26
14:30
15:02
15:51

12:49
12:39
12:58
13:13
13:26
14:30
15:02
15:51

Backgrounc
0:20
0:35
0:48
1:26
2:21
312

Backgrounc
0:09
0:20
0:35
0:48
1:26
2:21
3:12

Backgrounc
0:11
0:21
0:36
0:49
1:27
1:52
2:23
3:13

Backgrounc
0:10
0:21
0:36
0:49
1:27
1:52
2:23
3:13

Backgrounc
0:12
0:22
0:37
0:50
1:28
2:24
3:15

Backgrounc
0:12
0:22
0:37
0:50
1:28
2:24
3:15

Backgrounc
0:13
0:03
0:22
0:38
0:50
1:54
2:26
3:15

Backgrounc
0:13
0:03
0:22
0:37
0:50
1:54
2:26
3:15

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP

BOTTOM (BG)

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP
TOP
TOP

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP
TOP
TOP

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP
TOP

BOTTOM (BG)

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP
TOP
TOP

BOTTOM (BG)

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM
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27.42
0.996
4.523
0.198
4.087
0.767
0.543
0.215

0.437
0.89
0.263
2.087
4.876

0.026

1.439
0.168

1.473
0.048
0.138

1.926
4.757
2.536
0.804

0.593

0.248
2.089

1.778

1.689

4.406

0.184
1.019
0.819
1.148
0.136
2.078
0.819
4.096

4.34
22.72
180.6
315.6
350.3

192
127.2
5.372
0.499
4.044
0.404

5.75
0.373
5.001
0.604
5.597

0.128
0.0434
0.0775
0.0444

0.05
0.0437
0.0458
0.0475
0.0474
0.0442
0.0452
0.0525
0.0448
0.0474
0.0458
0.0462
0.0435
0.0459
0.0462
0.0488

0.111

0.053

0.046
0.0449
0.0472
0.0447
0.0457
0.0493
0.0473
0.0495
0.0324
0.0427
0.0464
0.0491

0.046
0.0502
0.0445
0.0521
0.0881
0.0911
0.0482
0.0475
0.0424
0.0457
0.0449
0.0498
0.0384
0.0638

0.105

0.054
0.0455
0.0377

0.739

6.04

12.2

104

5.46

2.25
0.0475
0.0488
0.0495
0.0438
0.0434
0.0615
0.0727
0.0585
0.0479



179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248

12:50
12:38
12:59
13:08
13:21
13:36
14:22
14:50
15:52

12:50
12:38
12:59
13:08
13:21
13:36
14:22
14:50
15:52

13:02
13:17
13:30
14:07
14:33
15:05
15:03

13.01
13:16
13:30
14.07
14:33
15:04
15:53

13:03
13:15
13:27
14.08
14:32
15:03
15:54

13:03
13:15
13:27
14:08
14:31
15:03
15:54

12:51
13:00
13:09
13:22
13:37
14:24
14:53
15:56

12:51
13:00
13:09
13:22
13:37
14:24
14:53
15:55

Backgrounc
0:14
0:02
0:23
0:32
0:45
1:00
1:46
2:14
3:16

Backgrounc
0:14
0:02
0:23
0:32
0:45
1:00
1:46
2:14
3:16

Backgrounc
0:26
0:41
0:54
1:31
1:57
2:29
2:27

Backgrounc
0:25
0:40
0:54
1:31
1:57
2:28
3:17

Backgrounc
0:27
0:39
0:51
1:32
1:56
2:27
3:18

Backgrounc
0:27
0:39
0:51
1:32
1:55
2:27
3:18

Backgrounc
0:15
0:24
0:33
0:46
1:.01
1:48
2:17
3:20

Backgrounc
0:15
0:24
0:33
0:46
1:01
1:48
2:17
3:19

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP
TOP
TOP
TOP

BOTTOM (BG)

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP
TOP

BOTTOM (BG)

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP
TOP

BOTTOM (BG)

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

TOP (BG)
TOP
TOP
TOP
TOP
TOP
TOP
TOP
TOP

BOTTOM (BG)

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

BOTTOM

12.18
3.946
3540
1246
3790
3284
2664
108.2
4.159

3.854

5.334
33.02
37.06
66.42
46.18
0.656
4.444

aooooooo

0.478
4.366
0.203

5.12
0.114

5.354
5.239
5.196

0.49
0.423
6.203
5.122
0.961
1.333

5.975
5.123
6.244
0.073
6.329
1.101
6.891
2.76
6.154
6.67

5.738
0.881
10.11
26.38
0.263
5.45
1.443
8.25
0.408
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0.0503
0.324
0.044

97.2
335
116
113
129
1.87
1.15

0.0485

0.0457

0.0433

0.0749

1.06
119
2.19
1.74
0.059

0.0357

0.0467

0.0449
0.046

0.0422

0.0417

0.0652

0.0419
0.046

0.0461

0.0344

0.0448
0.034

0.0403
0.053
0.048

0.0394

0.0468

0.0396

0.0441
0.032

0.0395

0.0662

0.0422

0.0504

0.0446

0.0359

0.0432

0.0319

0.0494

0.0297
0.042

0.0481

0.0474

0.0433

0.0422

0.0422

0.0524
0.101

0.0442

0.0465

0.0432

0.0426

0.0288

0.0579

0.0429
0.041

0.0478

0.0445

0.0436

0.0664



249
250
251
252
253
254
255
256
257
258
259
260
261
262

13:03
13:16
13:29
14:34
15:06
15:55

13:03
13:16
13:29
14:34
15:06
15:55

Backgrounc
0:27
0:40
0:53
1:58
2:30
3:19

Backgrounc
0:27
0:40
0:53
1:58
2:30
3:19

TSI ELELELELELER

BOTTOM (BG)
TOP
TOP
TOP
TOP
TOP
TOP

TOP (BG)
BOTTOM
BOTTOM
BOTTOM
BOTTOM
BOTTOM
BOTTOM

5.091
4.662
6.348
0.205
5.937
5.501

0.684

5.554

0.0478
0.0605
0.039
0.0552
0.0477
0.0479
0.0451
0.0511
0.0819
0.0547
0.0344
0.0351
0.0929
0.0424
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Elapsed MR-P ICP-P
Sample #  Piezometer Time Time (ppm) (ppm)  Ca (ppm) Fe (ppm) Al (ppm)
1 Trench 12:37 0:01 17.70 40.30 87.61 0.01 0.02
2 Trench 12:40 0:04 77.60 65.90 79.13 0.01 0.05
3 Trench 12:44 0:08 94.70 50.50 79.31 0.01 0.07
4 Trench 12:50 0:14 114.00 56.10 85.15 0.02 0.08
5 Trench 13:01 0:25 122.00 65.60 76.62 0.01 0.09
6 Trench 13:09 0:33 91.10 83.30 84.87 0.00 0.06
7 Trench 13:17 0:41 129.00 129.00 72.40 0.00 0.10
8 Trench 13:22 0:46 111.00 115.70 72.65 0.01 0.08
9 Trench 13:31 0:55 117.00 98.60 73.97 0.01 0.08
10 Trench 13:39 1:03 120.00 112.20 93.43 0.02 0.10
11 Trench 13:46 1:10 71.30 75.80 56.65 0.01 0.05
12 Trench 14:05 1:29 69.40 66.00 70.10 0.01 0.05
13 Trench 14:16 1:40 7.23 7.69 39.97 0.00 0.01
14 Trench 14:25 1:49 1.01 0.97 39.63 0.01 0.00
15 Trench 14:41 2:05 0.09 0.05 34.63 0.00 0.00
16 Trench 14:54 2:18 0.04 0.02 38.29 0.00 0.00
17 Trench 15:08 2:32 0.04 0.02 39.42 0.01 0.00
18 Trench 15:56 3:20 0.04 0.03 38.92 0.00 0.00
19 Creek Backgrounc  0.09 0.05 39.65 0.00 0.00
20 A Backgrounc  0.04 0.01 38.04 0.00 0.00
21 A 12:40 0:04 0.04 0.02 37.82 0.00 0.08
22 A 12:52 0:16 0.05 0.01 39.19 0.11 0.20
23 A 13:04 0:28 0.04 0.02 38.45 0.01 0.02
24 A 13:18 0:42 0.11 0.08 37.49 0.01 0.00
25 A 13:32 0:56 0.06 0.00 38.11 0.00 0.00
26 A 13:58 1:22 0.03 0.01 43.52 0.01 0.00
27 A 14:17 1:41 0.04 0.02 42.17 0.00 0.01
28 A 14:44 2:08 0.08 0.07 32.43 0.00 0.00
29 A Backgrounc  0.05 0.00 38.23 0.00 0.00
30 A 12:40 0:04 0.04 0.01 39.67 0.00 0.07
31 A 12:52 0:16 0.05 0.00 38.07 0.00 0.00
32 A 13:04 0:28 0.04 0.01 37.63 0.00 0.00
33 A 13:18 0:42 0.05 0.02 37.29 0.00 0.01
34 A 13:32 0:56 0.06 0.00 37.91 0.00 0.00
35 A 13:58 1:22 0.07 0.04 39.61 0.01 0.00
36 A 14:17 1:41 0.04 0.02 38.86 0.00 0.00
37 A 14:44 2:08 0.12 0.11 26.40 0.00 0.01
38 B Backgrounc  0.05 0.01 38.39 0.00 0.00
39 B 12:42 0:06 0.04 0.03 40.11 0.01 0.01
40 B 12:53 0:17 0.04 0.00 39.75 0.01 0.02
41 B 13:05 0:29 0.04 0.00 39.99 0.00 0.00
42 B 13:19 0:43 0.07 0.03 39.69 0.00 0.00
43 B 13:32 0:56 0.07 0.02 39.60 0.00 0.00
44 B 14:18 1:42 0.05 0.02 39.81 0.00 0.07
45 B 14:48 2:12 0.05 0.01 37.73 0.00 0.01
46 B 15:45 3:09 0.05 0.01 38.76 0.00 0.00
47 B Backgrounc  0.04 0.01 39.67 0.00 0.00
48 B 12:42 0:06 0.04 0.01 41.33 0.00 0.10
49 B 12:53 0:17 0.04 0.01 39.41 0.00 0.01
50 B 13:05 0:29 0.06 0.02 38.75 0.04 0.07
51 B 13:19 0:43 0.05 0.02 38.41 0.00 0.00
52 B 13:32 0:56 0.05 0.03 38.64 0.00 0.00
53 B 14:17 1:41 0.04 0.01 37.82 0.00 0.00
54 B 14:46 2:10 0.06 0.03 37.28 0.00 0.00
55 B 15:45 3:09 0.05 0.02 38.12 0.00 0.00
56 C Backgrounc  0.05 0.00 40.22 0.00 0.00
57 C 12:43 0:07 0.04 0.00 40.81 0.01 0.14
58 C 12:54 0:18 0.04 0.03 40.49 0.04 0.09
59 C 13:06 0:30 0.05 0.00 40.24 0.01 0.02
60 C 13:19 0:43 0.12 0.08 40.30 0.10 0.17
61 C 13:33 0:57 0.05 0.01 39.90 0.00 0.00
62 C 13:59 1:23 0.06 0.02 42.03 0.02 0.07
63 C 14:19 1:43 0.05 0.00 39.87 0.01 0.05
64 C 14:47 2:11 0.05 0.03 37.81 0.09 0.19
65 C 15:46 3:10 0.05 0.00 40.16 0.08 0.15
66 C Backgrounc  0.05 0.00 39.53 0.00 0.00
67 C 12:43 0:07 0.04 0.00 40.48 0.01 0.13
68 C 12:53 0:17 0.04 0.01 40.54 0.00 0.01
69 C 13:06 0:30 0.04 0.01 40.13 0.01 0.02
70 C 13:19 0:43 0.05 0.01 40.55 0.03 0.07
71 C 13:33 0:57 0.05 0.03 39.68 0.01 0.01
72 C 13:59 1:23 0.03 0.00 40.48 0.00 0.02
73 C 14:19 1:43 0.04 0.01 39.91 0.01 0.03
74 C 14:47 2:11 0.05 0.04 37.19 0.02 0.05
75 C 15:46 3:10 0.06 0.05 39.78 0.04 0.07
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110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

OO TMTMTMTTTMTTTMTTMTMTTTTIMMMMMMMMMMMMMMMMO00U00000000000U0U00U0U0OO0

12:44
12:54
13:07
13:20
13:35
14:00
14:21
14:29
15:47

12:43
12:54
13:07
13:20
13:35
14:00
14:21
14:49
15:47

12:45
12:55
13:10
13:23
14:26
14:56
15:48

12:44
12:55
13:10
13:23
14:26
14:56
15:48

12:56
13:11
13:24
14:02
14:57
15:48

12:45
12:56
13:11
13:24
14:02
14:57
15:48

12:47
12:57
13:12
13:25
14:03
14:28
14:59
15:49

12:46
12:57
13:12
13:25
14:03
14:28
14:59
15:49

Backgound
0:08
0:18
0:31
0:44
0:59
1:24
1:45
1:53
3:11

Backgound
0:07
0:18
0:31
0:44
0:59
1:24
1:45
2:13
3:11

Backgound
0:09
0:19
0:34
0:47
1:50
2:20
3:12

Backgound
0:08
0:19
0:34
0:47
1:50
2:20
3:12

Backgound
0:20
0:35
0:48
1:26
2:21
3:12

Backgound
0:09
0:20
0:35
0:48
1:26
2:21
3:12

Backgound
0:11
0:21
0:36
0:49
1:27
1:52
2:23
3:13

Backgound
0:10
0:21
0:36
0:49
1:27
1:52
2:23
3:13

0.05
0.03
50.50
50.30
106.00
106.00
114.00
39.20
9.25
3.15
0.05
0.03
0.84
0.13
11.30
4.07
16.80
1.18
0.46
0.13
0.05
0.05
0.05
0.05
0.05
0.04
0.05
0.05
0.05
0.05
0.06
0.05
0.05
0.04
0.06
0.11
0.13
0.04
0.08
0.04
0.05
0.04
0.05
0.05
0.05
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.04
0.05
0.05
0.05
0.11
0.05
0.05
0.04
0.05
0.04
0.05
0.05
0.05
0.05
0.03
0.04
0.05

0.02
0.01
54.90
56.50
89.20
98.40
95.30
38.15
20.30
6.69
0.01
0.01
0.79
0.08
28.37
10.02
37.64
1.06
0.42
0.09
0.00
0.05
0.03
0.03
0.01
0.00
0.01
0.01
0.00
0.01
0.01
0.02
0.03
0.00
0.02
0.07

0.03
0.09
0.02
0.05
0.03
0.00
0.03
0.03
0.04
0.03
0.02
0.03
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.07
0.04
0.00
0.02
0.04
0.04
0.02
0.04
0.02
0.02
0.01
0.02
0.04
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39.71
40.75
83.01
76.13
99.57
111.64
97.05
74.92
80.18
76.03
38.52
41.31
39.01
38.98
94.08
83.04
88.95
40.23
36.93
25.27
38.92
39.92
40.15
40.27
40.37
39.64
38.82
40.49
39.29
39.25
39.66
39.89
39.52
39.44
38.30
39.66

41.94
41.27
41.05
41.03
40.96
41.68
40.82
40.86
42.20
41.16
41.79
41.92
41.10
41.92
41.08
40.69
41.98
40.79
41.49
42.60
41.24
41.50
40.98
42.05
41.73
41.27
41.54
40.76
43.20
41.30
41.55
41.42

0.00
0.00
0.07
0.09
0.07
0.13
0.08
0.06
0.07
0.08
0.01
0.00
0.01
0.00
0.02
0.01
0.02
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.01
0.06
0.17
0.37
0.01
0.00
0.02
0.03

0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.01
0.01
0.00
0.01
0.01
0.00
0.01
0.00
0.00
0.01
0.00
0.01
0.01
0.00
0.01
0.01
0.00
0.01
0.00
0.00
0.00
0.01
0.01
0.00

0.01
0.02
0.09
0.14
0.06
0.18
0.06
0.11
0.13
0.14
0.01
0.02
0.02
0.01
0.02
0.00
0.01
0.02
0.00
0.00
0.01
0.00
0.02
0.01
0.00
0.00
0.01
0.01
0.02
0.13
0.34
0.71
0.01
0.00
0.04
0.06

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00



145
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147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
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183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
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202
203
204
205
206
207
208
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12:48
12:58
13:13
13:26
14:04
15:00
15:51

12:48
12:58
13:13
13:26
14:04
15:00
15:51

12:49
12:39
12:58
13:14
13:26
14:30
15:02
15:51

12:49
12:39
12:58
13:13
13:26
14:30
15:02
15:51

12:50
12:38
12:59
13:08
13:21
13:36
14:22
14:50
15:52

12:50
12:38
12:59
13:08
13:21
13:36
14:22
14:50
15:52

13:02
13:17
13:30
14:07
14:33
15:05
15:03

13:01
13:16
13:30
14:07
14:33
15:04
15:53

Backgrounc
0:12
0:22
0:37
0:50
1:28
2:24
3:15

Backgrounc
0:12
0:22
0:37
0:50
1:28
2:24
3:15

Backgrounc
0:13
0:03
0:22
0:38
0:50
1:54
2:26
3:15

Backgrounc
0:13
0:03
0:22
0:37
0:50
1:54
2:26
3:15

Backgrounc
0:14
0:02
0:23
0:32
0:45
1:00
1:46
2:14
3:16

Backgrounc
0:14
0:02
0:23
0:32
0:45
1:00
1:46
2:14
3:16

Backgrounc
0:26
0:41
0:54
1:31
1:57
2:29
2:27

Backgrounc
0:25
0:40
0:54
1:31
1:57
2:28
3:17

0.05
0.05
0.05
0.04
0.05
0.09
0.09
0.05
0.05
0.05
0.04
0.04
0.05
0.04
0.06
0.11
0.05
0.05
0.04
0.74
0.04
12.20
10.40
5.46
0.05
0.05
0.05
0.05
0.04
6.04
0.06
0.07
0.06
2.25
0.05
0.32
0.04
97.20
33.50
116.00
113.00
129.00
1.87
1.15
0.05
0.05
0.04
0.07
1.06
119
2.19
174
0.06
0.04
0.05
0.04
0.05
0.04
0.04
0.07
0.04
0.05
0.05
0.03
0.04
0.03
0.04
0.05
0.05
0.04

0.04
0.02
0.07
0.02
0.06
0.09
0.02
0.04
0.00
0.03
0.03
0.04
0.02
0.02
0.05
0.07
0.04
0.02
0.03
0.68
0.05
26.91
22.24
11.34
0.02
0.02
0.05
0.01
0.01
11.63
0.03
0.06
0.06
2.44
0.01
0.28
0.01
90.00
30.78
99.20
100.60
116.10
1.75
1.12
0.02
0.02
0.00

0.95
1.10
3.08
157
0.03
0.01
0.00
0.02
0.01
0.04
0.04
0.06
0.00
0.02
0.06
0.04
0.02
0.00
0.03
0.04
0.00
0.04
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41.46
42.19
42.40
42.01
42.16
43.54
40.71
41.86
42.50
42.45
40.97
43.18
42.18
43.92
39.63
41.63
42.42
41.54
41.12
41.65
41.59
87.00
88.65
91.58
41.40
42.28
41.73
41.69
40.94
71.75
41.15
41.23
38.19
38.01
38.04
37.39
37.58
92.15
72.75
77.61
67.19
71.69
32.64
26.98
37.15
37.59
36.66

38.49
37.50
59.91
37.03
34.59
30.58
41.82
42.88
41.68
40.91
43.37
41.50
42.23
41.86
41.88
41.69
42.62
41.76
42.83
41.85
40.55
40.76

0.01
0.01
0.01
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.04
0.00
0.02
0.00
0.01
0.00
0.01
0.01
0.08
0.01
0.00
0.00
0.02
0.00
0.03
0.00
0.07
0.05
0.08
0.05
0.02
0.01
0.00
0.00
0.00
0.00

0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.00
0.01
0.00
0.00

0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.05
0.02
0.01
0.00
0.00
0.00
0.01
0.00
0.15
0.00
0.00
0.00
0.03
0.00
0.06
0.00
0.06
0.05
0.06
0.02
0.06
0.01
0.01
0.00
0.00
0.00

0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.00
0.01
0.00
0.00
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13:03
13:15
13:27
14.08
14:32
15:03
15:54

13:03
13:15
13:27
14:08
14:31
15:03
15:54

12:51
13:00
13:09
13:22
13:37
14:24
14:53
15:56

12:51
13:00
13:09
13:22
13:37
14:24
14:53
15:55

13:03
13:16
13:29
14:34
15:06
15:55

13:03
13:16
13:29
14:34
15:06
15:55

Backgrounc
0:27
0:39
0:51
1:32
1:56
2:27
3:18

Backgrounc
0:27
0:39
0:51
1:32
1:55
2:27
3:18

Backgrounc
0:15
0:24
0:33
0:46
1:.01
1:48
2:17
3:20

Backgrounc
0:15
0:24
0:33
0:46
1:.01
1:48
2:17
3:19

Backgrounc
0:27
0:40
0:53
1:58
2:30
3:19

Backgrounc
0:27
0:40
0:53
1:58
2:30
3:19

0.05
0.04
0.04
0.03
0.04
0.07
0.04
0.05
0.04
0.04
0.04
0.03
0.05
0.03
0.04
0.05
0.05
0.04
0.04
0.04
0.05
0.10
0.04
0.05
0.04
0.04
0.03
0.06
0.04
0.04
0.05
0.04
0.04
0.07
0.05
0.06
0.04
0.06
0.04
0.05
0.05
0.05
0.08
0.05
0.03
0.05
0.09
0.04

0.01
0.03
0.05
0.04
0.03
0.04
0.01
0.05
0.00
0.05
0.06
0.02
0.01
0.03
0.02
0.03
0.03
0.06
0.04
0.08
0.02
0.06
0.02
0.06
0.05
0.05
0.03
0.04
0.07
0.05
0.02
0.03
0.12
0.04
0.00
0.01
0.06
0.02
0.03
0.06
0.04
0.04
0.03
0.02
0.01
0.04
0.01
0.04

42.18
41.25
40.77
40.81
43.00
40.60
4151
39.19
41.00
42.04
41.64
40.61
43.63
41.71
40.81
40.90
71.75
64.40
66.33
69.79
66.22
69.68
75.67
62.25
49.99
67.66
68.47
69.44
73.04
76.45
78.26
72.53
55.96
53.90
39.46
41.29
41.04
40.53
40.28
39.57
39.66
40.01
40.60
40.38
64.06
68.95
66.04
62.21

0.01
0.00
0.01
0.01
0.00
0.01
0.00
0.00
0.01
0.01
0.01
0.01
0.00
0.01
0.00
0.02
0.16
0.01
0.01
0.01
0.02
0.02
0.01
0.00
0.00
0.06
0.05
0.12
0.10
0.12
0.02
0.04
0.01
0.01
0.00
0.01
0.01
0.01
0.02
0.01
0.00
0.00
0.00
0.01
0.01
0.01
0.00
0.01

0.01
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.01
0.02
0.01
0.01
0.00
0.01
0.00
0.03
0.26
0.01
0.00
0.00
0.03
0.01
0.01
0.00
0.01
0.11
0.07
0.28
0.23
0.24
0.02
0.09
0.00
0.00
0.00
0.00
0.02
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
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Isotherm Data

Added Pin P sorbed
Sample Conc. Conc. Solution total P P in sol onto soil
No. Sail (ppm) Abs (ppm) (ppm) added (mg)  (mg) (mg/kg)
1 1 0 1.3 1.168 0 0.05256 -17.52
2 1 0 1.1 0.4642 0 0.020889 -6.963
3 1 0 1.3 0.3532 0 0.015894 -5.298
4 1 0 0.1 0.1003 0 0.004514
5 1 1 1.2 1.22 0.039 0.0549 -5.3
6 1 1 1 1.214 0.039 0.05463 -5.21
7 1 1 0.7 1.264 0.039 0.05688 -5.96
8 1 1 1.1 0.884 0.039 0.03978
9 1 5 1.2 2.915 0.0207  0.131175 -36.825
10 1 5 1.8 2.964 0.0207 0.13338 -37.56
11 1 5 2.1 3.529 0.0207  0.158805  -46.035
12 1 5 5 4.617 0.0207  0.207765
13 1 10 9.4 7.12 0.448 0.3204 42.533333
14 1 10 8.1 8.04 0.448 0.3618  28.733333
15 1 10 7.7 7.79 0.448 0.35055 32.483333
16 1 10 9.8 9.97 0.448 0.44865
17 1 25 22.8 20.99 1.108 0.94455 54.483333
18 1 25 22.8 21.2 1.108 0.954  51.333333
19 1 25 22.6 20.45 1.108 0.92025 62.583333
20 1 25 27 24.64 1.108 1.1088
21 1 50 42.5 45.01 2.277 2.02545 83.85
22 1 50 39.7 45.32 2.277 2.0394 79.2
23 1 50 48.4 45.36 2.277 2.0412 78.6
24 1 50 53.5 50.6 2.277 2.277
25 1 100 102.8 93.2 4.49 4194  98.666667
26 1 100 98.6 92.8 4.49 4176  104.66667
27 1 100 101.4 94.6 4.49 4.257 77.666667
28 1 100 110.7 99.8 4.49 4.491
29 1 200 203.9 189.1 9.0495 8.5095 180
30 1 200 208 192.5 9.0495 8.6625 129
31 1 200 197.3 189 9.0495 8.505 181.5
32 1 200 210.2 201.1 9.0495 9.0495
33 1 400 408.7 392.1 18.212 17.6445 189.16667
34 1 400 422.2 381.9 18.212 17.1855 342.16667
35 1 400 413.4 398.9 18.212 17.9505 87.166667
36 1 400 434.5 404.7 18.212 18.2115
37 1 800 854 806 36.667 36.27  132.33333
38 1 800 839 793 36.667 35.685 327.33333
39 1 800 844 798 36.667 3591  252.33333
40 1 800 859 815 36.667 36.675
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Laboratory Flow-Through Experiment Data
High flow rate: 13.8 mL/min

Elapsed Inflow ICP P Ortho P Ca
Time Concentration Concentration Concentration Concentration
(min) (ppm) (ppm) (ppm) (ppm)

0 0 0.1 0.09 1.65
0 0 0.1 0.05 1.77
0 0 0.2 0.06 1.47
0 0 0.1 0.12 1.37
0 0 0.1 0.09 1.76
0 0 0.1 0.05 1.36
1 1 0.7 0.66 0.52
1 1 0.7 0.71 0.49
1 1 0.8 0.78 0.6
8 1 0.9 0.77 0.39
9 1 1.0 0.89 0.42
10 1 1.0 0.89 0.37
14 1 1.0 0.90 0.37
14 1 1.0 0.84 0.39
15 1 1.0 0.97 0.32
28 1 1.0 0.85 0.39
29 1 1.0 0.92 0.31
30 1 11 0.97 0.3
48 1 1.0 0.88 0.29
49 1 11 0.93 0.23
50 1 11 0.87 0.24
78 1 1.0 0.77 0.24
79 1 1.0 0.86 0.19
80 1 11 0.87 0.2
108 1 1.0 0.85 0.21
109 1 1.0 0.86 0.19
110 1 1.0 0.87 0.18
138 1 1.0 0.78 0.18
139 1 1.0 0.80 0.15
140 1 11 0.73 0.16
1 2 1.6 1.53 0.79
1 2 1.9 1.63 0.77
3 2 14 1.30 0.94
6 2 2.0 1.91 0.85
6 2 2.0 1.92 0.63
7 2 2.1 1.90 0.76
11 2 2.1 2.01 0.56
12 2 2.1 1.96 0.78
12 2 2.1 2.02 0.65
24 2 2.0 1.69 0.39
25 2 2.1 2.09 0.47
26 2 2.1 1.99 0.48
45 2 2.0 1.91 0.29
46 2 2.1 1.93 0.37
a7 2 2.1 1.84 0.29
74 2 2.1 1.90 0.24
75 2 2.1 1.86 0.24
76 2 2.1 1.90 0.21
104 2 2.1 1.90 0.22
105 2 2.1 1.86 0.23
106 2 2.1 1.91 0.17
134 2 2.1 1.91 0.2
135 2 2.1 1.91 0.18
136 2 2.1 1.93 0.11
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Low flow rate: 0.4 mL/min

Inflow Ca ICP P
Concentration Concentration Concentration
Elapsed Time (ppm) (ppm) (ppm)
0:00 0 3.9 0.1
0:00 0 4.0 0.2
0:00 0 2.7 0.1
0:00 0 4.2 0.1
0:00 0 4.9 0.1
0:00 0 4.0 0.1
0:00 1.1 1.9 0.2
0:00 0.9 1.0 0.3
0:00 0.8 1.0 0.2
0:15 1.1 0.8 0.2
0:15 0.9 0.8 0.3
0:17 0.8 0.7 0.2
0:30 1.1 0.7 0.2
0:30 0.9 0.7 0.3
0:32 0.8 0.6 0.3
0:45 1.1 0.7 0.3
0:45 0.9 0.7 0.4
0:47 0.8 0.6 0.3
1:01 1.1 0.7 0.3
1:01 0.9 0.7 0.5
1:.02 0.8 0.6 0.4
1:19 1.1 0.7 0.5
1:19 0.9 0.7 0.3
1:17 0.8 0.6 0.4
1:31 0.8 0.7 0.5
1:34 1.1 0.7 0.4
1:34 0.9 0.7 0.5
2:03 0.8 0.7 0.5
2:04 1.1 0.6 0.4
2:04 0.9 0.8 0.5
2:35 1.1 0.6 0.4
2:35 0.9 0.7 0.6
2:33 0.8 0.7 0.6
3:05 1.1 0.5 0.4
3:05 0.9 0.7 0.6
3:05 0.8 0.7 0.6
3:35 1.1 0.5 0.5
3:35 0.9 0.7 0.7
3:38 0.8 0.6 0.6
4:05 1.1 0.5 0.5
4:05 0.9 0.7 0.7
4:08 0.8 0.7 0.7
4:35 1.1 0.5 0.5
4:35 0.9 0.8 0.8
4:38 0.8 0.6 0.7
5:05 1.1 0.5 0.5
5:05 0.9 0.7 0.7
5:08 0.8 0.7 0.7
5:35 1.1 0.5 0.5
5:35 0.9 0.7 0.8
5:38 0.8 0.6 0.7
6:05 1.1 0.5 0.5
6:05 0.9 0.7 0.8
6:08 0.8 0.6 0.7
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6:35
6:35
6:38
7:05
7:05
7:08
7:35
7:35
7:38
8:05
8:05
8:08
0:00
0:00
0:00
0:15
0:12
0:17
0:27
0:30
0:32
0:42
0:45
0:47
0:57
1:00
1:02
1:12
1:15
1:17
1:26
1:29
1:31
1:58
2:01
2:03
2:28
2:31
2:33
3:00
3:03
3:05
3:33
3:36
3:38
4:03
4:06
4:08
4:33
4:36
4:38
5:03
5:06
5:08
5:33
5:36
5:38
6:03
6:06
6:08
6:33
6:36
6:38
7:03
7:06
7:08
7:33
7:36
7:38
8:03
8:06
8:08
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