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EXECUTIVE SUMMARY

Increased nutrient loads have resulted in sevekadrae impacts on surface water quality,
including excessive algal growth, fish kills, amih#ing water taste and odor issues across the
United States and especially in the Ozark ecoregigrortheastern Oklahoma and northwestern
Arkansas. Nitrogen is a concern, but phosphoruss(§gnerally considered the limiting nutrient
in most surface water systems. The significandgisfproblem has been highlighted by
litigation, with one case even reaching the U.Sr8me Court (Arkansas et al. v. Oklahoma et
al., 503 U.S. 91) which required the upstream stateeet downstream water quality standards.
Scientists and engineers need to identify critnzatient source areas and transport mechanisms
within a catchment in order to cost effectivelytea and enhance drinking water systems,
recreation activities, and aquatic ecosystems. &#hitface runoff is considered to be the
primary transport mechanism for P, leaching throtighvadose zone and subsurface transport
through coarse gravel subsoils to gravel bed stseaay be significant and represents a source
of P not alleviated by current conservation pragi¢e.g., riparian buffers). It was hypothesized
that hydrologic heterogeneities (e.g., macroponesgravel outcrops) in the subsurface of
floodplains play an integral role in impacting flamd contaminant transport between the soil
surface and shallow alluvial aquifers which areidgaitely connected to streams. Infiltration is
often assumed to be uniform at the field scaletlustneglects the high spatial variability
common in anisotropic, heterogeneous alluvial fldath soils. Therefore, the overarching
objective of this line of research was to charaogéephosphorus leaching to alluvial aquifers in
the coarse gravel floodplains of the Ozark ecomegicross a range of scales (point to 16Pim
order to evaluate the effect of the scale of meamant.

Electrical resistivity imaging was used to chardztethe alluvial deposits at selected floodplain
sites. Laboratory flow through P sorption experitsemere conducted in order to examine the
effect of retention time (RT) and inflow P conceivn on P sorption; this was compared to
results of isothermal titration calorimetry (ITQ)periments where the heat of reaction was
measured with the addition of P to soils. Basethenmograms, the dominant P sorption
reaction was ligand exchange onto Al/Fe oxides/iidies, with a lesser degree of precipitation.
Phosphorus removal for both soils was limited bysatal nonequilibrium instead of chemical
nonequilibrium (sorption kinetics).

Innovative field studies, including plot scale (L bm, 3 by 3 m, and 10 by 10 m) solute
injection experiments along with geophysical imagwere performed on both gravel outcrops
and non-gravel outcrops. A berm method, using pteary berm constructed of a water-filled
15 cm diameter vinyl hose with the edges sealeédd®oil using bentonite, was developed and
utilized for plot-scale infiltration experimentsuf@elines are provided for tank size and refilling
frequency for conducting field experiments. Ploamained a constant head of 2 to 9 cm for up
to 52 hours. Infiltration rates ranged from 0. @cm/h, and varied considerably even within a
single floodplain. Effective saturated hydrauliadactivity Ke) data, based on plot scale
infiltration rates, ranged from 0.6 to 68 cnihPlot scale infiltration tests are recommended
over double ring infiltrometer tests or point scagtimates, although only small plots (1 m by 1
m) are necessary. Tension infiltrometers showedniaropore flow accounted for
approximately 85% to 99% of the total infiltration.



Solutes in the injection water included P (hightytive), Rhodamine WT (slightly sorptive),
and chloride (conservative). Observation wells westalled outside the plots to monitor for
water table rise and tracers that leached intgtbendwater. Electrical resistivity imaging was
used to identify zones of preferential flow as vealcharacterize subsurface soil layering. Fluid
samples from observation wells outside the pld (0.from the boundary) indicated nonuniform
subsurface flow and transport. Phosphorus was teetét the groundwater for 6 of the 12 plots
and was positively correlated to the presence afgjroutcrops. Results indicated that flow
paths are sub-meter scale for detecting infiltgagnlutions. The surface soil type (ranging from
silt loam to clean gravel) and macroporosity wenenid to have a significant impact on P
leaching capacity. This research highlighted tlieince between the conceptual infiltration
model of a diffuse wetting front characterized bgHrds Equation and actual infiltration in

field conditions. Results were modeled with HYDRBB/3D, a two/three-dimensional, finite-
element model for flow and contaminant transpootlfkequilibrium and physical/chemical
nonequilibrium transport) through soils. A gravataop trial found significant P transport to
the water table boundary after 15 years. HYDRUS wvable to simulate observed P detections
in silt loam plots, indicating that better modeliteghniques or programs need to be developed to
better simulate highly complex soil profiles dontedhby macropore flow.

Since floodplains are well-connected to alluvialiéers and streams in gravelly watersheds, a
higher level of agricultural stewardship may beuieed for floodplains than upland areas. This
has implications for the development of best manmeeye practices specifically for floodplains in
the Ozark ecoregion due to their close proximaaely connectedness to streams.
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(1) PROBLEM AND RESEARCH OBJECTIVES

This research hypothesizes that macropores anelgratcrops in alluvial floodplains have a
significant, scale-dependent impact on contamiteatthing through soils; therefore, both soll
matrix and macropore infiltration must be accourftedn an analysis of nutrient transport.
However, quantifying the impact and spatial vatigbof macropores and gravel outcrops in the
subsurface is difficult, if not impossible, withanhovative field studies. This research proposes
an innovative plot design that combines these dineranethods in order to characterize water
and phosphorus movement through alluvial soils.

The specific objectives of this research are twahfdhe first objective is to quantify the
phosphorus (P) transport capacity of heterogenapasel soils common in the Ozark

ecoregion. Two characteristics of the soil are etgreto promote greater infiltration and
contaminant transport than initially expected:rfigcropores or large openings (greater than 1-
mm) in the soil (Thomas and Phillips, 1979; Akaykt2008; Najm et al., 2010) and (2) gravel
outcrops at the soil surface (Heeren et al., 2008k research will estimate P concentration and
P load of water entering the gravelly subsoil fritve soil surface in several alluvial floodplains
with varying topsoil thicknesses. Second, the imp&experimental scale on results from P
leaching studies will be evaluated. If a materragerty is measured for identical samples except
at various sample sizes, a representative elenoduntne (REV) curve can be generated showing



large variability below the REV. This provides dgfel framework for evaluating scales in P
leaching. What minimum land area is necessary ¢gjaately measure P leaching? It is
hypothesized that measured P leaching (kg/m-s)geilerally increase as the scale increases
from point (10° m?) to plot (1G m) scales. This will be evaluated by measuring BHewy at

the point scale in the laboratory and at plot scaligh bermed infiltration experiments for three
plot sizes (approximately 1010", and 16 n).

If subsurface transport of P to alluvial groundwasesignificant, these data will be critical for
identifying appropriate conservation practices dasetopsoil thickness. Riparian buffers are
primarily aimed at reducing surface runoff conttibas of P; however, their effectiveness
within floodplains may be significantly reduced wheonsidering heterogeneous subsurface
pathways.

(2) METHODOLOGY AND PRINCIPAL FINDINGS/SIGNIFICANCE

(A) Site Descriptions

The three selected riparian floodplain sites acated in the Ozark region of northeastern
Oklahoma and western Arkansas. The Ozark ecoregibhissouri, Arkansas, and Oklahoma is
characterized by karst topography, including caspengs, sink holes, and losing streams. The
erosion of carbonate bedrock (primarily limestomgslightly acidic water has left a large
residuum of chert gravel in Ozark soils, with flptains generally consisting of coarse chert
gravel overlain by a mantle of gravelly loam ot kam (Figure 1). The three floodplain sites
are located adjacent to the Barren Fork Creek, Rumtiollow and Clear Creek (Figure 2).

Gravel Subsoil [ s =

Figure 1. Floodplains in the Ozark ecoregion genera Iy consist of coarse chert gravel overlain by a ma ntle (1-
300 cm) of topsoil.
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Figure 2. Location of riparian floodplain sites in the Ozark ecoregion of Oklahoma and Arkansas.

Barren Fork Creek Site (Oklahoma)

The Barren Fork Creek site, five miles east of €gbhhh, Oklahoma, in Cherokee county
(latitude: 35.90°, longitude: -94.85°), is locajadt downstream of the Eldon U.S. Geological
Survey (USGS) gage station (07197000). A tributdrthe lllinois River, the Barren Fork Creek
has a median daily flow of 3.6%s and an estimated watershed size of 845atrthe study site.
Historical aerial photographs of the site demonsttiae recent geomorphic activity (Midgley et
al., 2012) including an abandoned stream chanaghiltorically flowed in a more westerly
direction than its current southwestern flow pdiggre 3).

Fuchs et al. (2009) described some of the soilyadaulic characteristics of the Barren Fork
Creek floodplain site. The floodplain consists lidhaal gravel deposits underlying 0.5 to 1.0 m
of topsoil (Razort gravelly loam). Topsoil infiltian rates are reported to range between 1 and 4
m/d based on USDA soil surveys. The gravel subslaigsified as coarse gravel, consists of
approximately 80% (by mass) of particle diameteesatpr than 2.0 mm, with an average particle
size (do) of 13 mm. Estimates of hydraulic conductivity fbe gravel subsoil range between

140 and 230 m/d based on falling-head trench (Esishs et al., 2009). Soil particles less than
2.0 mm in the gravelly subsoil consist of secondanyerals, such as kaolinte and noncrystalline
Al and Fe oxyhydroxides. Ammonium oxalate extratsion this finer material estimated initial
phosphorus saturation levels of 4.2% to 8.4% (Fetlad., 2009).
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Figure 3. Aerial photos for 2003 (left) and 2008 (r ight) show the southward migration of the stream to ward the
bluff and the large deposits of gravel in the curre nt and abandoned stream channels. The study site is the
hay field in the south-central portion of each phot o (red arrow).

The floodplain site is a hay field with occasiotrakes (Figure 4). The field has a Soil Test
Phosphorus (STP) of 33 mg/kg (59 Ib/ac) and haseuatived fertilizer for several years. The
southern border of the floodplain is a bedrock fitludt rises approximately 5 to 10 m above the
floodplain elevation and limits channel migratianthe south. The floodplain width at the study
site is 20 to 100 m from the streambank (basederi®0 year floodplain); however, water was
observed 200 m from the streambank (to the bluff)rdy a 6 year recurrence interval flow event
(Figure 4).

Figure 4. The Barren Fork site is a hay field (left ). The site becomes completely inundated during lar ~ ge flow
events (right).

Pumpkin Hollow Site (Oklahoma)

The Pumpkin Hollow site, 12 miles northeast of Eagjiah, Oklahoma, in Cherokee County
(Figure 5, latitude: 36.02°, longitude: -94.81°5lem estimated watershed area of 15. n
small tributary of the lllinois River, Pumpkin Holv is an ephemeral stream in its upper



reaches. The Pumpkin Hollow site is pasture fateéEigure 6). The entire floodplain is 120 to
130 m across. Soils in the study area include Ragavelly loam and Elsah very gravelly loam.

Figure 5. Pumpkin Hollow is a narrow valley ascendi  ng from the lllinois River to the plateau.

Figure 6. The Pumpkin Hollow site in spring (left) and winter (right). The site includes soils with sh allow
layers of topsoil and gravel.

Clear Creek Site (Arkansas)

The Clear Creek site is 5 miles northwest of Faydte, Arkansas, in Washington County
(Figure 7, latitude: 36.125°, longitude: -94.23%C)ear Creek is a fourth order stream, and is a
tributary to the lllinois River. Streamflow durifgaseflow conditions is estimated to be around
0.5 cms. The Clear Creek site is also pasturedtilec(Figure 8). The floodplain is
approximately 300 to 400 m across. The soils inetLicitermixed layers of gravel and silt loam
(Figure 8).



Figure 7. Clear Creek and an overflow channel atth e Clear Creek floodplain site.

Figure 8. The Clear Creek site is pasture (left). S oils are composed of gravel and silt loam alluvial deposits
(right).

(B) Electrical Resistivity Imaging

Electrical Resistivity Imaging (ERI) is a geophyimethod commonly used for near-surface
investigations which measures the resistance th eaaterials to the flow of DC current
between two source electrodes. The method is popatause it is efficient and relatively
unaffected by many environmental factors that conébother geophysical methods. According
to Archie’s Law (Archie, 1942), earth materialsesftliffering resistance to current depending on
grain size, surface electrical properties, porarséion, and the ionic content of pore fluids.
Normalizing the measured resistance by the ar#@eaubsurface through which the current
passes and the distance between the source ekpoatiuces resistivity, reported in ohm-
meters Q-m), a property of the subsurface material (McN&#@80). Mathematical inversion of
the measured voltages produces a two-dimensionélgof the subsurface showing areas of
differing resistivity (Loke and Dahlin, 2002, Hadih et al., 2005).

ERI data were collected using a SuperSting R8/IfhEResistivity Meter (Advanced
GeoSciences Inc., Austin, TX) with a 56-electroday Fourteen lines were collected at the
Barren Fork Creek site, three at the Pumpkin Holiite, and eight lines at the Clear Creek site.
One line at the Barren Fork Creek site and alheflines at Pumpkin Hollow were “roll-along”



lines that consisted of sequential ERI images witb-quarter overlap of electrodes. The profiles
at the Barren Fork Creek site employed electroaeisg of 0.5, 1.0, 1.5, 2.0 and 2.5 m with
associated depths of investigation of approximatedy 15.0, 17.0, 22.5 and 25.0 m,
respectively. All other sites utilized a 1.0-m sSpgc The area of interest in each study site was
less than 3 m below the ground surface and thulswitbin the ERI window. The resistivity
sampling and subsequent inversion utilized a pedgry routine devised by Halihan et al.
(2005), which produced higher resolution images t@nventional techniques.

The OhmMapper (Geometrics, San Jose, CA), a capgygicoupled dipole-dipole array, was
effectively deployed at the relatively open BarFenk Creek site for large scale mapping. The
system used a 40 m array (five 5 m transmitterldgpand one 5 m receiver dipole with a 10 m
separation) that was pulled behind an ATV. Two datalings per second were collected to
create long and data-dense vertical profiles. Tidof investigation was limited to 3 to 5 m.
Positioning data for the ERI and OhmMapper weréectgéd with a TopCon HyperLite Plus GPS
with base station. Points were accurate to withoml

Barren Fork Creek

Resistivity at the Barren Fork Creek site appe#wmezbnform generally to surface topography
with higher elevations having higher resistivitithaugh the net relief was minor (~1 m). This
was most evident in the OhmMapper resistivity pesfwhich covered most of the floodplain
and which revealed a pattern of high and low resigtthat trended SW to NE (Figure 9). More
precise imaging with reduced spatial coverage visd@imed with the ERI. A composite ERI line
collected from the site is shown in Figure 10. Tihe, which is approximately parallel to the
stream, begins only 5 m from the stream. Gravedropts are indicated by gray colors reaching
closer to the surface and will be the locationifaluced leaching experiments at different spatial
scales at this site.

Figure 9. OhmMapper coverage of the Barren Fork Cre ek alluvial floodplain showing SW to NE trends of | ow
(blue) and high (orange) resistivity. View is to th e North and subsurface resistivity profiles are dis played
above the aerial image for visualization purposes. Modified from Heeren et al. (2010).
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Figure 10. Composite SuperSting image, showing mapp  ed electrical resistance ( Q-m), running southwest to northeast

along a trench installed for studying subsurface ph osphorus transport in the gravel subsoils by Fuchs et al. (2009). The x-
axis represents the horizontal distance along the g round; the y-axis is elevation above mean sea level. Source: He eren et
al. (2010).

Pumpkin Hollow

Pumpkin Hollow differed from the other streams hes®ait was a headwater stream with a
smaller watershed area. The valley at the stuéygiis approximately 200 m wide and the roll-
along lines spanned nearly the entire valley widtbssing Pumpkin Hollow Creek at about the
midpoint of the line. The ERI survey at Pumpkin ldal consisted of three lines oriented W-E
with 1 m electrode spacing, 12.5 m depth, and qiimes 1-2 and 3-4) or 139 m (line 5-6-7)
length (Figure 11).
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Figure 11. High resistivity feature locations on ER | lines at the Pumpkin Hollow site are shown inblu  e.
Arrows represent potential connections between them and the direction of flow.

The Pumpkin Hollow ERI profiles also had a uniqoefagyuration consisting of a low resistivity
layer between a high resistivity surface layer higth resistivity at depth (Figure 12).
Observations at the site included the close prayiofilarge gravel debris fans originating from
nearby upland areas. Jacobson and Gran (1999) siotéddr pulses of gravel in Ozark streams

in Missouri and Arkansas originating from™.nd early 26 century deforestation of plateau
surfaces, implying that a possible interpretatibthe low resistivity layer in the ERI profiles

was a soil layer buried by gravel from the nearlaygau surfaces. The streambed elevation was
approximately 262 m with the general floodplainface being about 1 m above that elevation.
The area of interest included the elevations al2®Zm (note that the mean elevation was 262.9
m and that the maximum elevation 265 m occurrdtieavalley edge) and was therefore thin
compared to the other study sites. The resistatiffumpkin Hollow ranged from 58 to 3100

m with a mean of 38R-m. Like the other sites, the Pumpkin Hollow rasist suggested a
pattern of discrete areas of high resistance tittated gravel outcrops (Figure 12). These were



generally associated with topographic high aredsagupeared to have the potential to direct
flow down-valley parallel to the stream.

Pumpkin Hollow
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Figure 12. ERI images of three “roll-along” lines f  or the Pumpkin Hollow site. The x-axis representst  he
horizontal distance along the ground; the y-axis is elevation above mean sea level. The color barist he
electrical resistivity in Ohm-meters.

Clear Creek

Geophysical mapping was first performed betweerotlegflow channel and Clear Creek shown
in Figure 7; however, limited gravel outcrops webserved in this area and therefore the control
(non-gravel outcrop) leaching experiments will leefprmed at this location (Figure 13a). Most
of the shallow profile possessed electrical restsss less than 45Q0-m. On the east side of
Clear Creek, layered profiles demonstrated therpiatefor lateral flow and transport to the
stream, and this feature was clearly visible basedxposed streambanks and supported by the
ERI data. Electrical resistivities at the surfacrevon the order of 600 to 1000m with lower
resistivity soils below this surface feature (Fgas3b).
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Figure 13. ERI images of two lines at the Clear Cre ek site where () is a line between the overflow ch  annel
and the creek with limited gravel outcrop area and (b) is a line on the east side of Clear Creek with  gravel
outcrops at the surface. The x-axis represents the horizontal distance along the ground; the y-axis is

elevation above mean sea level.

(C) Point-Scale Studies - Phosphorus Sorption onto Soils in a Flow-Through
System (Penn, Heeren, and Fox, 2013, Application of isothermal
calorimetry to the study of phosphorus sorption onto soils in a flow-
through system, Soil Science Society of America Journal, In press)

Phosphorus (P) transport from soils to surface masean important contributor to

eutrophication (Ryther and Dunstan, 1971). Phosmghlmsses from soils occur in both the
particulate and dissolved forms. Particulate Psisig of sediment that has P sorbed on it, and is
typically transported in runoff. Dissolved P isply P that is already in solution, free from the
solid phase. Most best management practices (BREs¥ on reducing particulate P that is

11



transported in runoff through erosion control aagdtaring sediment prior to runoff exiting a

field or entering a water body (Fox and Penn, 2R et al., 2009). Such practices include no-
till management, grassed waterways, vegetatedisifips (VBS), and contour farming.

Among floodplains, use of VBS along the ripariaeaar of the surface water is common
(Osborne and Kovacic, 2006; Sabbagh et al., 20@gidd-Carpena et al., 2010; Fox et al., 2010;
Fox and Penn, 2013). However, while effectiveeducing particulate P, VBS and other
traditional BMPs are less effective at reducingdiged P transport among soils recently
amended with P and soils that have become excesgiveegard to soil P concentrations
(Owens and Shipitalo, 2006; Fox and Penn, 2018adtition, most BMPs have little impact on
reducing P leaching under such scenarios.

In general, P will leach mostly in the dissolvedtio except in cases of excessive preferential
flow (Simard, et al., 2000; Djodijic et al, 2004)s dissolved P leaches downward from the high
P topsoil or applied P amendment, the lower sdiiZons can sorb P through several reactions
depending on soil properties. Factors that conltmIiquantity of P leaching are mostly related to
soil chemical properties which dictate the capaartg kinetics of the soil to sorb P (Maguire and
Sims, 2002), and physical properties that impaet#te of water movement through the soil
profile (Fuchs et al., 2009) which can also imghetrate of P sorption. The kinetics of P
sorption is critical to the P leaching process sitie soil will have limited contact time (i.e.
retention time) with the moving P-rich solutionim®ly put, if the contact time required for
adequate P sorption is greater than the contaetainthe moving P solution, then limited P
sorption will occur resulting in greater transpofi to the subsurface.

Movement of P downward is especially importanthe tiparian floodplains of northeastern
Oklahoma and northwestern Arkansas since thesaallkoils possess a relatively shallow
topsoil with underlying gravelly silt loam to grdiyeloam. Not only do these gravelly subsoils
have an extremely high hydraulic conductivity (Saared Logsdon, 2002; Sauer et al., 2005)
that range from 0.2 to 844 m/d (Fuchs et al., 2008) they have also been shown to be directly
hydrologically connected to adjacent streams weagitavel subsurface behaving as a stage-
dependent storage zone (Fuchs et al., 2009; Hetesdn) 2010; Hereen et al., 2011). Therefore,
sorption of a leaching P solution by the thin tapisocespecially critical to preventing transport
of dissolved P to surface waters.

Phosphorus transport requires both a P sourcelaygical connectivity (Nelson and Shober,
2012). ltis clear that as soils increase in Rceatration, particularly as they become more
saturated with P, the risk for P leaching increafsém hydraulic conditions are appropriate.
Such information is easily obtained through saititeg. However, there are factors that
influence the “gap” between P source and the phy/siansport of P, including P sorption
mechanisms and kinetics of sorption. In reganshéchanisms, not only is the degree of P
sorption important to potential P leaching, buttechanism in which P is sorbed will dictate
how strongly the P is held and under what condstioRor example, P bound with Ca typically
becomes more soluble as the pH decreases. Kimaticalso influence P transport in the context
of a moving solution (i.e., leaching) because eftime required for a sorption reaction to occur.
Fuchs et al. (2009) found that a decreased cotitaet(increased flow rate) of a P solution
through the fine fraction of a riparian subsoilulésd in a decrease in P sorption and therefore
increase in P leaching.

12



This study proposes a new and simple tool to agtudying P leaching; isothermal titration
calorimetry (ITC) measures the heat of reactionevbnlutions or soil suspensions are titrated
with chemicals (such as P). The quantity and pstef heat measured can provide information
on the degree of reaction, type of reaction, anétics (Rhue et al., 2002; Kabengi et al., 2006a;
Harvey and Rhue, 2008). For example, Penn andeVR2009) were able to distinguish
between P sorbed by ligand exchange vs. surfacgpetion in titration of kaolinite with a P
solution. Calorimetry also provided useful infotina on kinetics in regard to ammonium
exchange with potassium in zeolite materials (Raral., 2010). The objectives of this study
were to measure the impact of contact (retentiom@ bn P sorption in a flow-through system
intended to simulate downward movement of a P goluhrough two different riparian soils,
and determine whether ITC can provide useful infatron reflective of flow-through results.

Methods and Materials

Investigated Soils

Two floodplain soils from within the lllinois Rivexatershed were sampled for use in this study.
The Barren Fork Creek site (latitude: 35.90°, |oude: -94.85°) is a fourth order stream with a
historical median discharge of 3.6/m The study area at the Barren Fork Creek wasddoon

the outside of a meander bend which was beingedgteroded by the stream. The soils were
classified as Razort gravelly loam underlain wittnaal gravel deposits. Thickness of the loam
ranged from 0.3 to 2.0 m, with dry bulk densitiasging from 1.3 to 1.7 g/cinThe Clear Creek
alluvial floodplain site flows into the lIllinois Rer (latitude: 36.13°, longitude: -94.24°). Soils
were loamy and silty, deep, moderately well draitedell drained. Thickness of the top loam
layer ranged from 0.3 to 2.0 m, with dry bulk déiesi ranging from 1.5 to 1.7 g/énirhe land

use in the study area was pasture and consistedzufrt gravelly loam soils. Both soils were
sampled at a depth of 0 to 10 cm. Soils were @ddand sieved to 2 mm for extraction and use
in ITC experiments.

Soil Characterization

All analyses were conducted in duplicate. Soilrabgerization consisted of (i) pH and electrical
conductivity (EC; 1:1 soil:solution ratio); (ii) ganic matter by combustion; (iii) sand, silt, and
clay by the hydrometer method (Day, 1965); (iv)evatoluble (WS) P, Al, Fe, and Ca (1:10
soil:deionized water, 1 h reaction time, filtratisith 0.45 pm Millipore membrane); (v) specific
surface area by gas adsorption (N2: 16 h outgassih§0°C) with a BET isotherm as
determined by an Autosorb-1C (Quantachrome, BoyBieeach, FL); (vi) oxalate extractable P,
Al, and Fe (Pox, Alox, Feox; 1:40 soil: 0.2M acimonium oxalate (pH 3), 2 h reaction time
in the dark; McKeague and Day, 1966); and (vi) N&#hB (Mehlich, 1984) P, Al, and Fe (M3-
P, M3-Al, and M3-Fe: 1:10 s0il:0.2 M CH3COOH + 0.#6NH4NO3 + 0.015 M NH4F + 0.13
M HNO3 + 0.001 M EDTA, 5 min reaction time, filtrah with Whatman #42 paper). Extracted
P, Ca, Al, and Fe were analyzed by ICP-AES. The d Mehlich 3 and ammonium oxalate
extractable P to (Al + Fe) (all values in mmol/kggs expressed as:

[P/ (Al + Fe)] * 100 (2)
and will be referred to as M3 degree of P satunati®P SM3) and ammonium oxalate degree of
P saturation (DPSox). Note that this is exadteysame as the traditional soil degree of
phosphorus saturation (DPS) calculations (Pautldr&ims, 2000) except without the empirical
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constantr which is used to relate soil P sorption capa@atplox and Feox and the denominator
acts to express the effective total soil P sorpt@ximum. Thex value was unknown, so o
value was used. Beauchemin and Simard (1999) noéedarious studies have appliedoan
value of 0.5 to all soils, regardless of soil pmbjes. The authors claimed that thgalue is
empirical and needs to be determined for eachgmél and experimental conditions. In
addition, Beck et al. (2004) recommended thabthalue be omitted from the DPS calculation.

Flow-Through Sorption Experiments

In order to test the effect of retention time (R P concentration on P sorption in a flow-
through setting, flow-through cells (high densitiyethylene) were constructed as described in
Stoner et al. (2012). A diagram of the setup istbin Fuchs et al. (2009) and Penn and
McGrath (2011). Depending on the P concentrati@hRih utilized, some soils were mixed with
acid washed, lab-grade sand (pure Si sand, 14808-80ros organics, Morris Plains, New
Jersey) in order to achieve a total pore volumé.®6 cni (5 g of sand + soil; 50% porosity).
Soils were then placed in a flow-through cell. Tneportion of soil to sand varied depending

on how P sorptive the material was. Less soil massused for more sorptive soils tested under
low P inflow concentrations. The mass of soil mateised in a flow through cell varied from 1
to 5 g. A suitable amount that would not result@® or 0% P removal for the duration of the
entire experiment was typically determined by taadl error. The purpose of this was to allow a
more complete picture of P breakthrough (i.e. Ptsam curve). A 0.45 um filter was placed
beneath the materials and the bottom of the cedlaeanected to a single channel peristaltic
pump (VWR variable rate “low flow” and “ultra lowdw”, 61161-354 and 54856-070) using
plastic tubing. The desired RT (RT [min] = pordurae [mL] / flow rate [mL/min]) was

achieved by varying the pump flow rate which pukedution through the cell. Flow rates
required to achieve the desired RTs of 3 and 10vmeire 0.75 and 0.22 mL/min, respectively.
Essentially, the RT is the amount of time requii@dhe solution to pass through the cell. A
constant head Mariotte bottle apparatus was usethiotain a constant volume of P solution on
the soils. Materials were subjected to flow fdr & which the “outflow” from the cells was
sampled at 0, 30, 60, 90, 120, 150, 180, 210, 240, and 300 min. Solutions were analyzed for
P by the Murphy-Riley molybdate blue method (Murgimg Riley, 1962). Discrete P sorption
onto materials was calculated at each sampling &isne percentage decrease in outflow relative
to inflow P concentration (i.e., source bottle)sRlés are presented as cumulative P sorption as a
function of cumulative P addition (both in unitsma§ P/kg soil). Initial flow-through

experiments were performed with KCI which immediateowed through the thin layer of soll
with no retardation based on measured specific wctadce.

Two different P concentrations were tested: 1 ahdhfy/L using solutions made from potassium
phosphate. These P concentrations correspondhvetrange measured in studies of runoff
from high P soils (> 300 mg/kg Mehlich 3-P) or sdib which manure or chemical fertilizer P
have been recently applied to the surface (EdwamdsDaniel, 1993; Vadas et al., 2007). The
matrix of the solution consisted of 5.6, 132, 11@,and 17 mg/L of Mg, Ca, S, Na, and K,
respectively, using chloride and sulfate saltdpfeéd by adjustment to pH 7. Note that ionic
strength only slightly varied due to differences$iconcentrations only. This matrix was chosen
as it was found to be representative of agricultunaoff measured in a previous study. All
flow-through RT and P concentration combinationsenduplicated for each material.
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Isothermal Titration Calorimetry Experiments

All ITC experiments were conducted on a CSC 420thksrmal Titration Calorimeter (CSC Inc.,
Lindon, UT) at 25°C. The ITC had a sensitivity0od418 pJ detectable heat effect and a “noise
level” of +/- 0.0418 pJ/s (deconvoluted signal)r &b soil ITC experiments, 100 mg of soil
sample were placed in a 1.3 mL reaction vessekasgended in 0.75 mL of de-ionized (DI)
water. Soil titrations were replicated three timé&sr each experiment, a blank was determined
by titration of a 0.01 M NaH2PO4 solution into aatized (DI) water under the same conditions
employed for the actual experiment. Data proddo®d the blank titrations were subtracted
from the sample titrations.

Two different types of titrations were conductefl;®dnsecutive 10 uL titrations (300 s
intervals) of P solution into the suspended sait@ia, and a “single shot” titration consisting of
all 250 pL of P solution. For both experiments,@.0M NaH2PO4 solution was used as the
titrant and soil suspensions were stirred in tlaetien vessel throughout the duration of the
experiment. With regard to the single shot tefser ditration, change in heat was monitored for
5h.

Statistical Analysis

All values were averaged over replication. Thedbthe relationship between cumulative P
added to soil and cumulative P sorption was testedng each set of conditions (i.e. inflow P
concentration and RT) to determine whether thdiogiships (slope and intercept) were
significantly different from each other at P = Q.0bhe null hypothesis was that one equation
could be used to describe cumulative P sorptiosugecumulative P addition for both soils.
This was tested by using a series of “contrastéstants in SAS (SAS, 2003) to determine
whether the slope and intercept were significadifffierent based on soil sample.

Results and Discussion

Soil properties

General soil properties important to P retentiansirown in Table 1. Soil from the Barren Fork
Creek site was more acidic, and as a result, aoedainore water soluble Al and Fe than the
Clear Creek soil. The Barren Fork Creek soil alsotained more water soluble Ca. This is
expected since Al, Fe, and Ca containing mineeadd to be more soluble in water as pH
decreases below 7. However, ammonium oxalate@abyke Al and Fe (Alox and Feox) were
greater in the Clear Creek soil. Soil Al and Fat ik extractable with ammonium oxalate is
considered to represent amorphous Al and Fe mmexdlich typically sorb and retain the
majority of soil P among near neutral and acidssgMcKeague and Day, 1966; Sakadevan and
Bavor, 1998; Schoumans, 2000). The greater valuBPSox for the Barren Fork Creek soils
suggests that the main P sorption sites (Alox auk}-are more saturated with P than Clear
Creek soils (Penn et al., 2006). Generally, as@HR&creases for soils, their capacity to further
sorb additional P decreases, and the potentigléase P to solution increases (Pautler and Sims,
2000). Evidence for this is clearly seen by tre that the Barren Fork Creek soils possessed
greater water soluble P concentrations (TableHDwever, the water soluble P concentrations
are below the threshold for increased P leachiryri{®/kg) as proposed by Maguire and Sims
(2002).
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Table 1. Characterization of the soils collected fr  om two different riparian sites that were used in t he flow-
through sorption and calorimetry studies. All valu es in mg/kg unless shown otherwise.

Clear Creek Barren Fork
pH 6.3 5.8
EC (uS/cm) 68 132
Organic matter (%) 1.73 1.58
Surface area (ffg) 10.14 9.04
Sand (%) 16.3 41.3
Silt (%) 61.3 375
Clay (%) 22.5 21.3
"WS Ca 55 115
WS Fe 127 209
WS Al 238 370
WS P 2.6 7.1
Al oy 904 707
Fe, 2033 1955
Pox 92 170
SDPS, (%) 4.25 8.96
'M3-Ca 1804 1698
M3-Fe 161 163
M3-Al 824 688
M3-P 2.5 49
“DPSys (%) 0.46 3.1

T Water soluble

T Ammonium oxalate extractable

§ Degree of phosphorus saturatiog/([Al .x+Fe&,); calculated on a molar basis

9 Mehlich-3 extractable

# Degree of phosphorus saturation. M3-P/(M3-Al+M8:Fealculated on a molar basis

Although the soils contained appreciable amountSabas indicated by the Mehlich-3 (M3)
extraction, it was not very soluble based on theemaxtraction (Table 1). Only about 3 and 7%
of M3 extractable Ca was soluble in water for thea€ Creek and Barren Fork samples,
respectively. Mehlich-3 extractable Fe and Al weftective of ammonium oxalate Al and Fe,
except that ammonium oxalate extracted more thasdi&ion. Sims et al. (2002) suggested
values of 10 to 15% DPSM3 as a threshold to idgsbils with increased risk as P sources for
non-point P transport. In addition, Maguire anch&(2002) found that there was a “break-
point” value of 20% for the relationship between3MNR3 and dissolved P in leachate. Above
this 20% level, the concentration of dissolved Reathed increased rapidly with increases in
DPSMa3. Soil organic matter (OM) was similar betwseils (Table 1). Although OM is not
related to P sorption in non-sandy soils with apdge Al and Fe (Mozaffari and Sims, 1996;
Zhang et al., 2005), OM can indirectly impact Ppsion through interaction with Fe and Al
oxides and hydroxides. This interaction between &M Al+Fe has been shown to increase the
amorphous nature of Al and Fe oxides and hydroxitheseby increasing surface area, and
potential P sorption (Saunders, 1964; NiskanenQ18®zaffari and Sims, 1996). However,
such interactions and the resulting amorphous eatiiFe and Al are accounted for through
extraction with ammonium oxalate. This is why m&tsidies conducted on P sorption indicate a
strong correlation between P sorption and Aloxx-ead DPSox (Khiari et al., 2000; Sims et
al., 2002; Maguire and Sims, 2002; Zhang et aD520
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Phosphorus Sorption under Flow-Through Conditions

Under flow-through conditions of constant additafril mg P/L inflow solution, the longer
retention time (RT), or slower flow rate, appeat@deduce P sorption for the Barren Fork soil
(Figure 14a). However, this decrease in P remanthl increase of RT from 3 to 10 min was not
statistically significant with regard to the slogred intercept for the relationship shown in Figure
14. Table 2 provides the slope and intercept walaethe relationship between log cumulative
P added and cumulative P sorbed, including stedistiifferences. Note that the relationship
between cumulative P added and cumulative P savbaschearly exactly the same for the 3 and
10 min RT for the Clear Creek soil (Figure 14b diadble 2). Similar results were obtained
when an inflow P concentration of 10 mg P/L wasdu$egure 15a and 15b), except that the
slope and intercept were statistically differeninmen the 3 and 10 min RT for the Barren Fork
soil (Table 2). After application of the P sorptidata set to equations developed by Stoner et al.
(2012) for estimating maximum P sorption under fiwvough conditions, it was apparent that
the Clear Creek soil was able to sorb more P uceleain flow-through conditions compared to
the Barren Fork soil.

Under inflow conditions of 10 mg P/L, maximum P @aown by the Clear Creek soil was 214 and
284 mg/kg (not significantly different) at a RT®find 10 min, respectively, while Barren Fork
could only remove a maximum of 165 and 127 mg/kgnfcantly different) at a RT of 3 and

10 min, respectively. However, under inflow coratis of 1 mg P/L, the soils would remove
similar maximum amounts of P; 103 and 101 mg/kg Rl of 3 and 10 min, respectively for
Clear Creek compared to 100 and 88 mg/kg at a R8Tanfd 10, respectively for Barren Fork.
Note that there was no significant difference irefoval at a 1 mg P/L inflow concentration
between a 3 min and 10 min RT. The higher amotiRtsorption for the Clear Creek soil is not
a surprise since it possessed a lower DPSox and/BP@&eaning that it contained a greater
number of “unused” P sorption sites than the BaFerk soil. Hooda (2000) noted that the
amount of P leached was dominantly a function efdbil P saturation.

The increase in P sorption for the Barren Fork abihe lower RT compared to the higher RT
(i.e., lower flow rate) may seem counter intuitatdirst. However, it does suggest that P
sorption kinetics were relatively fast for thislsdiVhile increased RT can increase P sorption in
some cases, this is less likely for a scenario faish kinetics since little time would be required
for sorption to take place. The overall P remaorakess consists of both physical and chemical
processes. As P is sorbed by the soil throughatation, anion exchange, or ligand exchange
reactions, the reactants (solution P and avaiksdption surfaces or ions) are “used up”
(decrease) and the products (sorbed P and anyingsioins) increase. The combination of the
reduction of reactants and increase in productsedses the chemical potential for further
sorption reactions to occur. Simply put, a fafitew rate (lower RT) removes solution reaction
products and replenishes the depleted solutioriaetsc(i.e., inflow P) more efficiently than a
slow flow rate (higher RT), thereby resulting igr@ater chemical potential for further P
sorption at any given point (Penn and McGrath, 20#Lsimilar observation was made by
Stoner et al. (2012) in examination of P removairaustrial by-products under flow-through
conditions.
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Figure 14. Cumulative phosphorus (P) sorption onto soils in a flow-through setting with an inflow P
concentration of 1 mg/L using two different retenti on times (RT). Soils tested were sampled from the Barren
Fork (a) and Clear Creek (b) sites.

Table 2. Slope and intercept values for the relatio  nship between log of cumulative phosphorus (P) adde d
(mg/kg) and cumulative P sorbed (mg/kg) during the flow-through sorption experiments conducted at two
different retention times (RT: 3 and 10 min) and an  d inflow P concentrations (1 and 10 mg/L).

RT = 3 min RT =10 min

1 mg P/L inflow
Soll Slope Intercept Slope Intercept
Barren Fork 56.4 -52.7 46.9 -45.7
Clear Creek 55.9 -53.6 44.9 -39.4

10 mg P/L inflow
Barren Fork 130.7 -177.9 63.6 -73.5
Clear Creek 149.5 -214.5 144.1 -202.2

* Indicates significant difference at P = 0.05 be¢w RT 3 and 10 within soil type and inflow P caorication.

18



200 A

P (@)

o

(@]

£ 150

©

]

2

o

(7]

o 100 -

[ ORT =3 min

=

< 501 % ART = 10 min

= ® A

3 A

O L] L] L] L] L] L] L] L] 1
0 50 100 150 200 250 300 350 400 450
Cumulative P added (mqg #Y
200 - )

RN
o

(@]

. ; : : %

©

: :

S 100 | @@

o

2 B

= A

= 50 A

=S [

2 A

>

O O L] L] L] L] L] L] L] L] 1

0 50 100 150 200 250 300 350 400 450

Cumulative P added (mg #p

Figure 15. Cumulative phosphorus (P) sorption onto soils in a flow-through setting with an inflow P
concentration of 10 mg/L using two different retent ion times (RT). Soils tested were sampled from the Barren
Fork (a) and Clear Creek (b) sites.

One hypothesis to explain this phenomenon woulthaeat an increased flow rate, the flow in
the pore space would be more turbulent, which weedllice the thickness of the low velocity
boundary layer of fluid near the mineral surfacer#&lturbulent mixing would increase the
transport within the pore, i.e. from the bulk flotirough a smaller boundary layer via diffusion,
and to the surface where sorption can occur. Howy&eynolds numbers calculated from
specific discharge during the flow through expeniseand a characteristic grain sizey)d
(following Bear, 1972 and Chin et al., 2009) ranéredh 2 x 10° to 2 x 10*. These are well
below the critical Reynolds number (typically ramgifrom 1 to 10 for flow in porous media)
where flow changes from Darcian/linear flow to saional flow, and a Reynolds number of 100
where flow has become fully turbulent. Peclet nural§fe) were 60 and 170 for the Barren Fork
and Clear Creek sites, respectively, with Pe >ntiicating that dispersion was negligible
compared to advective transport. Although flow atiads in the flow cells were laminar
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according to this analysis, it should be remembd#ratthis is not flow through a straight
conduit but through a pore space with tortuosiggatend pores, and a wide range of pore sizes.
These flow cell data for the Barren Fork soil iradecthat, even under laminar flow, higher flow
rates result in faster transport of reactants filoenbulk flow to the mineral surface, and/or faster
transport of reaction products away from the mihgugface into the bulk flow. Either way, a
higher flow rate prevented the sorption reactiamfrcoming to a relatively "pre-mature
chemical equilibrium," i.e. chemical equilibriumshbeen reached, but only because of
limitations of the physical process. Increasingflow rate reduces the physical limitation
which allows the rate of P sorption to increasealdgous to this is the observation that
volatilization of a gas (a chemical process) capieeented by imposing increased pressure (a
physical process) on a system.

In other words, for the Barren Fork site it appahegt P removal was limited by physical
nonequilibrium at the pore scale. It should be dabat this process (transport from bulk flow to
the mineral surface as a function of flow ratejifferent than mechanical dispersion, which by
definition occurs at a large enough scale to irdegthe effects of many pores (Fetter, 1999).

Calorimetry as an Indicator of Phosphorus Sorption

Phosphorus can sorb to soils by several mechanammn exchange, ligand exchange
(adsorption), and precipitation. Soils with eledpH (> 8) and high soluble Ca concentrations
are able to precipitate P as Ca phosphate mindrldsever, this precipitation reaction occurs
much more slowly at low pH levels compared to tpgh For soils at or below a pH of 7, P
sorption dominantly occurs via ligand exchange raa@ms on the surface of amorphous Al and
Fe oxide and hydroxide minerals (Violante, 201B}here is Al and Fe in the soil solution,
added P can also precipitate as Al and Fe phosphbabeder certain conditions, continued P
loading to the surface of a Fe or Al oxy/hydroxidmeral can result in P removal by
precipitation of Al or Fe phosphate at the surfatthe Al or Fe source mineral (Ler and
Stanforth, 2003; Kim and Kirkpatrick, 2004). Isethal titration calorimetry data can be used
to somewhat distinguish between these mechanisimsexample, exothermic (producing heat)
reactions regarding P sorption in neutral and acit$ indicate ligand exchange mechanisms
onto Al and Fe minerals and kaolinite (Rhue et2002; Harvey and Rhue, 2008; Penn and
Zhang, 2010; Appel et al., 2013). On the otherdhandothermic (absorbing heat) reactions
indicate precipitation of Al and Fe phosphates (Pamd Warren, 2009; Rhue et al., 2002).

Figures 16 and 17 show that the heat of reactioredses with each successive titration of P
solution; this is expected since the P sorptiogssitre becoming saturated with each P addition.
Examination of the 25 titrations of a P solutiorthie soils, and considering the near-neutral to
acid pH of the soils, it appears that P sorptioto dhe Barren Fork (Figure 16a) and Clear Creek
(Figure 17a) soils occurred by both ligand exchaag® Al/Fe phosphate precipitation. Note
that there are 25 sets of peaks; one set for edittaton.
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isothermal titration calorimeter; and (b) the heat curve produced by integration of the thermogram.

In fact, Figures 16a and 17a show that for eactiditian, both an exothermic and endothermic
reaction occurred. It is common for soils with Btar less to display an initial exotherm
immediately after titration of P, followed by a dieaendothermic peak (Penn and Zhang,
2010). However, notice that integration of eacthef25 titration peaks reveals that the net heat
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release for each additional titration becomeséasshermic and more endothermic (Figures 16b
and 17b). This indicates two processes. Figanid exchange sites (i.e. terminal hydroxyls on
the edges of Al/Fe oxhy/hydroxides) are becomihegdiup or “saturated” with P, which
decreases the chemical potential for further ligexchange reactions; this decreases the
exotherms. Second, the source Al and Fe mineralalde to slightly dissolve and produce Al
and Fe for precipitation with P on the surfacehaf mninerals; this increases the endotherms.
Further evidence for precipitation of P was esgdifeld by conducting a geochemical speciation
of the solution using the MINTEQ2 program (Allisenal., 1991). A “sweep” was conducted to
simulate the addition of P into the soil solutienperformed in the calorimetry experiment; the
model predicted precipitation of variscite (Al ppbsate mineral). Due to the relatively high
concentrations of water soluble Al and Fe measurddese soils (Table 1), it was not
unexpected that added P would partially precipitgte such metals in solution. The use of
calorimetry to detect simultaneous ligand exchaargkprecipitation reactions and general
changes in mechanisms is also found in previoudie(lImai et al., 1981; Machesky et al.,
1989; Partyka et al., 1989; Kabengi et al., 206@an and Warren, 2009).

A multiple linear regression equation was develdpgé&enn and Zhang (2010) to relate soil
Alox and the heat of the first titration to P saoptin a batch isotherm which added 500 mg P/kg
soil. Application of the heat of the first titrati (Figures 16 and 17) and Alox (Table 1) into this
equation yielded a prediction of P sorption of &8d 177 mg P/kg for the Barren Fork and
Clear Creek soils, respectively. Note that theseipted P sorption values are similar to
cumulative P sorption values under flow-throughditians at P loading values approaching 500
mg/kg (Figure 15).

Examination of the single P titration to the sqitsvided valuable information regarding the
degree of, and kinetics of P sorption. FigureriBadates that the degree of P sorption for the
Clear Creek soil was greater than the Barren Faitlas evidenced by the area under the peak.
Several studies have related total heat releagetdegree of P sorption (Imai et al., 1981,
Miltenburg and Golterman, 1998; Harvey and Rhu@®820 The greater heat release from P
titration of Clear Creek compared to Barren Forkissupported by the larger amount of P
sorption measured in the flow-through experimehigures 14 and 15). Note that overall P
sorption was net exothermic even though both exotitzeand endothermic reactions were
occurring, suggesting that ligand exchange wasnibgt dominant P removal mechanism as
supported by Figures 16 and 17. Observation o$itigle titration peaks also showed that P
removal reactions by the Barren Fork soil werediadtan Clear Creek (Figure 18).
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For example, the heat production rate after P exidio the Barren Fork soil returned to
equilibrium in approximately 4 minutes (Figure 1.8&owever, the broad peak for the Clear
Creek soil suggests that P sorption was not comgblettil at least 50 minutes, although much of
the reaction occurred within 10 minutes (Figure)18While P sorption reactions (chemical
process) indeed require time to occur, transpoetigs for sorbate from liquid to solid (soil)
must also be considered. For example, AharoniSpadks (1991) describe sorbate transport
processes in a solid-liquid system with severahades: transport of sorbate in the soil solution,
transport across a liquid film at the solid-liquiderface, transport in a liquid-filled micropore,
and diffusion of a sorbate at the soil surfacentw & micropore. The “slow burn” (Rhue et al.,
2002) displayed by the Clear Creek soil has besermd in other studies (Kabengi et al.,
2006b; Harvey and Rhue, 2008). Since both soile weminated by ligand exchange chemical
mechanisms which are extremely fast (Sposito, 139gbssible explanation for the long “slow
burn” for P sorption in the Clear Creek soil istthfier the initial P sorption reactions occurred
on the surfaces of minerals, further P sorptiorugea only after the slow physical transport and
diffusion of P into micropores (micropore scale gikbgl nonequilibrium). This suggests that for
Clear Creek, the overall P removal process waseagbly limited by the kinetics of a physical
process (transport of sorbate from liquid to salather than a chemical process. It is typical for
removal of a sorbate by soil to be limited by phgbsprocesses due to the presence of a porous
solid phase (Sparks, 1989). Essentially, P sanpgactions were able to occur much faster than
the physical processes which deliver phosphatiegsoil surface. A possible explanation for
why this “slow burn” was observed in the Clear Gresample and not the Barren Fork might be
that either the Barren Fork soils did not posskessame type of inner-porosity, or such zones
were already occupied with P due to the higherainsoil P concentrations (Table 1). Since the
soils consisted of the same soil type, had sirsilaface area (Table 2), and because Barren Fork
had twice the P saturation as Clear Creek, theaegpibn is likely the latter. A similar “slow

burn” diffusion preceded by a fast reaction waseolsd by Penn et al. (2010).

The difference between P sorption kinetics becom&® apparent when comparing the
distribution of the area under the peaks of Fidi8e For Barren Fork, nearly 100% of the
reaction occurred within 3 min. Contrast thistie Clear Creek sample in which only 50% of
the 10 min reaction was completed within 3 min.adidition, about 31% of the total reaction
occurred after 10 minutes, which suggests thattiatdi retention time beyond 10 minutes for
the Clear Creek soil will improve P sorption. Thigports the results of the flow-through P
sorption experiments that suggested that the B&oek soil sorbed P faster than the Clear
Creek soil.

Implications

Isothermal titration calorimetry provided non-détdibackground information with regard to the
degree of, mechanisms, and kinetics of P sorptma soils when evaluated based on
characterization data and flow-through P sorptigpeeiments. Both single titrations and 25
consecutive titration calorimetry experiments pceetl the greater P sorption capacity of the
Clear Creek compared to Barren Fork soil. In fRcsorption under flow-through conditions
was well predicted using an equation previouslyettgsed by Penn and Zhang (2010), which
utilized heat values from calorimetry and soil Alconcentrations.
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Calorimetry data also provided information on Pption mechanisms. Both soils in this study
displayed thermal patterns typical of P sorptioriggnd exchange mechanisms onto Al and Fe
oxides and hydroxides, followed by a lesser degfed and Fe phosphate precipitation.
Knowledge of these mechanisms is important sineertanner in which P is held can have an
impact on the resistance to P desorption. The angfachemical conditions on P desorption will
also vary depending on the mechanism in whichheld. For example, P bound onto Fe and Al
is typically more stable than P bound onto Ca (MeBlbet al., 2002; Penn et al., 2011), and
sorption of P by Ca phosphate precipitation is Ugwmaore sensitive to RT than sorption by
ligand exchange reactions (Sposito, 1994).

Perhaps most important, calorimetry proved to beedul tool in regard to providing an initial
assessment of kinetics and therefore the impaeifadn P removal. In contrast to a batch
isotherm, the rate of P sorption in a flow throsgktem depends on transport of products and
reactants as well as the kinetics of sorption.

This study demonstrated that soils which appeailaiitpased on routine characterization can
differ greatly in regard to P sorption behavior enflow-through conditions. Isothermal
titration calorimetry was a quick and inexpensivetimod to initially assess P sorption behavior
among different soil samples. The calorimetry apph presented in this study can help to
provide soil-specific information on the risk oiriputs to leaching (i.e., degree of P sorption)
under different conditions (i.e., flow rate or R&phd potential for desorption (P sorption
mechanisms).

(D) Plot-Scale Studies - Berm Infiltration/Leaching Technique (Heeren, Fox,
Storm, 2013, A berm infiltration method for conducting leaching tests at
various spatial scales, Journal of Hydrologic Engineering, In press)

The berm was constructed of four sections of 15inyl hose attached to four 98lbows
constructed from 15 cm steel pipe (Figure 19). Edbbw had an air vent and one elbow had a
gate valve with a garden hose fitting for watere Mmyl hoses were secured to the elbows with
stainless steel hose clamps and sealed with sdisealant. The berms were then partially filled
with water to add weight, but excess pressure wagled to ensure the vinyl did not separate
from the elbows.

Plots were located on relatively level areas imt@mpt to maintain uniform water depths.
Larger plots required shallower slopes to ensuaettie entire plot could be inundated without
overflowing the berm. The vinyl hose was placed shallow trench (3 to 5 cm) cut through the
surface thatch layer to minimize lateral flow a 8urface. A thick bead of liquid bentonite was
also placed on the inside and outside of the berondate a seal between the berm and the soil.
High-density polyethylene tanks, 4.9 and 0.76 were used for the 3 m by 3 m and the 1 m by 1
m plots, respectively, to mix water and a potassthioride tracer, Rhodamine WT, and a
phosphorus solution. Tanks were instrumented witbraated water level data loggers with an
accuracy of 0.5 cm (HoboWare U20, Onset Computep CGape Cod, MA) to monitor water
depth (pressure) and temperature at one minutevaise An additional water level data logger
was used to monitor atmospheric pressure. Loggarware processed with HoboWare Pro
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software, which adjusted for changes in atmosphmassure and water density. Tank water
depth over time was used to calculate flow raté aitolumetric rating curve.

Profile View
Observation Well Observation Well
(Instrumented with Ponded Water (Instrumented with
Water Level Logger) and Tracer Water Level Logger)

[ VinylHose Berm | | |

L N | !’ 1to3m |
Topsoil —1to3cm

Gravel Subsoil (Rapid Flow) 1-50 to 150 cm
v Water Table

Figure 19. Berm infiltration method, including viny | berms to contain water-tracer solution and observ ation
wells for collecting groundwater samples: design (I eft) and implementation at the Pumpkin Hollow flood plain
site in eastern Oklahoma (right).

A combination of 5.1 cm diameter Polyvinyl chlorig®v/C) pipe with a manual gate valve and
vinyl garden hoses with float valves were usedeiivdr gravity fed water from the tanks to the
plots. For low flow rates, one to two garden hosihk float valves were sufficient. When higher
flow rates were required to achieve the desiredi@om head, flow was dominated by the larger
PVC pipe and the garden hoses with float valve®welatively ineffective. For these cases a
fine-adjustment gate valve was required to manuahtrol the flow rate to achieve a relatively
constant head in the plots. When a tank was neanlty, flow was temporarily stopped while
water and tracer was added to the tank. Chlorideusad as a conservative tracer and
Rhodamine WT as a visual tracer with injection enrations 20 to 30 times background levels.
Phosphorus was also injected into the plot. Dap#ach plot area was monitored with a water
level data logger. Heads were maintained betwesmmd3L0 cm across the plots.

A Geoprobe Systems drilling machine (6200 TMP, Kigic., Salina, KS), which has been found
to be effective in coarse gravel soils (Heerern.eR@11; Miller et al., 2011), was used to install
four to twelve observation wells around each @atreholes were sealed with liquid bentonite to
avoid water leaking down the hole. Observation svekre instrumented with water level data
loggers. Reference water table elevations, obtawmtda water level indicator and laser level
data for each well, were then calculated. Watdetalevation data had an accuracy of 1 cm.
Low flow sampling with a peristaltic pump was ugedollect water samples from the top of the
water table, which ranged from 50 to 150 cm beloaugd surface.

Porous media flow from hypothetical 1 m by 1 mltrdition plots were simulated using
HYDRUS-3D (Sinmiinek et al., 2006) for three different soil typesnd, loam, and silt. This
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method was not expected to be used on soils fivaer $ilt. HYDRUS is a finite element model
for simulating two- and three-dimensional movenmanwater, heat, and multiple solutes in
variably saturated media (Simek et al., 2006; Akay et al., 2008). The HYDRUS&
numerically solves the Richards equation for sagarainsaturated water flow (Simek et al.,
2006).

The finite element grid consisted of triangulaisprielements spaced equally every 25 cm in the
horizontal, lateral, and vertical directions. Tidation domain consisted ofal mby 1 m
constant head infiltration plot centered withinGarth by 10 m area with a 3-m deep soil profile
(Figure 20). All cells on the surface of the sintidia domain outside the infiltration plot were
no-flux boundaries. A constant head boundary cendivas used to simulate the infiltration plot
with constant heads ranging from 2.54 to 15.24The. initial water table depth was varied
between simulations, which included depths of 2.0, and 2.5 m below ground surface. Below
the water table, a no flux boundary condition waecsied for the shell and bottom of the
simulation domain to simulate the presence of ared groundwater system. Above the water
table, the shell boundary condition was a possibpage face (Figure 20). At the water table
depth, observation nodes were added to the simnaldthmain located at various distances (0 to
450 cm) away from the edge of the infiltration plot

Tmby1m
Infiltration Area

Possible Seepage Face
above Water Table

No Flux Boundary Below
Water Table

Figure 20. Simulation domain for HYDRUS-3D modeling  of hypothetical infiltration experiments with a 1 m by
1 m infiltration plot.

The van Genuchten-Mualem model (van Genuchten,)8&88 used to describe the water
retention,g(h), and conductivityK(h), functions for the assumed homogeneous soil rmatri
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where S.=(0-6)/(6.-6) Is the effective saturatian(1/L), n, andl are empirical
parametersts is the saturated water content/(L%); 6; is the residual water content}(L%); and
Ks (L/T) is the saturated hydraulic conductivity. dtgulic parameters for the sand, loam, and
silt soils were acquired from the soil catalog MBRUS, derived from Carsel and Parrish
(1988), in order to represent average values fsdldifferent textural classes (Table 3).

HYDRUS simulations were conducted to determinetithe at which a detectable water table
rise, defined as 1 cm, was observed in the obsernvabdes. This information was used to
correlate the response time in observation weditalled next to the infiltration plot relative to
the soil type, head in the infiltration plot, diste the observation well was installed from the
infiltration plot edge, and the water table depth.

Table 3. Soil properties for the sand, loam, and si It soils simulated by HYDRUS-3D for the hypothetica 11 m

by 1 m infiltration experiments. Soil properties we re from the soil catalog for the textural classes i n HYDRUS.
Residual Saturated Zat;rr;:jﬁg Pore-

Water Water all n* Conyductivit Connectivity

Soil Type Content, §  Content, 6 K Y Parameter, /

(cm*/cm?) (cm*/cm?) (1/cm) (cm/min)

Sand 0.045 0.430 0.145 2.68 0.495 0.5

Loam 0.078 0.430 0.036 1.56 0.017 0.5

Silt 0.034 0.460 0.016 1.37 0.004 0.5

*Empirical constants.

As an example, infiltration rates measured at Pumpbllow ranged from 5 to 70 cm/hr,
indicating considerable heterogeneity in the irdifibn rates of the floodplains due to the
occurrence of gravel outcrops. These data wereehitiian the U.S. Natural Resources
Conservation Service (NRCS) Adair County, Oklahd@od Survey (NRCS, 2012), indicating
the need for larger scale field measurements dfratfon rate. The NRCS Soil Survey (NRCS,
2012) estimated permeability of the limiting layerbe in the range of 1.5 to 5 cm/hr for the
Razort gravelly loam. This method was successfguiantifying high infiltration rate soils (i.e.,
gravels) even for large 3 m by 3 m plots, and lowwvéltration rates could be easily measured.
Larger plot sizes may require excessively larg&gaand thus continuous pumping and dosing
to inject tracers directly into the pump hose meyve a better alternative for adequate mixing.
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Figure 21 shows the relationship between flow &g the time to empty the tank, which can be
used to aid the design of infiltration experimeist example, one of the 3 m by 3 m plots had a
guasi-steady state infiltration rate of 6.3 cmytinjch required an average flow rate of 9.5 L/min.
According to Figure 21, the tank will need to béllexl every 8 hr for a 4.9 ftank. Actual

times to empty the tank after quasi-steady statereached were 6.5, 6.0, and 8.0 hr at Pumpkin
Hollow for example, which is consistent with thetféhat refills were performed before the tank
was completely empty.

A constant head assumption was considered vaiifvater depth in the infiltration plot was
within 1.5 cm of the mean depth at least 85% oftittne. All experiments met this requirement
(Figure 22). Float valves were reliable and effestallowing the system to run automatically for
several hours at a time. Manual gate valves reduatentive monitoring in order to be effective.
Observed response times based on chloride deteotgmoundwater wells (located 0.5 m from
the edge of the berm) ranged from 18 minutes (eogravel outcrop) to more than 32 hours. All
plots had at least some wells where chloride wasmgetected above background levels
(duration of experiments ranged from 3 to 32 hquagain indicating significant heterogeneity
within the floodplain soils.
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Figure 21. Relationship between expected infiltrati  on flow rate and time to empty water tank for diffe rent size
water tanks.
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Figure 22. Measured plot water depth over time for a 1 m by 1 m plot with flow controlled primarily by an

automatic float valve (a) and fora 3 m by 3 m plot  with flow controlled primarily by a manual gate va Ive (b).
Water depths were within 1.5 cm of the mean  depth 92% (left) and 89% (right) of the time, meeti  ng the
prescribed requirements for constant head infiltrat ion.

Modeled response times using HYDRUS-3D were mopedéent on water table depth than
distance from the plot edge. In sand and coarsksr (§agure 23), response times were predicted
to be less than 200 minutes (approximately 3 lesgn with a deep water table (250 cm) and
observation wells installed as much as 4 m frometihge of the infiltration plot. For silt and finer
soils, experiments would need to be conducted fdtiple days when sampling from a
groundwater table 200 cm below ground surface (€ig3).

This research successfully demonstrated an inn@vatethod for quantifying infiltration rates
and leaching in highly conductive gravelly soildls plot scale, maintaining a constant head at
least 85% of the time during experiments. Guidalinave been provided for future infiltration
experiments. The berm infiltration method allowgdstigations of various plot sizes and was
demonstrated to be capable of measuring infiltratades ranging from 5 to 70 cm/hr. Larger
plot sizes may require continuous pumping and trexpection directly into the pump hose
instead of using tanks. Numerical modeling indiddteat experimental times in homogeneous
soils were more dependent on water table depthdisaance from the plot edge, especially for
coarser soils. Experimental durations may be ks 200 minutes in sand and coarser soils to
multiple days for silt and finer soils.
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Figure 23. HYDRUS-3D predicted response times in ob  servation wells installed next to infiltration plot sasa
function of soil type, head in the infiltration plo t (h), distance the observation well was installed from the
infiltration plot edge, and the depth to water tabl e.

(E) Impact of Measurement Scale on Infiltration in Gravel-Dominated
Alluvial Floodplains (Heeren, Fox, Storm, Haggard, Penn, and Halihan,
2013, Impact of measurement scale on infiltration and phosphorus
leaching in Ozark floodplains, ASABE Paper No. 131621213, St. Joseph,
Mich.: ASABE.)

Relatively few studies on infiltration and P leathhave been done at the plot scale where
infiltration and transport may be controlled bydregeneity present at various scales (Nelson et
al., 2005). In many riparian floodplains, gravetaops and macropores are present. Infiltration
is often assumed to be uniform at the field sdal this neglects the high spatial variability
common in anisotropic, heterogeneous alluvial-fldath soils (Heeren et al., 2013b).
Accounting for spatial variability in infiltratiorates is important not only for watershed flow
and transport models, but also for managementrodive rate irrigation (Evans et al., 2012)
which can account for in-field heterogeneity inl guoperties. Easton (2013) used geostatistics
to study spatial trends in infiltration rate onilstope and found that “methods of measuring the
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infiltration rate of a soil differ in first ordetatistical measures (mean and variance), but not
substantially in second order statistical meas(ggatial structure).”

Gravel outcrops and macropores can significanfigcainfiltration and leaching in these
floodplains. For water movement through soil, mpores have been shown to have a large
impact on flow and solute transport (Thomas andip$y 1979; Fox et al., 2004; Djodjic et al.,
2004; Akay and Fox, 2007; Gotovac et al., 2009)lttation is often assumed to be uniform
(piston flow) at the field scale, but this neglettts high spatial variability common in
anisotropic, heterogeneous alluvial-floodplain soil

As the scale of measurement increases, physicpépres of a porous media like soil tend to
have decreasing spatial variability until a repnéatve elementary volume (REV) is reached
(Bear, 1972; Brown et al., 2000). The REV is bouhbg a minimum Yn,) and maximum

(Vmax) VOlume. For measurement volumes less ¥an the measured property fluctuates rapidly
in space due to the influence of individual pofes. measurement volumes abdxXgy,

“additional morphological structures allow the pedy to drift to new values, which results in
large field variability” (Brown et al., 2000). Ineasing the diameter of double ring infiltrometers
has been found to reduce the variability of meabunitration rates (Sisson and Wierenga,
1981, Lai and Ren (2007). However, whether douibig infiltration can be scaled up to the plot
or field scale has not been well established. Mass(®003) observed that hydraulic
conductivities measured with flood tests in infition basins were up to two orders of magnitude
higher or lower than hydraulic conductivities detered from air conductivity or estimated from
grain size parameters. It was hypothesized thtteascale of measurement increases, measured
infiltration rate and hydraulic conductivity of thepsoil will increase due to large but infrequent
macropores, and that the spatial variability wadtease, until an REV is attained. Therefore, the
overarching objective of this line of research washaracterize P leaching to alluvial aquifers

in the coarse gravel floodplains of the Ozark egim@ while the specific objective of this paper
was to quantify infiltration and hydraulic condwity across a range of scales (point to 139 m

to evaluate the effect of measurement scale. Atalyranderstanding infiltration is essential for
understanding P transport.

Methods

Floodplain Sites

The alluvial floodplain sites were located in theatk ecoregion of northeastern Oklahoma and
northwestern Arkansas (Figure 2). The Ozark ecoregf Missouri, Arkansas, and Oklahoma is
approximately 62,000 kfrand is characterized by gravel bed streams amtlycéwils in the
riparian floodplains. The erosion of carbonate bekli{primarily limestone) by slightly acidic
water has left a large residuum of chert gravénark soils, with floodplains generally
consisting of coarse chert gravel overlain by atiegid to 300 cm) of gravelly loam or silt loam.
The alluvium is spatially heterogeneous, resulimgreferential flow pathways which are
hypothesized to be ancient buried gravel bars (@feet al., 2010). Similar hydrogeologic
conditions exist near gravel bed streams in thespaiated alluvial floodplains worldwide.

Vertical electrical resistivity profiles were catked at the floodplain sites to characterize the

heterogeneity of the unconsolidated floodplain egtits. Electrical resistivity imaging (ERI)
data were collected using a SuperSting R8/IP Hetistivity Meter (Advanced GeoSciences
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Inc., Austin, Tex.) with 56-electrode arrays. Thiefjles typically employed electrode spacings
of 1 to 1.5 m with an associated depth of invesibgeof approximately 13 m, which included
the vadose zone, alluvial aquifer, and bedrock. relestivity sampling with the SuperSting
R8/IP, and subsequent inversion utilized a proaretoutine devised by Halihan et al. (2005),
which produced higher resolution images than cotiweal techniques.

The Barren Fork Creek site (Figure 24, latitude985, longitude: -94.85°) was immediately
downstream of the Eldon Bridge U.S. Geological 8yrfl SGS) gage station 07197000. With a
watershed size of 845 Kiythe Barren Fork Creek site was a fourth ordesasir with a historical
median discharge of 3.6%8". The study area at the Barren Fork Creek wasddoa the

outside of a meander bend which was being actimedged by the stream (Midgley et al., 2012).
The soils were classified as Razort gravelly loardaslain with alluvial gravel deposits.
Thickness of the loam ranged from 0.3 to 2.0 mhwlity bulk densities ranging from 1.3 to 1.7

g cm?®. Soil hydraulic studies on these soil types ham that subtle morphological features

can lead to considerable differences in soil wibev rates (Sauer and Logsdon, 2002; Sauer et
al., 2005).
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Figure 24. Barren Fork Creek floodplain site, inclu  ding locations of plots for infiltration experiment s (labeled

according to plot size in m). Thick black lines are locations of electrical resistivity profiles (Mill er, 2012;
Appendix A), which were used to select plot locatio ns. For orientation, north is up. The floodplain is bounded
by the Barren Fork Creek to the northwest, a small tributary to the northeast, and a bluff to the sout h. Figure

adapted from Miller (2012).
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The Pumpkin Hollow floodplain site (Figure 25) walso located in the Ozark ecoregion of
northeastern Oklahoma (latitude: 36.02°, longitu@4:81°). A small tributary of the Illinois
River, Pumpkin Hollow Creek was a first order epleeahstream in its upper reaches. The entire
floodplain was 120 to 130 m across at the resesitehwith an estimated watershed area of 15
km?. The land use at the site was pasture for cdttle.Pumpkin Hollow field site was a
combination of Razort gravelly loam and Elsah vgigvelly loam, although infiltration
experiments were limited to the Razort gravellynhosoils. Topsoil thickness ranged from 0 to 3
cm, and bulk densities of the cohesive materiabvibetween 1.3 and 1.5 g ém

Figure 25. Pumpkin Hollow floodplain site, includin g locations of plots for infiltration experiments ( labeled
according to plot size in m). For orientation, nort h is up. The floodplain is bounded by Pumpkin Hollo w Creek
to the east and a bluff to the west. Background ele  ctrical resistivity profiles (not shown) were locat ed just
south of the plot locations (Miller, 2012; Appendix A).

The Clear Creek alluvial floodplain site (Figure) #@s located just west of Fayetteville, AR in
the Arkansas River Basin and flows into the llim&iver (latitude: 36.13°, longitude: -94.24°).
The total drainage area was 199°Kor the entire watershed. Land use in the basi 3646
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pasture, 34% forest, 27% urban and 3% other. S@ife loamy and silty, deep, moderately well
drained to well drained (U.S. EPA, 2009), and geltyecontained less chert or gravel than the
Barren Fork Creek or Pumpkin Hollow floodplain sitd&hickness of the top loam layer ranged
from 0.3 to 2.0 m, with dry bulk densities rangingm 1.5 to 1.7 g ci. A fourth order stream
with a flow of aplzroximately 0.5 frs? at the study site, the area of the watershed athate

point was 101 krh The land use in the study area was pasture amgisted of Razort gravelly
loam soils.

Figure 26. Clear Creek floodplain site, including | ocations of plots for infiltration experiments (lab eled
according to plot size in m). Thick maroon lines ar e locations of electrical resistivity profiles (Hee ren, 2012;
Appendix A), which were used to select plot locatio ns. For orientation, north is up. Within the floodp lain,
Formation A is bounded by Clear Creek to the easta  nd a small overflow channel to the north and west, and

Formation B is bounded by Clear Creek to the north and a bluff to the south.
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Infiltration Plots

Measuring infiltration rates and/or leaching oftdek at a plot scale is difficult, especially for
high hydraulic conductivity soils, without innowagi field methods. In this research, the berm
method (Heeren et al., 2013a) was used to confiiieation plots and maintain a constant head
of water, with plot sizes ranging from 1 m by 1enl0 m by 10 m. Four to six infiltration
experiments were performed at each site with @elscted to represent a range of infiltration
rates at each floodplain site (Figures 24 to 2®|d4). Plots were located on relatively level
areas in order to minimize the variation in wateptth across the plot. Larger plots were required
to have smaller slopes to ensure that the entitecpuld be inundated without overflowing the
berm.

Table 4. Infiltration experiments at three alluvial floodplain sites in the Ozark ecoregion.

"Steady Limiting  Average Hydraulic Hydraulic

Floodplain State" Layer Head Gradient  Conductivity
Site Date Plot Area Treatment Duration Infllt(rqa)ttlon Depth ¢) (h) 0] (Ketr)
(m?) (hr) (cm hiY) (cm) (cm)  (cmcn) (cm hrt
Pumpkin 5,011 1xu 1 Contol 32 5.3 99 6.8 1.07 5.0
Hollow
Pumpkin. g5i19  3xg o9 Sravel 2.8 18 46 5.4 1.12 16
Hollow Outcrop
Pumpkin — g101 gy 1 Cravel 4.3 74 36 3.2 1.09 68
Hollow Outcrop
Pumpkin o111 3k 9 Control 24 6.3 58 6.5 111 5.7
Hollow
Barren 6/30/11  1xh 1 Shallow 22 10 92 5.8 1.06 9.6
Fork gravel
Baren  ga011  axg g Shallow 22 13 110 3.1 1.03 12
Fork gravel
Baren 24311 1xp 1 Deep 46 6.8 134 4.7 1.04 6.6
Fork gravel
Baren 71311 3xg 9 DeeP 48 3.0 145 6.4 1.04 2.9
Fork gravel
Baen 5712 1oxi0 6o SMAlW oy 13 107 3.0 1.03 13
Fork gravel
Barren  gigp  axg 1 Shallow g 14 113 9.0 1.08 13
Fork gravel
Clear 4011 1xg 1 Formation g 56 57 1.8 1.03 5.4
Creek A
Clear 4110111 3xa g Formation 33 76 1.8 1.02 3.2
Creek A
Clear 25711 1xp 1 Formation g 13 137 6.3 1.05 12
Creek B
Clear 25711 3xg 9 Formation g 08 210 7.2 1.03 07
Creek B
Clear 55112 10x10 100 FOrMation 5, 0.6 84 6.0 1.07 0.6
Creek A

*Pump capacity was not sufficient to keep the enfifiltration gallery inundated.
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Each berm was constructed of four sections of 1%¥ioyl hose which were attached to’%eel
elbows and surrounded the infiltration gallery.Rakow trench (3 to 5 cm) was cut through the
thatch layer and a thick bead of liquid bentonitesswsed to create a seal between the berm and
the soil.

High density polyethylene tanks (4.9 and 0.76 i) were used to mix stream water and solutes.
A combination of 5.1-cm diameter PVC with manudiea and garden hoses with float valves
were used to deliver water (gravity fed) from taekKs to the plots. When a tank was nearly
empty, flow was temporarily stopped while the tavds refilled and solutes were added and
mixed. The largest plot sizes (10 m by 10 m) rezmfizontinuous pumping and solute injection
directly into the pump hose using Dosatron® injee{®8R, Dosatron®, Clearwater, FL)

instead of using tanks for mixing. Constant head®& plots were maintained (Heeren et al.,
2013a) between 3 and 10 cm. Depth to the watee talbiged from 50 cm at the Pumpkin

Hollow site up to 350 cm at the Clear Creek site.

Soil Cores and Patrticle Size Analysis

During the installation of the observation welldlwa Geoprobe Systems (Salina, KS) 6200
TMP (Trailer-mounted Probe) direct-push drillingchae, which has been shown to be
effective in coarse gravel aquifers (Miller et @011), soil core samples were collected at
known depths using a dual-tube core sampler witht& cm opening. The sampler opening
(size) limited the particle size that could be skrd@nd large cobbles occasionally clogged the
sampler resulting in incomplete cores for that depterval. Direct push cores were recovered
from one to four wells per plot.

A subset of the soil core samples were dry sievdltl avsieve stack ranging from 2 to 12.5 mm
for a particle size analysis. Samples preparatioluded disaggregation with a rubber-tipped
pestle when necessary. If particles were retaimethe 12.5 mm sieve, a measurement of the “b”
axis (longest intermediate axis perpendicular eltimg “a” axis) of the largest particle was
utilized as the sieve size that 100% of the sawplgld pass through because that dimension
largely controls whether a particle will pass atigatar sieve (Bunte and Abt, 2001).

A complete textural analysis was desired for s@feal samples from one soil core per plot.
Following the procedure developed by Miller (201iBE particle size distribution (PSD) of the
mass retained on the finest sieve (2 mm) “was oeted using a Cilas 1180 Particle Size
Analyzer (Cilas USA, Madison, WI), which calculatén ratio of particle sizes based on the
obscurance of a laser beam. The Cilas 1180 meatheedlative volume for particle size ranges
of a representative sample. The PSD of the finetibia was calculated by multiplying the
percent distribution from the sample by the tot@lwme of the fine dry-sieved fraction.”

Double Ring Infiltrometer Soil Hydraulic Conductivity

While this research was driven by infiltration dadching, the best way to compare data across
scales was to convert infiltration data to effeetbaturated hydraulic conductiviti) of the

top soil layer. In most cases (at the Ozark floatpsites) this was a layer of silt loam which
was overlying coarse gravel.

In order to represent a scale in between the pldesand the point scale, a double ring
infiltrometer (ELE 25-0660, ELE International, Ldaad, CO), with an outer ring diameter of 60
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cm and an inner ring diameter of 30.5 cm (infilbatarea of 0.07 A), was used at the Barren
Fork Creek site. Tests were performed at two locati near the “shallow gravel” plots and near
the “deep gravel” plots. The shallow gravel locatwas an area where a high hydraulic
conductivity zone (a buried gravel bar) came clostne soil surface, with only 0.3 to 1 m of silt
loam. At the deep gravel location, 1.0 to 1.3 msitiffoam capped the coarse gravel layer.
During the constant head double ring experimer24@155 min), the wetting front (total
infiltration of 0.6 cm) did not proceed past the ®lt loam layer of soil. With the double ring
infiltrometer, flow from the inner ring was assuntede one dimensional. Therefore, the data
was fit to the following well known one dimensiotiensient solution (Philip, 1957; Lai & Ren,
2007):

1
[ =Stz + At )

wherel is cumulative infiltration (L)Sis sorptivity (L T¥?), t is the elapsed time from initiation
of infiltration (T), andA is a constant (L T). An example is shown in Figure 27. Théerm was
taken to be the effective saturated hydraulic cetidity (Ke). Water depth (around 10 cm) is
not included in this equation, but its effect is@aented for in the sorptivity term along with
matric potential effects. For the experiment atdbep gravel location, the first three points were
treated as outliers and it was assumed that theriexent started on the 4th data point (seven
minutes after initiation).
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Figure 27. Double ring infiltrometer data from the shallow gravel location at the Barren Fork Creek si te,
resulting in an effective saturated hydraulic condu ctivity of 1.5 cm hr 1 and a sorptivity of 0.52 cm hr 2.

Plot Scale Soil Hydraulic Conductivity

A brief survey of the literature was performed &edmine the best method to deterniage
from plot scale constant head infiltration rateaddtransient solutions are available for early
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time infiltration data (e.g. Philip, 1957; equatiénhfor one dimensional infiltration. A quadratic
eguation can be fit to the data in order to deteentwo parameter& and sorptivity, the latter

of which accounts for both capillary action and tthegf the water above the soil surface (head).
This approach worked well for double ring infiltreter experiments at the Barren Fork Creek
site with a high level of precision of measuremeattthe beginning of infiltration and a limited
depth of total infiltration, since the equationwases a homogenous semi-infinite medium. For
the longer duration (3 to 52 hr) plot scale expenis, though, the depth of infiltration often
exceeded the top layer of soil, violating the hoerapus assumption in these equations. Also, it
was difficult to get precise transient early tiregadwhen accounting for measurement error and
the change in storage of water above the soil sardiaring plot scale experiments.

The second major category of equations for pretiii from infiltration data is steady state
equations (Bodhinayake et al., 2004). Most of tls¢spwvere run long enough to achieve quasi-
steady state conditions, with total infiltratiortesf greatly exceeding the depth of the top layer of
soil. Without transient data, more parameters aszlad for these solutions (ponded depth,
geometry to account for two dimensional (radial¢ets, etc.). However, a good solution for our
situation, with two distinct soil layers, was notihd.

Therefore, we developed our own solution applyirrgdy’s law specifically to the top layer of
soil for steady state infiltration under a constagad. Since edge effects were considered small
compared to the large area of the infiltration gallat the plot scale, one dimensional vertical
flow was assumed at the plot scale. Equation &rignfiltration into a lower conductivity layer
underlain by a higher conductivity layer:

. h
q = Kepri = Kepp(1+-) (5)

whereq is the steady state infiltration rate (IJT K¢ is the effective saturated hydraulic
conductivity (L T%, i is the hydraulic gradient (L'}, h is the spatial and temporal average
depth of water in the infiltration gallery (L), adds the depth of the top layer of soil. The first
term in the parentheses represents the hydrawdiegit due to gravity, which is unigradient.
The second term is the gradient due to the changeessure head over the length of flow. Water
pressure at the soil surface is the hydrostatissure head associated with the spatially and
temporally averaged depth of water in the plotwader flows from a restrictive layer of soil
into a more conductive layer, an inverted wateletabll form at the bottom of the restrictive
layer, indicating a pressure head of zero at tlboof the top layer of solil. It is acknowledged
that the one dimensional flow assumption is a Atioin of this approach when considering the
heterogeneity and anisotropy of these complex @lweposits (Fox et al., 2011).

For 1 m by 1 m and 3 m by 3 m plotswas determined based on flow rates from the mixing
tanks. The tanks were instrumented with automattemevel data loggers with an accuracy of
0.5 cm (HoboWare U20, Onset Computer Corp., Capgk M@\) to monitor water depth
(pressure) and temperature at one minute interfalsdditional water level data logger was
used to monitor the atmospheric pressure. Loggerware processed with HoboWare Pro
software, which adjusted for changes in atmospheassure and water density. Measured tank
water depth over time was used to calculate the fade using a volumetric rating curve. For the
10 m by 10 m plots, flow was estimated based orirdtpiency of cycles in the Dosatron®
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injectors (D8R, Dosatron®, Clearwater, FL). Thevas determined from automated water level
data loggers (HoboWare U20, Onset Computer Cogpe@od, MA) placed in the plots along
with manual measurements of water depth.

Thed of the silt loam layer was determined from soiflesowithin and near the plots. The Barren
Fork Creek site had a distinct layer change frdid@m to coarse gravel. The Pumpkin Hollow
site was highly heterogeneous, and it was sometthifigsult to identify the bottom of a
restrictive layer. In some cases (e.g. gravel op), the majority of the flow would have been
lateral flow above a restrictive layer. With thdisaitations in mind, the results were termed
effective saturated hydraulic conductiviti{&). While not precise, this method allowed us to
compare values for a soil property that varies ssarders of magnitude.

Point Scale Soil Hydraulic Conductivity

Point scaleK Were estimated based on a topsoil sample fronsomeore per plot, as
described above. Using the PSD determined by gjearnal the Cilas Particle Size Analyzi€g
was estimated by Retention Curve (RETC) with the @@nuchten equation using the Mualem
assumption (van Genuchten et al., 1991). RETC resjtine percent sand, silt, and clay
according to the USDA soil classification, whickides clay as patrticles less than 2 um. Since
the Cilas Particle Size Analyzer only measured daw8.9 um, a minor amount of extrapolation
was required to extend the PSD to 2 um. In ordéest account for this source of uncertainty,
both a low and high clay content were estimatecfmh sample. RETC was utilized for both
clay contents, and the average of the Kgpwas taken to be th€y for that sample. Since

RETC only utilized sand, silt and clay percentage®, of the limits of this method is that it does
not account for the gravel content of a soil sample

Tension Infiltrometers

After the plot infiltration experiments, mini-diskfiltrometers (Decagon Devices, Pullman,
WA) were used inside the plots (after the soil edfiad dried) to measure soil matrix
infiltration. Tension infiltrometers are designedmeasure unsaturated soil infiltration rates by
exposing water that is under tension (negativespires to the soil surface. Water must flow
from a higher potential to a lower potential. THere, water under tension infiltrated into the
soil matrix, which had a more negative capillarggaure. However, the water did not infiltrate
into the macropores, which had a less negativdlapppressure. Since the macropores
remained dry, flow was restricted to the soil matvith the infiltration rate equivalent to matrix
infiltration. Saturated infiltration from the plstale experiments represented total infiltration
from both matrix and macropores. Macropore infiitna was estimated by subtracting the
matrix infiltration from the total infiltration.

Suction levels of 1, 3, and 6 cm, spanning thatglof the infiltrometer, were used. Equivalent
radii were calculated for each suction level with tapillary rise equation (Scott, 2000):

h=20c059=0._15 (6)
rpwgd r

whereh is the capillary rise or suction (Lg,is the surface tension of water (F/B)is the contact
angle r is the equivalent radius (L) is the density of water (MA), andg is the acceleration
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due to gravity (L/T). Thed was assumed to be zero analas assumed to be 72.8 mN/m (for
water at 28C). The unit conversion coefficient of 0.15 arifarsh andr in cm.

In order to enable the comparison between suctieel land pore geometry, the following
conceptual model was used. The soil pore spacearaeptualized as circular tubes (not
necessarily vertical) with a distribution of radtiach pore was considered either activated
(saturated) or dry. For a given suction level,ittidtration is limited to pores with radii lessah
or equal to the radius corresponding to the sudéwel. A comparison between plot infiltration
data (all pores activated) and tension infiltrometas used to differentiate between matrix and
macropore flow. The simplification in this conceglimation is that it neglects flow in a thin film
along a pore wall when that pore is unsaturatedoAuwting for thin film flow in macropores
would increase their contribution; therefore, tygproach gives a conservative estimate of the
impact of macropores. Soils pores have been dedsit macropores (greater thanuib),
mesopores (30 to 74am), and micropores (5 to 30n) (SSSA, 2008). In this research,
macropores were defined as pore spaces with eguivdiameters of 500m (i.e. 6 cm capillary
pressure) or more due to limitations of the indiftreter.

The unsaturated hydraulic conductivity was caladdtom the tension infiltrometer results
using the method of Zhang (1997). Readings werentaikatil the infiltrometer reservoir was
depleted (14 to 121 minutes), which was sufficterfit the hydraulic conductivity and sorptivity
to the cumulative infiltration versus time data.

Results and Discussion

Barren Fork Creek

CalculatedKe varied widely across sites and within sites, raggiom 0.5 to 68 cm Hr At the
Barren Fork Creek site, estimati€gk of the top layer of soil based on double ringlirdmeter
experiments were 1.5 cmhand 0.5 cm Ht for the shallow gravel and deep gravel, respelgtive
(Figure 24). While the shallow gravel location lemdmaller layer of silt loam soil, the thickness
of the limiting layer should not have an effectstort duration (12 to 55 min) double ring
infiltrometer experiments. In effect, the doubleginfiltrometer not only measures a smaller
horizontal area than plot scale infiltration exp®nts, it also measures the effective hydraulic
conductivity for a shallower depth of soil.

During plot scale infiltration experiments at tharBen Fork Creek site, hydraulic gradients
ranged from 1.03 to 1.08 cm &nfFigure 24, Table 4). Infiltration rates rangeohnfr3.0 to 6.8
cm hi for the deep gravel plots and from 10 to 14 cthfor the plots with shallow gravel. The
calculatedKe data were similar, ranging from 2.9 to 6.6 cii for the deep gravel plots and
from 9.6 to 13 cm ht for the shallow gravel plots. The pattern of higkgs in the shallow
gravel location compared to the deep gravel looateld for both double ring infiltrometer data
and plot scale data, although the magnitude oKtheneasured at the plot scale was an order of
magnitude greater thadis measured by the double ring infiltrometer. Thisyrba due to (1)
measuring at a different scale (area as well athd#soil), (2) differences in procedure (short
versus long duration), (3) using a different equa(transient versus steady-state), or (4) the
double ring infiltrometer being more faithful toetlone dimensional flow assumption.
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Data from the plot scale and double ring experim&mdre compared to point scale estimates of
Ker and the estimated permeability of the limitingdayeported by the U.S. Natural Resources
Conservation Service (NRCS) for Cherokee Countyafikma (NRCS, 2012), which ranged
from 1.5 to 5 cm ht for the Razort gravelly loam soils at the floodplsites (Figure 28). Five
out of the six plot scale data were higher thamtlagimum predicted by the NRCS soil survey,
as well as the point scale estimates. It is ald¢echthat the point scale estimates do not capture
the variability inKeg shown in the plot scale data, which may be paldiy to the fact that point
scale estimates do not account for variabilityai structure. Within the plot scale, increasing
plot size did not seem to have a strong impadfgror reduce spatial variability iKes.

Especially for the shallow gravel formation, thetcale (1 m by 1 m to 10 m by 10 m) appears
to be within the REV.
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Figure 28. Effective saturated hydraulic conductivi ty (Keff) data for the Barren Fork Creek floodplain site,
including both point scale estimates and plot scale infiltration experiments. Double ring infiltromete r data is
also included (infiltration area of 0.07 m 2). The expected range of infiltration rates based o n the permeability

of the limiting layer reported in the Natural Resou rces Conservation Service Soil Survey (NRCS, 2012) is

shown by the dashed lines.

In order to analyze spatial variability in the gmibperties at the Barren Fork Creek site,
geostatistics were performed on electrical restgtoata (Miller, 2012) which have been
correlated to hydraulic conductivity (Miller et a2013; Miller, 2012). The geostatistical
program GS+ (Gamma Design Software, LLC, PlainWH)lwas used to analyze the top
(approximately 0.0 to 0.2 m below ground surface) the second (approximately 0.2t0 0.5 m
below ground surface) layers of log-transformedteieal resistivity £2-m). While the top layer
would be closer to where the infiltration occuls second layer of electrical resistivity was
more reliable and would usually still be within tsik loam at the Barren Fork site. Both
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isotropic and anisotropic variograms were crea#itipugh the anisotropic variograms did not
reveal strong directional patterns in either lajéus is in contrast to previous research which
did find strong directional patterns in the deegravel subsoil (Miller, 2012), likely related to
ancient gravel bars and abandoned stream chaiesdslts from the exponential isotropic
model (Figure 29) showed greater variability in the layer but a similar pattern for both layers.
The rangeAyo), beyond which data were not autocorrelated, was 2nd 20 m for the top and
second layers, respectively. Thégadata may indicate the approximate scale oMhg, where
the REV ends anls begins to drift due to changing geomorphic formagi TheA,from the
Barren Fork Creek site were comparable to Eastoh3R who reported, from 17 m to 34 m

for infiltration rates on an Arkport fine sandy rtoaoil hillslope (11% average slope). An
interesting comparison, though, is that Easton 32@dund the nugget to be zero in most cases
for infiltration rate, where the Barren Fork Creste had a non-zero nugget for the electrical
resistivity.

ohm_m: Isotropic Variogram

ohm_m: Isotropic Variogram
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Figure 29. Variorums for the Barren Fork Creek site based on the top (approximately 0.0 to 0.2 m below
ground surface) layer (left) and the second (approx  imately 0.2 to 0.5 m below ground surface) layer (r  ight) of
log-transformed electrical resistivity data. The x- axis is separation distance in m.

Pumpkin Hollow

Plots at the Pumpkin Hollow field site were locatedjravel outcrops and control locations
(Figure 25). Gravel outcrops in the floodplain agmeel to be gravel splays from a recent high
flow event (on the order of a 50 year recurrenterval) rather than an exposed buried gravel
bar. Soils were heterogeneous, even within a sanedl of a given floodplain (Figure 30). A 10
m by 10 m plot was not performed at the Pumpkindiokite because of insufficient water
supply in the small ephemeral creek.

During the plot scale infiltration experiments,iestted hydraulic gradients ranged from 1.07 to
1.12 cm crit with calculatedKg ranging from 5.0 to 5.7 cm fifor the control plots and from

16 to 68 cm it for the gravel outcrop plots (Table 4). This widege indicates considerable
heterogeneity in infiltration processes at the Pkimpiollow floodplain due to the occurrence of
gravel outcrops. This range is remarkable considehe close proximity of the plots. For
example, the 1land 3x3 beta plots (Figure 25) were approximately 10 nriaguad hadKes
values of 68 and 5.7 cm chrespectively. The very high conductivity gravetaops achieved
guasi-stead state flow quickly, resulting in relaty short (less than 5 hr) plot infiltration
experiments.
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Plot scale data were analyzed along with pointescalculations oK and estimates from
NRCS (NRCS 2012) (Figure 31). Both point scale @aih NRCS soil survey data severely
underestimated the capacity of the gravel outctopsfiltrate water. This difference indicates
the need for larger scale field measurements dfratfon rate andK. For example, soil survey
measurements may represent a typical soil pedomisstgravel outcrops or large macropores
which may be infrequent but have a disproportiomaggact on infiltration. The agreement
between the point scale data and the NRCS estirtfatdsoth the Pumpkin Hollow and the
Barren Fork Creek sites) supports the idea thaNfRES data may be more representative of
hydrological processes at a small scale ratherahalot or field scale.
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Figure 30. Particle size distributions of Pumpkin H ollow soil core samples.
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Figure 31. Effective saturated hydraulic conductivi ty (Keff) data for the Pumpkin Hollow floodplain si te,
including both point scale estimates and plot scale infiltration experiments. The expected range of in filtration
rates based on the permeability of the limiting lay  er reported in the Natural Resources Conservation S ervice

Soil Survey (NRCS, 2012) is shown by the dashed lin  es.
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Clear Creek

Infiltration plots at the Clear Creek floodplairnesivere located in two unique geomorphic
formations (Figure 26). “Formation A,” located dretwest side of the creek, was very similar to
the alluvial deposits at the Barren Fork Creekwitl an apparently uniform layer of silt loam
(0.5 to 1.0 m) above the gravel. Unlike the Baifferk Creek site, the gravel in Formation A did
contain a buried soil horizon with potential foperched water table. “Formation B,” located on
the east side of the creek, was very gravellyastirface but had enough fines mixed in to result
in low infiltration rates. The streambank profieFrmation B is 3.5 m tall, with a very thick
limiting layer ranging from 2.1 to 2.4 m (Table A) this location Clear Creek is a bedrock
stream, with the water table in the alluvial aqubfeing essentially at bedrock (determined by
auger refusal with the Geoprobe drilling machingjry baseflow conditions.

Plot scale infiltration rates were lower than thieen sites, ranging from 0.7 to 5.6 cm'ffTable
4). The correlatind{« data (0.6 to 5.4 cm Hy were compared to the point scale data and
estimates from NRCS (NRCS 2012) (Figure 32). AtGhear Creek sitK« from all three data
sources were comparable. However, similar to theratites, the point scale estimates failed to
capture the spatial variability i present in these floodplains. There was a negative
correlation betweeK and plot size at the Clear Creek site (similahtogravel outcrop plots
at the Pumpkin Hollow site). This could be duehe karge variability in the data, making it
difficult to discern the significance of the trewith limited data points. Additional infiltration
plots would have enabled more rigorous statisbiasthe effort required for plot scale
infiltration experiments made a large sample sizhibitive.
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Figure 32. Effective saturated hydraulic conductivi ty (Keff) data for the Clear Creek floodplain site, including
both point scale estimates and plot scale infiltrat ion experiments. The expected range of infiltration rates
based on the permeability of the limiting layer rep orted in the Natural Resources Conservation Service Soil

Survey (NRCS, 2012) is shown by the dashed lines.

Impact of Macropores

Tension infiltrometers confirmed the importanceracropore flow. Matrix infiltration (in pore
space less than or equal to 500) was quantified with a tension of 6 cm and was tntwo
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orders of magnitude lower than saturated infilatiates (Figure 33). Macropore flow
accounted for approximately 99% of the total irdilion at the Barren Fork Creek site, 85% to
87% at the Clear Creek site, and 97% to 99% aPthmpkin Hollow site.
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Figure 33. Infiltration rates based on infiltration plots for saturated infiltration (h=0cm) andun  saturated
hydraulic conductivity (k) calculated from tension infiltrometer data. Locations included gravel outcr op plots
at the Barren Fork Creek site, the 3 m by 3 m contr ol plot at the Clear Creek site, and the 3m by 3 m  control
plot at the Pumpkin Hollow site.

Observed large macropores (greater than 1 cm)atidave as much impact on infiltration as
expected. For example, a 4 to 5 cm diameter maceopas observed in the 10 m by 10 m plot
at the Barren Fork Creek site. Subsequent excavegiealed that the macropore descended
vertically to a depth of 1.0 m, into the graveldaybefore proceeding laterally 15 cm (Figure
34). Infiltration into this single macropore wasagtified to be 27.4 L mihwith head of 3.4 cm
(the maximum achieved during the plot scale irtion test), and up to 56.2 L miimith a head
of 20 cm. However, a head of 0.4 cm, designed tiebsimulate natural rainfall conditions,
resulted in a flow of only 1.3 L mih As the diameter of a macropore increases, iaHasger
capacity to transport water, but at some criticahter this capacity surpasses typical rainfall
rates and flow into the macropore becomes supplydd. Macropores larger than this critical
diameter do not have a larger flow rate and, assgmaitypical soil pore size distribution, are
less frequent. It is hypothesized that there israidant diameter, less than the critical diameter,
which is the pore size responsible for the mositiafion, because it is large enough to have
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significant flow but small enough to occur frequgnin fact, this pore size range occurs
frequently enough that it can be characterizedaefitly by 1 m by 1 m plots, explaining in part
why they are included in the REV.

Yo A NS

Figure 34. Large macropore at the Barren Fork Creek  site observed during plot scale infiltration exper iment
(a) and subsequently filled with expandable foam an  d excavated (b).

Research Implications

It was hypothesized that as the scale of measutam@rases, measured infiltration rate and
hydraulic conductivity of the topsoil will increasieie to an increased likelihood of having a very
large but infrequent macropore in a large plot,sarel that the spatial variability will decrease,
until an REV is attained (Bear, 1972; Brown et 2000). At all sites th& did increase until

the plot scale was reached (1 m by 1 m),Ktdid not consistently increase or decrease as the
plot scale increased from 1 m by 1 m to 10 m bynl®Vhile spatial variability ik decreased

as the scale increased from 1 m by 1 m to 3 mioyad the Pumpkin Hollow and Clear Creek
sites, the spatial variability actually increasetha Barren Fork site as the scale of measurement
increased from 1 m by 1 m to 3 m by 3 m. More dpEtly, the K were relatively constant
within the plot scale for the shallow gravel format(Barren Fork), the control plots (Pumpkin
Hollow), and Formation B (Clear Creek). Therefateyas concluded that the plot scale (1tm
100 nf) is generally within the REV for geomorphic forriaas in these alluvial floodplains.
Beyond the REV, th&g; is expected to drift as different geomorphic fotioas are

encountered.
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In order to best characterize infiltration procasatthe field scale, plot scale infiltration teste
recommended over double ring infiltrometer testpaint scale estimates. Also, since the 1 m by
1 m plot size is already within the REV, 1 m by Jplots are recommended. While a decrease in
spatial variability can be observed for larger @iaes at the Pumpkin Hollow and Clear Creek
sites, the level of difficulty in doing plot scaldiltration measurements increases significantly a
the 3 m by 3 m and especially the 10 m by 10 mescahstead of investing in larger plot sizes,
more will be gained from investing in a higher nienbf 1 m by 1 m plots in order to accurately
determine the meake for a field. Plots should ideally be randomly leexhand at least 27 m
apart (based oA, for the Barren Fork site) in order to sample défgrgeomorphic formations.

In order to evaluate the number of plots necesslaeystandard error of the mean was calculated
according to Steel and Torrie (1980) for each fldaoh site:

whereSE is the standard error of the meais the standard deviation, ands the number of
plots. TheSE is a measure of how close a sample mean is tpdpelation mean. WhilK data
tend to be more lognormally distributed, paramestatistics could be calculated with the small
number of samples and give an indication of thelle¥ site characterization achieved for a
range of sample sizes (Table 5). For examplerdeiplot scale infiltration experiments were
performed at each site, the standard error of th@mmvould be 25% of the mean at the Barren
Fork Creek site, 73% of the mean at the Pumpkinddosite, and 53% of the mean at the Clear
Creek site. The Pumpkin Hollow site would be thestbfficult to characterize with a low
number of plots due to the high level of heteroggn®esent.

Table 5. Statistics for effective saturated hydraul  ic conductivity (Keff) derived from plot scale infi Itration experiments,
including mean, standard deviation, and coefficient of variation, for each floodplain site. Hypothetic al standard errors were
calculated to evaluate the level of site characteri  zation achieved for a range of sample sizes.

Barren Fork Creek Pumpkin Hollow Clear Creek
Measured Data
n 6 4 5
Mean (cm ht) 9.5 24 2.2
Standard Deviation (cm fiy 4.0 30 2.1
Coefficient of Variation (cm ht) 0.4 1.3 0.9
Hypothetical
n Standard Error of the Mean (cni‘hr
1 4.0 30 2.1
2 2.9 21 15
3 2.3 17 1.2
4 2.0 15 1.0
5 1.8 13 0.9
6 1.6 12 0.8
Conclusions

Effective saturated hydraulic conductivik¢{) data, based on plot scale infiltration rates,ewver
highly heterogeneous, and reached 68 cfnamrone gravel outcrop. Point scale estimatd&f
were significantly lower than plot scafgs, and also failed to capture the variabilitykqf
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within a field site. The estimated permeabilitytioé limiting layer reported by the U.S. Natural
Resources Conservation Service (NRCS) Soil Sunasyamnsistent with point scale estimates
of Ke, but was lower than plot scafey at most sites. While this research doesn’t ansieer
guestion of scale impacts on infiltration defingly, the results do indicate that the scale effect
should be considered. Plot scale infiltration tesesrecommended over double ring infiltrometer
tests or point scale estimates, although only sptais (1 m by 1 m) are necessary. For silt loam
soils, infiltration was dominated by rapid macrapfiow. Tension infiltrometers showed that
macropore flow accounted for approximately 85%9&0%f the total infiltration. This research
highlighted the difference between the conceptfdtiation model of a diffuse wetting front
characterized by Richards Equation and actuatiafibn in field conditions.

(F) Plot-Scale Studies - Quantification and Heterogeneity of Phosphorus
Leaching in Alluvial Floodplains (Heeren, Fox, Storm, Haggard, Penn,
and Halihan, 2013, Impact of measurement scale on infiltration and
phosphorus leaching in Ozark floodplains, ASABE Paper No. 131621213,
St. Joseph, Mich.: ASABE.)

A Legal Perspective on Excess Phosphorus in the Ozarks

Arkansas et al. v. Oklahoma et al., 503 U.S. 91 (1992), was the first lawsuit addregexcess P
loading to surface waters in the Ozark ecoregidms Tase reached the U.S. Supreme Court
certiorari after the Court of Appeals for the Teflincuit. Justice Stephens delivered the opinion
for the unanimous courfrkansas v. Oklahoma focused on point source pollution of the lllinois
River and the application of the 1972 Clean Watetr (@WA). In particular, a Waste Water
Treatment Plant (WWTP) in Fayetteville, Ark., haatained a U.S. Environmental Protection
Agency (EPA) issued permit to discharge into autidoy of the lIllinois River, although
Oklahoma water quality standards allowed no degi@daf the lllinois River. A significant
finding was that the Supreme Court upheld the EPAquiring an upstream state to meet
downstream water quality standards, based on &)@ (of the CWA (33 U.S.C. §1341(a)(2)).
Even if the CWA were silent on this, according tistice Stephens, the EPA would be justified
by the Chevron DoctrinegChevron U.SA. Inc. v. Natural Resources Defense Council, Inc., 467
U.S. 837, 842-845 (1984)). The findingsArkansas v. Oklahoma continues to have a bearing
on water quality in the IRW today. Total Maximumipd.oad (TMDL) standards are being
developed for the IRW and will have an impact osttgam sources in Arkansas (Pryor et al.,
2011).

Progress has been made in cleaning the IRW, wathilthois River being declared a scenic river
by the state of Oklahoma. Initially the EPA reconmahed a P standard of 0.01 m{g, lbut
Arkansas was concerned about a very low P staridaitthg opportunities for growth since the
Fayetteville-Springdale—Rogers Metropolitan Arearis of the fastest growing areas in the
nation (Soerens et al., 2003). Based on publishéalloy Clark et al. (2000), the P standard was
established at 0.037 mg'Lwhich is the standard set for Oklahoma ScenieRifOWRB,

2010). Communities in Arkansas and Oklahoma havesited more than $225 million to
improve water quality (Pryor et al., 2011). Flowwsted total phosphorus (TP) concentrations in
the lllinois River near the state line (Watts, Oklzave been decreasing since about 2002
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(Haggard, 2010), which matches a known change inTW\&ffluent discharge. Engle (2008)
also reported reductions in WWTP loads since 280D, the feasibility of water quality trading
in the IRW has been evaluated (Bastian, 2011),ladimgy that at least five of the seven success
factors for water quality trading exist in the IRWater quality trading, which is being
advocated by the EPA (U.S. EPA, 2003), is a madrksed approach to solving water quality
problems and has been to shown to provide signifioanefits where water quality trading is
feasible (Ribaudo, 2008; Yandle, 2008; Pittman,12Qke and Douglas-Mankin, 2011).

In City of Tulsa v. Tyson Foods et al. (2003, U.S. District Court for the Northern Distrof
Oklahoma), the city of Tulsa, Okla., filed suit ags the poultry industry and the city of
Decatur, whose WWTP receives most of its waste faqmoultry processing plant (Soerens et
al., 2003). This dispute was over the Eucha wagersthich is also in the Ozark ecoregion and
provides roughly half of the water supply for thiy of Tulsa. The water quality in Lake Eucha
had deteriorated significantly, including taste addr problems that were attributed to algal
production (Blackstock, 2003). The poultry indudtgs grown tremendously in the last few
decades in the Ozark ecoregion of northeasternhokia and northwestern Arkansas and has
been a great economic benefit to local communiegrens et al., 2003). The poultry waste,
known as poultry litter, is a valuable fertilizevdais often land applied to pastures and hay
fields. However, excess poultry litter applicatiwan result in high soil P levels, resulting in high
P levels in rainfall runoff to streams. Storm et(2D01) found that anthropogenic non-point
sources, including poultry litter, were responsitole73% of the P load to Lake Eucha. Engle
(2008) found that on a watershed scale mass batdricemuch more P is imported than
exported. These imports are largely associated fegt for the poultry industry. While
concerned with the WWTP for the city of Decatur|®Krulsa v. Tyson was focused primarily
on non-point sources of P. The lawsuit was settle®D03 with agreements regarding the
management of nutrients (including poultry litterthe watershed, including a P index specific
to the Eucha watershed mandated by the court (Delatal., 2006).

At least two interesting things came out of thisecal he first issue regarded the admissibility of
scientific models for expert witness (Blackstoc®02). Storm et al. (2001) presented data from
the Soil and Water Assessment Tool (SWAT) modelclvivas used to evaluate P sources and
loads in the watershed. The court applied the Dauést for admissibility of scientific evidence,
which includes four factors: capability of empillitasting, publication in a peer-reviewed
journal, error rate, and acceptance in the scierdd@mmunity. The court found most of the
SWAT results admissible, making it the first cotatse to use SWAT results as scientific
evidence (Blackstock, 2003).

The second issue was the application of the 1980pCehensive Environmental Response,
Compensation, and Liability Act (CERCLA) to agritue (Warren, 2003). I€ity of Tulsa v.

Tyson Foods et al., poultry litter was considered a hazardous substander CERCLA. This is
significant because “CERCLA provides for strictiigy for any person found responsible for
depositing hazardous substances in such a wayasitmmger human health or safety.” The court
held that a watershed could be considered a “t@gilbut failed to hold poultry companies liable
for “arranging” the disposal of poultry waster (W&ar, 2003).
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In the ongoing litigation oOklahoma ex rel. Edmondson v. Tyson Foods et al. (filed June 13,
2005), Oklahoma Attorney General Drew Edmondsoml didepoultry companies. Oklahoma
sought both monetary damages and injunctive reheker CERCLA (McBride, 2011) in the
Tulsa federal court. Storm et al. (2010) found tt2#b of the total P load in the lllinois River
was directly from poultry litter, and 11% from eéted soil P levels. U.S. District Judge Gregory
Frizzell found that the Cherokee Nation was a mneglparty and dismissed the monetary claims
of the suit for lack of standing. This was uphejdiee Tenth Circuit (McBride, 2011), meaning
that Tyson likely escaped paying damages and lga@kiahoma limited to the pursuit of an
injunction. Judge Frizzell later ruled that pouliitter is not a solid waste, but the Attorney
General has appealed and the Tenth Circuit Coukppkals (Denver, Colo.) will hear the case.

Phosphorus Transport Mechanisms

Considerable research has been performed on piegpeftpoint soil samples, and some research
has been done on transport in undisturbed soihwagu(Ulen, 1999; Maguire and Sims, 2002;
Djodjic et al., 2004). However, relatively few stesl on both infiltration and transport have been
done at the plot scale where infiltration and tpmsmay be controlled by heterogeneity present
at various scales (Nelson et al., 2005).

For example, research is currently limited in ustirding the potential significance of
connectivity between phosphorus (P) in surface ffuaral groundwater and nutrient movement
from the soil to groundwater in watersheds withrghand gravelly soils (Fox et al., 2011;
Heeren et al., 2011; Mittelstet et al., 2011). Whiptimum crop growth requires a range of P
above 0.2 mg/L, preventing surface water enrichrgenerally requires P to be below 0.03
mg/L (Pierzynski et al., 2005). In fact, surfaceeva in the Ozark ecoregion in particular may
have a threshold closer to 0.01 mg/L (D.E. Stord1,2 personal communication). While
surface runoff is considered to be the primarydpamt mechanism for P (Gburek et al., 2005),
the potential for P leaching is commonly estimdiaded on point-measurements of soil test
phosphorus (STP) or measurements of the sorptiabdéy of disturbed soil samples
representing the soil matrix. However, in many nigna floodplains, gravel outcrops and
macropores are present (Heeren et al., 2011). Tdrasel outcrops can lead to extremely high
infiltration rates, some of which are reported ¢odm the order of 10 cm/min (Sauer and
Logsdon, 2002; Saur et al., 2005). In fact, irdiiton of P-laden water during high flow
discharges that exceed bankfull events can inftia the floodplain subsoil and migrate back to
the streams. Djodijic et al. (2004) performed experits on P leaching through undisturbed soil
columns, and stressed the need to consider lacgég-eaching processes due to soill
heterogeneity. They stated that the "water trarispechanism through the soil and subsoil
properties seemed to be more important for P legdiian soil test P value in the topsoil. In one
soil, where preferential flow was the dominant watansport pathway, water and P bypassed
the high sorption capacity of the subsoil, resgliimhigh losses."”

A common best management practice in riparian fdeids is riparian buffers or vegetative

filter strips (VFS), utilized to reduce sedimenitment, and pesticide loading to nearby surface
water bodies (Popov et al., 2005; Reichenbergal.,e2007; Sabbagh et al., 2009). Reduced
transport occurs through contact between dissgiede solutes with vegetation in the filter
strip, and/or by reducing flow velocities to thamiovhere eroded sediment particles can settle
out of the water. In floodplains with significargtierogeneity such as macroporosity and chert or
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gravel soils, the effectiveness in preventing lngdb nearby streams and rivers may be less than
originally anticipated if a significant transpostpway occurs into the shallow groundwater and
then bypasses the filtering capacity of the VFS ithpact of such heterogeneous infiltration

and leaching is not known at this time.

Several studies have been conducted to investsgdisurface P transport at alluvial floodplain
sites in the Ozark ecoregion. Injection tests vpendormed which showed preferential flow
paths and physical non-equilibrium in the coarsegrvadose and phreatic zones (Fuchs et al.,
2009; Heeren et al., 2010). Preferential flow patkse interpreted to be buried gravel bars
(Miller, 2012; Miller et al., 2013; Heeren et &010). Long-term flow and transport monitoring
was performed at two floodplain sites, showing gagtheterogeneity and large scale bank
storage of stream water, as well as large scalgesiependent transient storage of P in the
alluvial aquifer (Heeren et al., 2011; Heeren gt2013b). Redox conditions were not expected
to be a concern for characterizing P fate and pamdgecause of the lack of anaerobic conditions
due to the high porosity and excessive drainag®tf the soil and subsurface materials in
Ozark floodplains. For example, dissolved oxyge@)Df the groundwater at the Barren Fork
Creek site (measured with a ProODO DO meter, Y&I Mellow Springs, Ohio) ranged from
approximately 8 mg tnear the creek to 4 mg'Lup to 100 m from the creek (Heeren, 2012).
Subsurface P transport rates in the alluvial agaifesre quantified and found to be significant
compared to surface runoff P transport rates ohmahaged pastures (Mittelstet et al., 2011).

Methods

Alluvial Floodplain Sites

The Barren Fork Creek site (latitude: 35.90°, lomge: -94.85°) was immediately downstream
of the Eldon Bridge U.S. Geological Survey (USG&ye station 07197000. With a watershed
size of 845 krfy the Barren Fork Creek site was a fourth ordesasir with a historical median
discharge of 3.6 f's™. The study area at the Barren Fork Creek wasddoan the outside of a
meander bend which was being actively eroded bgtileam (Midgley et al., 2012). The soils
were classified as Razort gravelly loam underlaith @&lluvial gravel deposits. Thickness of the
loam ranged from 0.3 to 2.0 m, with dry bulk deiesiranging from 1.3 to 1.7 g €mThe

Barren Fork Creek site was a hay field and hadeu#ived fertilizer for several years. Soil
hydraulic studies on these soil types have shoandghibtle morphological features can lead to
considerable differences in soil water flow rat®auer and Logsdon, 2002). Fuchs et al. (2009)
described some of the soil and hydraulic charasttesi of the Barren Fork Creek floodplain site,
including estimates of hydraulic conductivity fiwetgravel subsoil between 140 and 230'm d
based on falling head trench tests. Heeren e2@1.0) performed a tracer injection into a PFP,
identified as a buried gravel bar, at the Barrerkireek site. Local transient storage and
physical nonequilibrium was observed as evidengeith® elongated tails of breakthrough
curves in some observation wells due to physictdrbgeneity in the aquifer materials.

The Pumpkin Hollow floodplain site was also locaitethe Ozark ecoregion of northeastern
Oklahoma (latitude: 36.02°, longitude: -94.81°)siall tributary of the lllinois River, Pumpkin
Hollow Creek was a first order ephemeral streamsinpper reaches. The entire floodplain was
120 to 130 m across at the research site, wittstimated watershed area of 15%he land

use at the site was pasture for cattle. The Punip&llow field site was a combination of Razort
gravelly loam and Elsah very gravelly loam, althiougfiltration experiments were limited to the
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Razort gravelly loam soils. Topsoil thickness rahffem 0 to 3 cm, and bulk densities of the
cohesive material were in the range of 1.3 to 1cEg.

The Clear Creek alluvial floodplain site was lochjiest west of Fayetteville, AR in the Arkansas
River Basin and flows into the lllinois River (latde: 36.13°, longitude: 94.24°). The total
drainage area was 199 kfor the entire watershed. Land use in the basin3686 pasture, 34%
forest, 27% urban and 3% other. Soils were loanaysdlty, deep, moderately well drained to
well drained (U.S. EPA, 2009), and generally corediless chert or gravel than the Barren Fork
Creek or Pumpkin Hollow floodplain sites. A foudider stream with a flow of approximately
0.5 n? st at the study site, the area of the watershed athateooint was 101 kinThe land use

in the study area was pasture and consisted ofrRgiavelly loam soils. Thickness of the top
loam layer ranged from 0.3 to 2.0 m, with dry bd#nsities ranging from 1.5 to 1.7 g ém

Background soil P levels were characterized withNfehlich 11l soil test P (STP) method. At
each site, 25-30 samples were collected from ranldoations in a large area around the
infiltration plots. Each sample was collected vat8 TP coring tool from the top 15 cm of
topsoil. Samples were all added to a bucket, mikedbughly, and three representative samples
(i.e., three replicates) were taken from the bueket delivered to Oklahoma State University
Soil, Water, and Forage Analytical Laboratory (SWiffor testing. The Barren Fork Creek and
Pumpkin Hollow Creek sites had STPs of 33 and 1g&kgt, respectively. The Clear Creek site
had an STP of 32 mg Kgn “Formation A” on the west side of the creek Iflea6).

Topsoil samples from both the Clear Creek and Bdfak Creek sites were analyzed with
flow-through P sorption isothermal titration cahoetry (ITC) experiments (see earlier section).
Results showed that the dominant P sorption reagtas ligand exchange onto Al/Fe
oxides/hydroxides, with a lesser degree of preatijpih, and that P removal for both soils was
limited by physical nonequilibrium instead of chealinonequilibrium (sorption kinetics).

Soil Cores and Chemical Analysis

Soil core samples were collected with a Geoprolseays (Salina, KS) 6200 TMP (Trailer-
mounted Probe) direct-push drilling machine usimyal-tube core sampler with a 4.45 cm
opening. The sampler opening (size) limited theigarsize that could be sampled from the
coarse gravel subsoil and large cobbles occasjodaljged the sampler resulting in incomplete
cores for that depth interval.

Before phosphorus injection experiments, backgraaildcores were collected during the
installation of the observation wells from one ¢oif wells per plot. After an experiment was
complete, an additional two to four soil cores weskected from within the plot in order to
document the change in the soil profile (e.g. Bdiévels) due to the infiltration of P laden water.
Geoprobe soil coring typically began at the soifate and proceeded to or past the water table
(0.5 to 3.5 m below ground surface). After the 10yr0 m plots, a hand soil sampler (0 to 45
cm) was used in order to take a higher numbermp$es across the plot.

In the lab soil cores were sliced into approximafidd cm samples representing different vertical

horizons. All soils were air-dried and sieved vatB mm sieve prior to analysis. Soil pH and
electrical conductivity (EC) were determined with:a soil to de-ionized water solution, stirred
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with a glass rod and equilibrated for 30 minute sail samples (approximately 670) were
analyzed for soluble Al, Fe, Ca, Mg, and Mn oxidatent for characterization of P sorption and
retardation potential. Water extractions for wa@uble (WS) P, Al, Fe, Ca, Mg, and Mn were
conducted by shaking air dried soil with de-ionizeater (soil:solution ratio of 1:10) end over
end for 1 h, followed by centrifuging (2500 rpmbGatnin) and filtration with 0.45 um Millipore
membrane. Extracted Al, Fe, Ca, Mg, and Mn werdyaed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES).

Oxalate extractable P, Al, Fe, and M Alox, Feox, Mgox; 1:40 soil: 0.2M acid ammonium
oxalate (pH 3), 2 h reaction time in the dark; Makjae and Day, 1966) were determined for all
“topsoil” (approximately the top 10-15 cm of thalsmre) samplesn(= 64). The P, Ca, Mg, K,
Al, and Fe from ammonium oxalate extractions weeasared using ICP-AES. Amorphous Al
and Fe are considered to be the most reactivéraoilon in regard to P sorption. The ratio of
ammonium oxalate extractable P to (Al + Fe) (allea in mmol ki) was expressed as:

DPS,, = [—2=—|100% (8)
Frwerm

Alpx+Fepx

whereDPS, is the ammonium oxalate degree of P saturatiote Mt this is exactly the same
as the traditional soil degree of phosphorus saturdDPS) calculations (Pautler and Sims,
2000) except without the empirical constarwhich is used to relate soil P sorption capadaity t
Alox andFey and the denominator acts to express the effetdiat soil P sorption maximum.
Thea value was unknown, so movalue was used. Beauchemin and Simard (1999) nioétd
various studies have applied @awalue of 0.5 to all soils, regardless of soil gdj@s. The
authors claimed that thevalue is empirical and needs to be determine@#ch soil type and
experimental conditions. In addition, Beck et 2D@4) recommended that thevalue be omitted
from the DPS calculation.

Nine P adsorption isotherms were performed on backgl vadose zone samples from each
geomorphic formation at each site, from varioustdgpand across a range of textures. The P
adsorption isotherms were conducted by addingreiffielevels of P (0.0, 0.5, 1.0, 10, and 20 mg
P/L) to two gram soil samples, equilibrating forl24(shaking), and measuring P in the
equilibrated, centrifuged, and filtered samples®@y-AES. Using a linear least squares model,
data were fit to the Langmuir equation (Sejna et24l11):

_ bK[Ceq _ ksCeq )
q 14K1Ceq  1+K[Ceq

whereq is the mass sorbed (mg P / kg sdl)s traditionally understood to be the maximum
sorption (mg P / kg soilX, is traditionally understood to be the sorptionrety (L water / mg
P), C is the equilibrium solution P concentration (mglPwater), andks is the initial slope of
the curve (at lowCg) of the isotherm (L water / kg soil).

Berm Installation and Hydraulics

Measuring infiltration rates and/or leaching oftdek at a plot scale is difficult, especially for
high hydraulic conductivity soils, without innowagi field methods. In this research, the berm
method (Heeren et al., 2013a) was used to confiiiegation plots and maintain a constant head
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of water, with plot sizes ranging from 1 m by 1@l m by 10 m. Four to six infiltration
experiments were performed at each site with @elscted to represent a range of infiltration
rates at each floodplain site (Table 6). Plots viecated on relatively level areas in order to
minimize the variation in water depth across tha.glarger plots were required to have smaller
slopes to ensure that the entire plot could bedated without overflowing the berm.

Table 6. Infiltration experiments at three alluvial floodplain sites in the Ozark ecoregion.

Plot Geomorphic Duration Infiltration Total Wells containing:
Site Date Size Formation (h) (cm/hr) Wells cr RhwT®  pp¥
Clear Creek 4/12/11  1x1 Formation A 41 5.6 4 - 4 0
Clear Creek 4/12/11  3x3 Formation A 41 3.3 8 =M 4 1
Clear Creek 7127/11 1x1 Formation B 48 1.3 0 0
Clear Creek 7127/11 3x3 Formation B 45 0.8 12 0 0 0
Clear Creek 5/21/12 10x10 Formation A 52 0.6 14 5 -- 0
Pumpkin Hollow 5/4/11 1x1 Control 32 5.3 8 3 3 3
Pumpkin Hollow 5/5/11 3x3 Gravel outcrop 2.8 18 12 5 9 5
Pumpkin Hollow 6/1/11 1x1 Gravel outcrop 4.3 74 4 4 1
Pumpkin Hollow ~ 6/2/11  3x3 Control 24 6.3 12 -l 0 0
Barren Fork 6/30/11 1x1 Shallow gravel 22 10 5 5 5 2
Barren Fork 6/30/11 3x3 Shallow gravel 22 13 12 10 10 3
Barren Fork 7/13/11 1x1 Deep gravel 46 6.8 4 1 0
Barren Fork 7/13/11 3x3 Deep gravel 48 3.0 12 5 5 0
Barren Fork 5/7/12  10x10 Shallow gravel 4 13 14 13 -- 5
Barren Fork 6/6/12  1xl Shallow gravel 86 14 71 2 2 0

BT RhWT = Rhodamine WT; DP = Dissolved phosphorus.

™ Chloride added but not sufficiently above background concentrations in the stream and groundwater.

I Not measured.

 Four wells were located around the plot. Three additional wells were located approximately 5 to 10 m downgradient based on
transient electrical resistivity data after infiltration commenced.

Each berm was constructed of four sections of 1%ioyl hose which were attached to’%eel
elbows and surrounded the infiltration gallery (K 35). A shallow trench (3 to 5 cm) was cut
through the thatch layer and a thick bead of liquedtonite was used to create a seal between
the berm and the soil.

High density polyethylene tanks (4.% and 0.76 ) were used to mix stream water and solutes.
A combination of 5.1-cm diameter PVC with manudiea and garden hoses with float valves
were used to deliver water (gravity fed) from taeks to the plots. When a tank was nearly
empty, flow was temporarily stopped while the tavds refilled and solutes were added and
mixed. The largest plot sizes (10 m by 10 m) rezgfuzontinuous pumping and solute injection
directly into the pump hose using Dosatron® injes{®8R, Dosatron®, Clearwater, FL)

instead of using tanks for mixing. Constant headbte plots were maintained (Heeren et al.,
2013a) between 3 and 10 cm. Depth to the watee talbiged from 50 cm at the Pumpkin

Hollow site up to 350 cm at the Clear Creek site.
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Chloride (Cl) was used as a conservative (nonsorbing) tra@eget tracer concentrations were
100 to 200 mg/L KCI (correlating to 48 to 95 mg/L)Cdepending on background EC levels.
The RhWT was a slightly-sorbing dye and was intasdlinto the plots at concentrations of 10
to 100 mg/L. The RhWT was regarded as a slightiipiag solute since the soils were expected
to have organic matter contents of less than 2%tiltiag in a minor amount of Rhodamine WT
sorption. The RhWT served as a visual indicatdnyafraulic connectivity in the observation
wells.

(a) Profile View

(b) Field Installation

Observation Well Observation Well

(Instrumented with Ponded Water (Instrumented with
Water Level Logger) and Tracer Water Level Logger)

J
1to 3 m
| Topsail ~1to3cm

( \

o

Gravel Subsoil (Rapid Flow) .| 50 to 150 cm
||y Water Table
Figure 35. Berm infiltration method, including viny | berms to contain water-solute solution and observ ation

wells for collecting groundwater samples: (a) desig n and (b) implementation at the Pumpkin Hollow
floodplain site.

Phosphorus (highly sorbing) concentrations of 3@ang/L (corresponding to 10 to 32 mg/L as
phosphate) were used to represent poultry littpliegtion rates (typically used as a fertilizer
source in the Ozark ecoregion) in the range of 2 kg/ha (1 to 3 ton/acre). Previous research
(Kleinman et al., 2002; DeLaune et al., 2004; Seles et al., 2004) has observed dissolved
reactive phosphorus in the range of 5 to 40 mghumoff from recently applied poultry litter in
the range of 2 to 14 Mg poultry litter per hectare.

Phosphorus concentrations were achieved by addiogpboric acid (5PO;), which

deprotonated to #20,” and HPQ” in the slightly acidic solution. The inflow waterthe plot

was sampled throughout the experiment to verifgéhmncentrations. The source stream water
was also sampled over time to quantify its P cbotron. Redox conditions were not expected to
be a concern for characterizing P fate and trandgmause of the lack of anaerobic conditions
due to the high porosity and excessive drainag®tf the soil and subsurface materials in
Ozark floodplains. For example, dissolved oxyge®@)Df the groundwater at the Barren Fork
Creek site (measured with a ProODO DO meter, Y&I Mellow Springs, Ohio) ranged from
approximately 8 mg/L near the creek to 4 mg/L up@0 m from the creek.

In general, the P concentration in the groundwsdenples were expected to decrease relative to
input P concentration due to sorption as the wafétrates down through the soil profile.
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Without considering macropore and/or gravel outandittration, P would be expected to only
minimally, if at all, travel through the soil matriComparisons in the breakthrough curves, peak
concentrations, and the time to reach the peakectration in the monitoring wells between the
CI, RhWT and P concentrations, which possess diffea@mtion properties, were made to
indicate differences in sorptive rates.

Monitoring with Electrical Resistivity

Vertical electrical resistivity profiles were catked at the floodplain sites during the
infiltration/leaching experiments (Figure 36). Blewal resistivity was utilized to characterize
the heterogeneity of the unconsolidated floodptgdiments, as well as locate the infiltrating
plume of water and solutes by detecting changestia water. Electrical resistivity imaging
(ERYI) is based on measuring the electrical propei neassurface earth materials (McNeill,
1980), which vary with grain size, pespace saturation, pore water solute content, audrieal
properties of the minerals. The electrical behawfogarth materials is controlled by Ohm's law,
in which current is directly proportional to volegnd inversely proportional to resistance.
Generally, electrical current travels readily ituse-rich pore water and poorly in air. In
addition, cations adsorbed to soil particle sugaeeluce resistivity. Clay particles have a large
surface area per volume and thus have generallgriossistivity (1 to 10@2-m) compared to
sands or gravels (10 to 80D-m), which are lower than limestone bedrock (McNédi80).

ERI data were collected using a SuperSting R8/IithEResistivity Meter (Advanced
GeoSciences Inc., Austin, Tex.) with 28-electrodays. The profiles employed electrode
spacings of 0.5 m with an associated depth of imyegson of approximately 3 m, which
included the vadose zone as well as the top ofviiter table. The resistivity sampling with the
SuperSting R8/IP, and subsequent inversion util&pdoprietary routine devised by Halihan et
al. (2005), which produced higher resolution imaityes conventional techniques. The ERI
resistivity data were interpolated into grids andtoured using Surfer 8 (Golden Software, Inc.,
Golden, CO). Inverted and interpolated resistidiéaga were termed “ERI profiles” as opposed to
“ERI pseudosections”, which were the raw resisfiniteasurements as collected in the field.
Differencing was used to display the percent défifee in resistivity between the background
image and images collected during the infiltratexperiments.
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Observation Wells and Sample Analysis
Suction cup lysimeters were not used because dfitfieulty of installation in gravelly soils,
risk of creating preferential flow paths in vadasae, and low likelihood of intercepting
macropores. Since there are not currently any @ffetechniques for taking measurements from
underneath a given plot in these gravelly soilseobation wells were installed every 0.5t0 2 m
around the perimeter of the plots to collect grovaidr samples (Figure 35). When a confining
layer was present (based on soil cores), shallsemhation wells were installed with alternating
wells designed specifically to sample from the \s&pone (where perched water was expected)

and the remaining observation wells designed spadif to sample from the phreatic zone.

A Geoprobe Systems drilling machine (6200 TMP, Kigjc., Salina, KS), which has been found
to be effective in coarse gravel soils (Heerern.ef811; Miller et al., 2011), was used to install
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four to twelve observation wells around each @atreholes were sealed with liquid bentonite to
avoid water and solutes leaking down the borehade:. flow sampling with a peristaltic pump
was used to collect water samples from the top@ftater table (Heeren et al., 2011). Sampling
intervals were adjusted based on EC meter readiogietect elevated levels of Cand visual
observations of RhWT with the goal of having enodgha points to characterize the
breakthrough curve.

Well and plot water samples, as well as backgratream and groundwater samples, were
stored and transported on ice and were testedtor® and Clat the AWRC Water Quality
Laboratory on the University of Arkansas campuse $bluble reactive phosphorus (SRP)
samples were filtered within 24 hours of samplisgqg 0.45 um filters and acidified with
sulfuric acid. The SRP was determined colorimeligjaaith the modified ascorbic acid method
(EPA Method 365.2; Murphy and Riley, 1962) withpestrophotometer (DU 720, Beckman
Coulter, Indianapolis, IN, minimum detection liroit0.002 mg/L). Autoclave per-sulfate
digestions (APHA 4500 PJ) were performed on unéltietotal phosphorus (TP) samples in order
to dissolve any particulate or organic P. The Tkimum detection limit of 0.01 mg/L) was
then determined colorimetrically with the modifiasicorbic acid method. The €bncentrations
were determined with ion chromatography (minimurtedion limit of 0.16 mg/L). The RhWT
samples were analyzed at Oklahoma State Univesditya Trilogy laboratory fluorometer
(Turner Designs, Inc., Sunnyvale, CA, minimum deteclimit of 0.01 mg/L).

Automated water level loggers (HoboWare, Onset QdgergCorp., Cape Cod, MA, water level
accuracy of 0.5 cm) were used to monitor waterlfesgeone minute intervals in the observation
wells, plots, and tanks, from which flow rates weadculated. An additional logger was used to
monitor atmospheric pressure. Logger data weregsssxl with HoboWare Pro software, which
accounted for changes in atmospheric pressure lhasvehanges in water density due to
temperature.

Results and Discussion

Soil Chemical Properties

All isotherms (Table 7) were performed on soil searom observation well installation, i.e.

on soil samples that were collected before thgdeiion experiment occurred at that location.
The equilibrium P concentration (EPC) is the solutP concentration where zero net P sorption
or desorption occurs. Therefore when the solutionosinding a soil or sediment is greater than
its respective EPC, the sediment is expect to Boibthe solution P concentration is less than
the EPC, then the material is expected to desofth® EPC, estimated as the x-intercept of the
relationship between solution P concentration ambed P, ranged from 0.38 to 3.09 m{ L
(Table 7). The P injection solutions typically he concentration around 3 mg;Ltherefore P
sorption was expected to occur with P desorptiauwg only minimally.

Both water soluble extractions and ammonium oxaateactions (Table 8) were performed on
all topsoil samples (approximately the top 10-15dafrthe soil core). Soil cores were taken
during well installation (before the infiltratiorxgeriments) and inside the plot (after the
infiltration experiments) in order to compare gditoncentrations before and after the injection
of P laden water.
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Table 7. Soil physical and chemical properties for samples selected for phosphorus adsorption isotherm S.
Floodplain Plot  Borehole Depth
Site (cm)
Soil Physical Characteristics and | sotherms
Geomorphic 8 mm sieve EPC Ky b ke
Formation* Soil type (% retained) (mg L) (L mgh) (mg kg") (L kg
Barren Fork 1x1o. Well B 64-83 Shallow gravel Silt loam, some gravel 6 0.94 0.006 1213 7.3
Barren Fork 3x3u  WellK 142-163 Shallow gravel Sandy gravel 43 1.08 0.002 1285 2.6
Barren Fork Ix1p WwellC 74-90 Deep gravel Silt loam 0 0.77 0.037 319 11.8
Pumpkin Hollow ~ 3x3a  Well T 0-17 Outcrop Silt loam, some gravel 6 0.73 0.014 527 7.4
Pumpkin Hollow ~ 1x18  WellD 78-105 Outcrop Gravel, some sand 53 0.69 0.035 268 9.4
Pumpkin Hollow 3x3p Well J 40-80 Control Gravelly silt loam 26 0.71 0.039 263 10.2
Clear Creek Ixla  WellC 156-175 Formation A Gravel, some sand 56 3.09 0.004 2237 8.9
Clear Creek 3x3a Well | 39-63 Formation A Silt loam, some gravel 5 0.38 0.083 253 21.0
Clear Creek 3x3p Well "O" 64-83 Formation B Silt loam - 1.70 0.003 1525 4.6
Soil Chemical Properties
Water Soluble
H EC P Al Fe Ca Mg Mn
P (uS cm) (mg kg") (mg kg") (mg kg") (mgkg)  (mg kg (mg kg?)
Barren Fork Ixla  WellB 64-83 6.3 26 2.8 799 113.1 74 18 27
Barren Fork 3x3  WellK 142-163 6.4 10 2.7 321 89.4 17 10 1.7
Barren Fork 1x1p  WellC 74-90 6.4 23 23 381 106.7 64 16 2.2
Pumpkin Hollow ~ 3x3«  Well T 0-17 6.5 148 55 250 116 102 22 15
Pumpkin Hollow ~ 1x1p  Well D 78-105 7.3 37 3.2 419 184 65 24 3.3
Pumpkin Hollow ~ 3x33  WellJ 40-80 6.9 37 2.1 209 97 35 12 1.0
Clear Creek Ixla  WellC 156-175 6.8 10 7.6 2561 586.7 64 61 1.1
Clear Creek 3x3a Well | 39-63 6.2 35 1.4 139 55.4 19 6 1.0
Clear Creek 3x33  Well "O" 64-83 6.2 13 5.6 331 163.4 20 17 15
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Table 8. Soil chemical properties for the topsoil (
water and solute infiltration experiments. Data inc

approximately the top 10-15 cm of the soil core) at
lude electrical conductivity (EC) and the Degree of

each plot location for both before and after the
P Saturation (DPS), which was calculated based

on the molar concentrations of the ammonium oxalate extract.
Floodplain Plot P H EC Water Soluble (mg k8 Ammonium Oxalate (mg kb DPS
Site Injection P (S cnt) P Al Fe Ca Mg Mn P Al Fe Mg (%)
1x1a Before 2 6.3 97 4.6 192 40 41 9 1.3 223 621 2,050101 12.0
After 1 6.3 325 7.5 71 39 123 18 2.4 300 604 2,296 160 15.3
o 3x3 Before 2 6.5 139 5.2 321 66 39 12 2.0 246 704 32,5 102 11.1
3 After 3 6.5 134 4.9 198 52 51 10 1.0 269 643 2,37 129 13.1
9 1X18 Before 2 6.0 129 3.3 108 35 81 11 2.2 223 714 2,691140 9.7
E After 2 6.4 91 3.8 209 57 38 10 0.8 233 669 2,765 0 9 10.1
s 3x3B Before 2 6.1 112 3.0 95 42 86 11 1.3 230 674 2,64 119 10.3
% After 2 6.3 139 1.8 202 43 32 7 1.0 204 570 2,388 90 10.3
o IxXly Before 1 6.9 235 6.7 157 37 40 9 1.3 248 630 2,476154 11.9
After 4 6.7 213 20.7 155 75 86 14 1.4 321 509 02,9 96 19.6
10x10 Before 1 6.1 93 57 90 45 87 14 2.8 246 706 2,486 76 1 11.2
After 6 6.1 97 6.8 137 67 65 14 2.2 252 687 2,424 481 11.8
1x0 Before 2 6.3 87.2 111 212 100 66 19 39 163 604 1,252 106 11.8
= After 1 6.5 159 15.5 206 105 89 24 35 268 582 1,676 187 16.8
% 3x% Before 2 6.8 102.3 5.2 353 168 98 26 4.4 129 582 1,439 87 8.6
i After 2 7.0 88.5 4.0 251 129 87 20 3.0 56 286 764 43 7.2
'%_ 1x1p Before 3 6.4 99.6 5.8 197 119 89 19 4.9 160 601 8,846 105 7.7
§ After 1 6.2 182 3.6 152 74 104 16 4.4 179 627 1,740 10010.6
& 33 Before 1 6.8 43 2.2 203 92 55 14 1.4 89 649 986 64 6.9
After 2 6.2 318.5 115 157 76 123 19 2.4 240 712 1,399 145 15.0
1x1a Before 1 5.4 242 1.9 73 32.5 38 0.8 196 630 1,724114 11.7
After 2 6.0 107.1 34 61.6 28.5 37 1.0 247 855 1,918 114 12.0
33 Before 2 54 306.1 3.8 62.5 27.9 89 18 1.8 276 804 1,767 221 14.9
é After 2 5.5 240.2 1.3 68.8 31.6 65 11 0.8 235 767 ,929 146 12.1
(E 1x18 Before 1 58 101 9.2 55 32.0 42 3.3 280 900 54,0 92 17.3
‘i‘j After 2 6.5 120.4 7.0 122.3 67.9 39 3.0 427 4106 1,757 102 19.5
o 3x3p Before 3 5.9 79.0 13.0 51.2 25.7 36 3.2 455 1120 1,213 141 22.9
After 2 6.5 137.4 8.5 528.0 301.7 42 39 2.0 515 2104 1,250 118 27.2
10x10 Before 2 5.9 48.1 3.3 137.1 79.2 46 11 3.1 196 0 74 1,998 114 9.8
After 5 6.1 122.9 5.9 92.7 48.8 71 9 3.0 251 737 2,139 113 12.4

62



Water Levels

Infiltrating water either reached the water tabdéobe moving laterally or lateral movement in
the vadose zone was induced by a confining layateYwtable elevations in phreatic zone wells
were used to discern the presence of a groundwadend (Figure 37). Sharp decreases indicate
the times when fluid samples were collected anddteof recovery of the piezometric surface
gives a qualitative indication of hydraulic conduity.
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Figure 37. Water levels in phreatic zone observatio  n wells of the 1 m by 1 m gravel outcrop infiltrati on plot
(June 1, 2011) and the of 3 m by 3 m control infilt  ration plot (June 2, 2011) at the Pumpkin Hollow fl  oodplain
site.

Transport

Rhodamine WT and Clvere observed in no wells in some plots to allsvel other plots, while
detection of P ranged from no wells to nearly lohlthe wells for a given plot (Table 6).
Response times ranged from 18 min to greater tBaw.4nfiltration and leaching appear to
correlate weakly to topsoil thickness and streadeior

For each solute, the concentration raip£ C /Cy) between the concentration in the wél) (
and the concentration injected into the pl@j)(was used to examine breakthrough curves
(BTCs) (Figure 38). Concentration ratios beganaakiground levels (near zero) and generally
increased with time, approaching unity for idlsome cases. Within a well, the Cl
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(conservative) BTC generally began first, follonsdRhWT (slightly sorbing), and finally P
(highly sorbing) (Figure 38, Table 9).
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Figure 38. Concentration ratio ( C/C,) for two of the observation wells for the Pumpkin Hollow gravel outcrop

1 mby1m (top, May 4, 2011) and 3 m by 3 m (botto m, May 5, 2011) infiltration experiments.

For observation wells in the vadose zone, sampleatimn was not possible until a sufficient
level of water had perched, at which point coneiins were usually high (Figure 38, Table 9).
In vadose zone wells, dilution was expected tarbédd to displaced water from the unsaturated
zone, so th€; of a conservative tracer should be near 100%.

For the Barren Fork Creek shallow gravel plots €J80, 2011), the RhWT and™Cl
concentrations increased by the second samplethéestart of the experiment, which was
approximately two hours after initiating the leawiIn fact, slight increases in concentrations of
both RhWT and Clwere observed after the first sample in some wetéch was taken
approximately thirty minutes to one hour after ¢tart of the experiment. Groundwater
concentrations reached approximately 50% of thectep Clconcentration at a breakthrough
time less than two hours from the initiation ofilintion. Samples were collected from the water
table approximately 300 cm below the surface, nregttie Clhad an advective transport rate,

or pore velocity, up to 150 cm/hr. Combining measunfiltration rates of 11 to 13 cm/hr with

an estimated porosity of 0.5 results in a poreaigl@f only 24 cm/hr assuming uniform matrix
flow. This indicates the importance of macropoal transporting water and solutes an order of
magnitude faster than the average soil infiltratiate at the Barren Fork Creek site.

During the May 5, 2011, infiltration experimentRumpkin Hollow (3 m by 3 m outcrop),

RhWT was observed in the stream approximately Ifom infiltration plot in less than 1.7 hr
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after initiation infiltration. TheC, of RhWT in the stream near the seep face reacl@d(Dable
9).

Table 9. Transport data by well forthe 1 mby1m  (May 4, 2011, control, 32 hr duration, 5.3 cm/hr in filtration)
and 3 m by 3 m (May 5, 2011, gravel outcrop, 2.8 hr  duration, 18 cm/hr infiltration) plots at the Pump kin
Hollow floodplain site.

Detection Time Time to Peak Peak Concentration Ratio
(hr) (hr)
Plot  well Zone cr RhwTH®  ppH cr RhWT DP cr RhWT DP
A Phreatic 15 14 15 >29 19 >29 0.44 0.21 0.19
B Vadose - 14 - 29 >29 >29 1.04 0.35 0.21
C Phreatic >29 >29 >29 >29 >29 >29 - -
1x1 D Vadose remained dry
E Phreatic >29 >29 >29 >29 >29 >29 -- --
F Vadose remained dry
G Phreatic >29 26 >29 >29 26 >29 - 0.001
H Vadose 13 13 13 29 >26 24 1.16 0.82 0.60
| Vadose 0.7 0.5 0.8 1.4 0.8 0.8 0.51 0.49 0.03
J Phreatic >3.1 0.7 >3.1 >3.1 0.8 >3.1 - 0.0003
K Vadose remained dry
L Phreatic >3 0.7 >3 >3 1.1 >3 - 0.004
M Vadose remained dry
N Phreatic 0.6 0.6 0.6 15 0.8 0.8 0.58 0.28 0.06
3x3 o) Vadose - 0.7 - 1.0 1.0 >1.0 0.67 0.36 0.14
P Phreatic >2.9 0.7 >2.9 >2.9 2.9 >2.9 - 0.01
Q Vadose 1.1 0.6 11 2.2 >1.8 >3.0 0.75 0.32 0.30
R Phreatic >2.9 >2.9 >2.9 >2.9 >2.9 >2.9 - -
S Vadose 0.8 -- 0.8 0.8 1.1 1.6 0.80 0.40 0.13
T Phreatic >2.9 >2.9 >2.9 >2.9 >2.9 >2.9 -- --
Seep Stream - >2.9 2.3 2.3 >2.9 0.08 0.02

®TRhWT = Rhodamine WT; DP = Dissolved phosphorus.

Spatial variability in flow and transport data wagnificant. Advection along the regional
groundwater gradient generally resulted in higloercentrations on the down-gradient side of
the plots (Figure 39). The soils in the alluvialdtiplain were extremely heterogeneous, which
corroborates previous research (Miller et al., 204€eren et al., 2011). Even wells only 1 m
apart showed significant variation in"@Figure 39).

At the Pumpkin Hollow 3 m by 3 m control plot (Juae2011), 1.5 m of infiltration occurred
over 24 hr. With a shallow water table (0.9 to l®elow ground surface), the infiltrating water
must have moved laterally beyond the wells (0.5amfthe edge of the plot), especially when
considering porosity. Yet, RhWT was never obseilnethy of the 12 observation wells, with
observation wells in the phreatic zone spaced f2am3 m apart. Either the flow must have
been occurring at a small enough scale to flow betwthe well spacing, or RhNWT sorption to
organic matter was sufficient to reduce concernatito below the minimum detection limit
(over three orders of magnitude less than theRIW T concentration).
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Figure 39. Maximum concentrations of samples from e  ach well for the Barren Fork Creek shallow gravel
plots. Note that the plots are not drawn to scale. Size of the circle around each given well represent s the
concentration.

Electrical Resistivity Imaging of Infiltration Plume

Transient electrical resistivity results showed dasard (Figure 40) and lateral (Figure 41)
migration of the water and GQdlume. For the Barren Fork Creek deep gravel pldfsvas
detected in the water table (3 m below ground sej)fanly 7 hr after the initiation of infiltration
for both the 1 m by 1 m and 3 m by 3 m plots. Yt ERI data shows only 1 to 2 m of
infiltration after 19 hr. This indicates that ragidw and transport may be occurring in
macropores which only represent a small volum&efsbil column, possible escaping detection
by the electrical resistivity equipment. It is afsossible that the gravel may have remained
mostly unsaturated (except for fingering) whilengporting all of the water delivered to it by the
silt loam (top 1 m of soil profile). The limited dmward movement may also indicate some
lateral migration, which would be consistent witle plume observed in the lateral line located
1.5 to 2.5 m down gradient from the edge of thésp{Bigures 36 and 41).
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Figure 40. Vertical profile (y-axis is elevation in m) of percent difference in electrical resistivity
upgradient lateral line (Figure 36) through the cen  ter of the 3 m by 3 m plot (left) andthe 1 mby1  m plot
(right) of deep gravel formation at the Barren Fork site, July 13, 2011. Horizontal axis is distance a  long the

electrical resistivity line. Time is the elapsed ti me from the onset of infiltration.
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Figure 41. Vertical profile (y-axis is elevation in m) of percent difference in electrical resistivity
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Implications

Plot scale experiments simulated field conditiorgarrealistically compared to smaller
infiltrometers and laboratory testing. Highly hetgeneous flow and transport indicated that the
soils in the floodplains of the Ozark ecoregion laighly complex and not homogeneous.
Infiltration rates in gravel outcrops were up tocr/hr. This research highlighted the difference
between the conceptual infiltration model of aus# wetting front characterized by Richards
Equation and actual infiltration in field condit®rElevated chloride, RhWT, and P
concentrations were observed in specific groundwstmples, showing that even a highly
sorbing contaminant can be transported throughogheoil and the gravelly subsoils. Since
floodplains are hydrologically well-connected ttugial aquifers and streams in gravelly
watersheds, a higher level of agricultural stewaigisnay be required for floodplains than
upland areas. This has implications for the develm of best management practices
specifically for floodplains in the Ozark ecoregidue to their close proximately and
connectedness to streams.

(G) Plot-Scale Studies - Finite Element Modeling of Phosphorus Leaching
(Freiberger, Heeren, and Fox, 2013, Finite element modeling of
phosphorus leaching through floodplain soils dominated by preferential
flow pathways, ASABE Paper No. 1583250, St. Joseph, Mich.: ASABE.)

Phosphorus is an important nutrient for crop groaritd development, but overloading of
freshwater systems with phosphorus can inducefgignt algae growth. Algal blooms and
cyanobacteria outbreaks contribute to hypoxic veaded fish kills, as well as reduce the quality
of water for consumption and recreational use. phous (P) transport has been assumed to
take place primarily in surface runoff, althougbrawing collection of research indicates that
subsurface P transport can be significant (OsbandeKovacic, 1993; Cooper et al., 1995;
Gburek et al., 2005; Fuchs et al., 2009). Largéeduank storage of P-laden stream water during
high flow discharges can result in P-laden grourtdwia alluvial aquifers which migrates back
to the stream during baseflow conditions (Heereal.e2011). These subsurface P transport rates
in Ozark floodplains have been shown to be compatabsurface runoff P transport rates
(Mittelstet et al., 2011). In many gravelly floodpis, gravel outcrops and macropores are
present resulting in high infiltration rates, soaf@vhich are reported to be on the order of 70
cm/hr. It has been shown that in porous media étierogeneous flow properties, the majority
of the flow can occur in small preferential flombpa (Gotovac et al., 2009; Najm et al., 2010).
Djodjic et al. (2004) performed experiments on &heng through undisturbed soil columns, and
stressed the need to consider larger-scale leaphoogsses due to soil heterogeneity.

The objective of this research was to evaluateeffextiveness of state of the art variably
saturated flow and transport modeling tools to sateuthe effects of heterogeneity in porous
media on solute leaching. The role of mobile-imn®biteractions for solute transport is also
demonstrated. Results from this work were usect@ldp long-term simulations to predict P
transport through these soil profiles under diffiémanagement regimes.
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Methods and Materials

Barren Fork Creek Field Site

The Barren Fork Creek floodplain site was locatethe Ozark region of northeastern
Oklahoma, which is characterized by karst topogyapitiuding caves, springs, sink holes, and
losing streams. The erosion of carbonate bedrawkgpily limestone) by slightly acidic water
has left a large residuum of chert gravel in Ozaiks, with floodplains generally consisting of
coarse chert gravel overlain by a mantle of grgvethm or silt loam (Figure 42). Topsoil depth
in the floodplains ranged from 1 to 300 cm in tHdaBoma Ozarks, and generally increased
with increasing stream order. Common soil seriekige Elsah (frequently flooded, 0-3%
slopes) in floodplains; Healing (occasionally fleaold 0-1% slopes) and Razort (occasionally
flooded, 0-3% slopes) in floodplains and low streamaces; Britwater (0-8 % slopes) on high
stream terraces; and Clarksville (1-50%) on bluffs.

At the Barren Fork Creek site, located five milasteof Tahlequah, Oklahoma (latitude: 35.90°,
longitude: -94.85°) and just downstream of the BIdbS. Geological Survey (USGS) gage
station (07197000), soils were Razort gravelly lodhe silt loam layer was from 30 to 200 cm
thick, and the chert gravel layer, ranging frono Btm in thickness, extended down to limestone
bedrock. The gravel subsoll, classified as coaraeaj based on the Wentworth scale, consists
of approximately 80% (by mass) of particle diamegmeater than 2.0 mm, with an average
particle size (gb) of 13 mm (Fuchs et al., 2009). Estimates of hylicaconductivity for the

gravel subsoil range between 140 and 230 m/d baséalling-head trench tests (Fuchs et al.,
2009). The gravel layer itself is a complex alllidaposit (Figure 42) that includes both clean
gravel lenses associated with rapid flow and trartgp-ox et al., 2011) as well as layers of fine
gravel that can cause lateral flow in the silt loamd subsequent seepage erosion (Correll et al.,
2013). The anisotropic horizontal layering resirita propensity for lateral flow.

)

Figure 42. Streambank at the Barren Fork Creek fiel ~ d site including the bank profile (left) and a seep  age
undercut (right). Note the sloughed material in the bottom of each picture from recent bank failures. These
complex alluvial deposits include both clean gravel lenses associated with rapid flow and transport (1 eft) as
well as fine gravel lenses that can cause lateral f  low and seepage erosion.
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Soil Profile Characterization

Previous geophysical research was used to chawctbe soil profile at the Barren Fork Creek
floodplain site (Heeren et al., 2010, 2011; Mittetst al. 2011; Miller, 2012). Resistivity
mapping involves measuring the electrical propsmienear-surface earth materials, which vary
with grain size, mineral type, solute content ofepavater, and pore-space saturation. Miller
(2012) collected electrical resistivity data usan§uperSting R8/IP Earth Resistivity Meter
(Advanced GeoSciences Inc., Austin, TX) with a E&tode array. Two-dimensional electrical
resistivity imaging (ERI) transects were acquiredhaltiple locations with a 1 m electrode
spacing, with an associated depth of investigasfohl m, and utilized a proprietary routine
devised by Halihan et al. (2005) for the resisyigampling and subsequent inversion. The ERI
data from 87 to 94 m along the Barren Fork maihalang (Figure 43) were used as the ERI
base for the modeling. Detailed electrical resistigata for the Barren Fork Creek site are
reported in the appendix of Miller (2012).

Miller (2012) developed a positive linear relatibips(R? = 0.57) to correlate ERI data to
hydraulic conductivity using a vadose zone borelpeleneameter designed for coarse gravel
(Miller et al., 2011). Using the conversion factd0.11 m/d pef2-m, hydraulic conductivity
was estimated from resistivity data.
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Figure 43. Electrical resistivity (  Q-m) data from the Barren Fork Creek floodplain site . Gray areas indicate

high resistivity course gravels, interpreted to be buried gravel bars. Adapted from Heeren et al. (201  0).

Plot Scale Infiltration Experiments

In this research, a berm method (Heeren et al3&0das used to confine infiltration plots and
maintain a constant head of water. An infiltratexperiment for a 1 m by 1 m plot at the Barren
Fork Creek site was performed for 22 hr. Chlori@€)(with a plot concentration of 50.1 mg/L
was used as a conservative (nonsorbing) tracerRhNET was regarded as a slightly sorbing
solute since the soils were expected to have orgaatter contents of less than 2%, resulting in
a minor amount of Rhodamine WT sorption. Phosphighly sorbing) concentrations of 1.68
mg/L were used to represent poultry litter appiaratrates. Observation wells were installed
with a Geoprobe Systems drilling machine (6200 TK&y, Inc., Salina, KS), and low flow
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sampling with a peristaltic pump was used to colemter samples from the top of the water
table. Two wells were selected to create a reptasea sample for the purposes of modeling

(Figure 44).
“v_  ERI Transect O
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Barren Fork 1x1m plot . S

Figure 44. Overhead view of the shallow gravel 1 m by 1 m test plot. Circles indicate observation well s, with
wells in blue indicating those selected for modelin g calibration.

Vadose Zone Flow and Transport Modeling

Solute fate and transport was modeled using the RYS-2D/3D, which utilizes numerical
methods to solve the Richards equation for watev ind solute transport equations for
movement of heat and contaminants in subsurfaterags(Sejna et al., 2011). HYDRUS-2D/3D
is capable of solving for water and solute movenmentriably saturated media, and is adaptable
to varying levels of heterogeneity. HYDRUS-2D/3haamulate both small- and large-scale
water and contaminant transport through unsaturtedsaturated soils (Akay and Fox, 2007;
Akay et al., 2008).

HYDRUS was set up to model the shallow gravel 1y Im infiltration plot (June 30, 2011) at
the Barren Fork Creek site. A two-dimensional mada$ developed using the concentration
data from the infiltration experiment and hydrawdanductivity data derived from Miller (2012)
for the gravelly subsoil. Values for gravel hydiawonductivity ranged between 130 cm/hr and
580 cm/hr. The effective saturated hydraulic comiglitg (Ke), calculated to be 9.6 cm/hr based
on the plot scale infiltration experiments, wasdu® the upper silt loam soil layer. A finite
element (FE) mesh was developed and was fittedawittedia material distribution (Figure 45).
The material distribution for each region had aerage hydraulic conductivity value that gave a
good representation of the region and allowedHermodel to operate more smoothly during
computations. The FE mesh density was also tailredlow for optimum computation time
and sensitivity of the model. The system was diszd into 450 2 cm by 33.3 cm rectangular
units; each unit was composed of two triangulatsuni
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Figure 45. Vertical FE Mesh overlain with media mat  erial distribution. Dark blue indicates a silt loam soil.
Other colors indicate gravels of increasing conduct ivity, with light blue being less conductive and ye llow
being highly conductive. These profiles show the ma terial distribution for the simple gravel trial (a) , multiple
gravel trial (b), and physical macropore (c). Afou  rth profile tested the effect of replacing the tops oil with a
gravel outcrop (d). Orientation of the profile is f rom SW (left) to NE (right). The y-axis extends 3m , from the
water table at the bottom to the soil surface atth e top. The infiltration gallery covers the whole 1 m width of
the plot.

Boundary and initial conditions for the trial wegstablished for the model. Rainfall input was
set as a variable flux rate. Daily rainfall deptiver a 19-year period (Jan. 1994 - Jan. 2013)
were taken from Mesonet.org and converted to daikes. Initial pressure head was set to an
equilibrium distribution above the water table, amitial concentration was set to match the
average background concentration seen in obsenvaitls. Water flow boundary conditions
were set to allow for a variable flux across thi¢ sarface boundary and a constant head
(atmospheric pressure) boundary at the water talppeevent unnecessary water table mounding.
The sides were no-flow boundaries. One solute bayndas set at the soil surface to allow for
concentration flux across the boundary. Two obdemwanodes were placed 1 m apart at the
edge of the plot to represent the observation vgellscted for calibration trials.

The model also features a mobile-immobile compo(@imiinek and van Genuchten, 2008).
Mobile-immobile (MIM) models adapt the porous mettiallow for some pores to be closed off
to water and/or solute transport (Figure 46). Thésinction can yield different results in a
system, such as higher pore velocities or redugkdesconcentrations in observation wells. For
this model, immobile pores were designated as baosged to water flow, but open to solute
transport through diffusion.
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After initial parameters were input, the model watbrated with Cldata. The;, (cm® mobile
pore space per chiotal soil volume), the immobile porosity, and1/hr), the solute transport
rate between mobile and immobile pores, were ogehby iteratively by changing values and
examining the resultant well concentration breakilgh curves. These calibration trials were
done using a larger field of view to get a betegaresentation of well capture (Figure 47). The
field of view was reduced for the P modeling ax theross the water table boundary, not well
capture, was the metric of interest. Qeakthrough curves (BTCs) were also analyzed to
determine the effectiveness of different model $ype Cl transport (Figure 48).

P sorption was simulated using Langmuir isothernaup@ters for the gravel subsoil. Values for
Ks andn for the gravel layers were set at 4.5 L/kg (erter® 4.5 criig in HYDRUS) and 0.048
L/mg (entered as 0.048 émg in HYDRUS), respectively (Fuchs et. al., 2009)irfearK for

the silt loam layer was set at 12 L/kg (Khan et.2010) (entered as 12 &mgin HYDRUS).
Subsequent laboratory analysis on soil samples thigriocation at the Barren Fork Creek site
resulted in Langmuir parameters of 7.28 L/kg fQrakd 0.006 L/mg fon for the silt loam layer,
and 2.57 L/kg for Kand 0.002 L/mg fon for the gravelly subsoil.

Modeling was done over six trials. Two trials usieel default van Genuchten-Maulem model,
implemented using a soil regime with a silt loayelaoverlaying a homogeneous gravel layer
(Trial 1) and a heterogeneous gravel layer basdéRirdata (Trial 2). Four trials used the
mobile-immobile model in place of the van Genuchtaulem model. Soil regimes tested MIM
with a heterogeneous gravel layer (Trial 3), incogbting one large physical macropore (Trial 4),
and a network of large macropores (Trial 5). Onalftrial simulated a gravel outcrop in place of
the silt loam layer (Trial 6).

Water

Mobile Immobile

Solute «» Solute

v

Figure 46. The mobile-immobile model. This cartoon illustrates a case where water flow is restrictedt oonlya
fraction of the pore space, but is open to diffusiv e solute transfer between the mobile and immobile p  hases.
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Figure 47. ClI- transport simulation during the cali bration of the mobile-immoble parameters. Plume
concentrations ranged from 4.75 mg/L (dark blue) to 50.1 mg/L (dark red).
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Figure 48. Cl- BTCs representing water movement thr ~ ough the soil profile with the MIM model (a), with
MIM model and a perched water table (b), and withou t the MIM model (c). All trials have a heterogeneou
gravel layer beneath the silt loam topsoil.
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Results and Discussion

Trials were analyzed to determine the solute fleross the water table boundary. Trials 1-3
showed clear plume progression throughout the lptdfhe concentration plume progression for
each trial is shown at t = 19 years (Figure 49ah be seen that the plume approaches the water
table, but does not move far enough to cause afyrmancrease at the water table boundary
(Figure 49a). The use of a homogeneous gravel lasad<;:average from all the gravels in

the profile does not allow for extensive P moventbraugh the soil profile. The addition of a
heterogeneous gravel (Figure 49b) has a significapéct on the plume progression.

Figure 49. Vertical downward P front progression at t= 19 years. Slices show the front progression in the
homogeneous gravel (a), heterogeneous gravel (b), a  nd heterogeneous gravel incorporating the MIM model

(c).

It can be seen that the plume not only travels elepo the soil profile, but also has wider
bands of solute throughout the plume, indicatingenmbounded P is available for continued
transport. The use of the mobile-immobile modelgad of the standard van Genuchten-Mualem
model (Figure 49c) produces more interesting resuistead of allowing the plume to move
through the profile more quickly than with the v@enuchten-Mualem model, the MIM does not
seem to progress the plume any deeper into the@sadile than Trial 2. However, it does seem to
encourage higher concentrations at all soil depthd,the higher concentrations (indicated by
red and yellow) have more representation in thenplthan other trials. The P breakthrough
curves for Trials 1-3 show the plume progressioough the soil profile at t = 19 years (Figure
50). Even though using an MIM and a heterogeneoaseg profile encouraged overall P
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transport towards the water table, there wasrsiikignificant P flux across this boundary after
19 years. In previous research, significant P ixes were seen in observation wells as early as
21 hours after water application began. This suggeat some other process is involved beyond
the preferential flow provided by the MIM model a0 The best explanation for the rapid

progress of P is the presence of a physical macedpat is significantly larger than existing soil
macropores in the model.
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Figure 50. Breakthrough curves (BTCs) for P fortri  als 1-3.

Depth (cm)

For trial 4, a physical macropore was used in coiion with the MIM model and a
heterogeneous gravel profile. The physical mac®pa@s simulated as a 2 cm wide, 1.33 m
deep gravel pipe with lds;; of 350 cm/hr. ThiK: value was found through iteration of the
observed data taken from P infiltration plot expemts from previous research (Figure 51).
Using these material properties found through dhisulation, Trials 4 and 5 looked to simulate
this phenomenon using long-term rainfall data. Heevethe model failed to converge early in
these trials, and no usable data was collected.
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Figure 51. Calibration results for P infiltration p lot leaching. These results tested the effectivenes s ofa

physical macropore in the silt loam layer at P deli ~ very to the observation wells. Results from this te sting
were used to set material properties for the macrop  ore for future trials.Note the spike in concentrati onatt=5
hours caused by numerical dispersion of the model.

While Barren Fork did not have significant testimgh gravel outcrops, other sites in previous
research did explore the effects of gravel outcpsubsurface P transport. Trial 6 created a
mock gravel outcrop by replacing the silt loam lawéh a layer of gravel with the same
properties as the least conductive gravel layed uséhe previous simulations (Figure 52).
Interpretation of the output data shows that theng progresses much further than any other
successful trial. This trial was also the onlyltteashow significant P delivery to the water tgble
and cumulative flux data was analyzed to deterraigearly flux rate across the boundary. A
flux curve was developed (Figure 53) and a peakifiie was calculated to be 876 giyn This
can be compared to Mittelstet et al. (2011), whaored horizontal transport rates of 30 to 40
g/yr through alluvial aquifers at two small (3 23ark floodplain sites. In that research the
source of P was P-laden stream water infiltratatgrilly into the alluvial aquifers, and it was
hypothesized that the aquifers were capable o§pating higher rates of P if there was an
additional source of P such as leaching from tlilessdface.
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While some limited success was found in simulasiogie of these trials, HYDRUS was still
overall unsuccessful in simulating the macroporengimenon to the satisfaction of the
researchers. There are several reasons that gerchers feel led to the model’s inability to
match observed and expected results. Most of thiglgm with simulation stems from the
complexity of the subsurface soil profile. The auiisce is composed of highly variable, highly
conductive coarse and fine gravel layers that seampair the model’s ability to smoothly
simulate a water or solute profile over an extengieribd of time. As a result of this, some of the
complexity of the system had to be removed or aeguto allow for the model to produce
results. While some of these results can be usefigtermining trends or patterns, they do not
accurately represent just how complex the subseiggstem is.

Another problem with the model is its inabilitysonmulate gravel pipes and large macropores
under non-ponded conditions. Initial simulationshwa ponded surface provided some useful
results (Figure 49), and helped set the framewarlphysical macropore trials. However, once
the ponded surface was replaced with daily rairdedrages, the macropores were not simulated
properly and caused incomplete results for Trigds\id 5. It is believed that physical macropores
must be “activated” by a high intensity rainfallitse they will channel significant amounts of
water. These high intensity rainfalls may take plager the course of only minutes in a rain
event, and are not properly reflected when usistphcal rainfall amounts on a daily time scale.
With the rainfall data available, the researchegsenunable to simulate these high intensity
flows, and the model was not sophisticated enoaglsé the input data with these macropores.
Finally, numerical dispersion in the model occunredearly every trial. This numerical
dispersion occurred due to trying to fit numericeldels to the complex soil system in these
simulations. Numerical dispersion can be most gasién in the breakthrough curves (BTCs) for
each trial. BTCs show plume movement as a fraaifdhe source concentration (GJC

Despite the limitations of the model, howeversitiorth mentioning that this process still
provides an increased understanding of P leachimogigth a gravelly soil profile. Other methods
currently in practice, such as leaching rates ddtexd only on soil test P data, provide an even
more limited understanding of P movement in thgsgems.
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