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Abstract

Accidental and incidental chemical releases of nitrogen-containing fertilizers occur at retail
agrichemical facilities. Because contaminated soil may threaten groundwater quality, thefacility may
require some type of site remediation. The purpose of this study was to develop soil cleanup
objectives (SCO) that are protective of groundwater quality in lllinois for unintentional releases of
nitrogen-containing fertilizers Illinois. The concepts of the Soil Screening Leves of the U.S.
Environmental Protection Agency were used to derive SCOs for nitrogen as nitrate and as
ammonium. The Soil Screening Leves are based on the solute transport mechanisms of sorption,
volatilization, and groundwater dilution, and the contami nant-specific groundwater cleanup objective
used to derivethe SCO. Becausenitrateisrelatively unreactive, only groundwater dilution could be
taken into account in the derivation of a SCO. It may be preferable to use agronomic application
ratesto derivedefault nitrate SCOs. A default soil cleanup objective for N asammonium was based
on soil water dilution, and the amount of ammonium sorbed that isin equilibrium with the amount
insoil water. The extent of sorption was measured using an uncontaminated, surface-soil sample (0
to 15 cm) of 10 different soil types that occur in lllinois and three gravel-fill samples from three
different agrichemical facilities. There has been a concern, however, about the possibility that
ammonium in soil and groundwater will rapidly convert to nitrate and nitrite. A field study was
conducted following the rel ease of anhydrous ammoniaat an agrichemical facility. Soil-fill samples
were collected for 488 days after the initial release. Extracts of the fill samples were used as a
measure of water-soluble nitrate and ammonium. The results suggested that therate of nitrification
was limited, and may have been the result of alkaline conditions in the spill area. An analysis of
groundwater datafrom three other agrichemical facilities suggested that ammonium ingroundwater,
following a major release, was reatively persistent. These studies did not support the assumption
that nitrification in a spill scenario is rapid. In order to provide an environmentally conservative
default SCO that takes into account the potential for long-term nitrification, one third of the US
EPA’s Lifetime Health Advisory Levd for ammonium in drinking water (30 mg/L) was used to
derivedefault SCOsfor Class| and Il groundwater. This approach can al so be used to generate site-

specific SCOs for nitrogen as nitrate and as anmonium for site cleanups.



Introduction

An agrichemical facility is a commercial agricultural chemical sales and customer application
business. Thesefacilitiesstore, sell, mix, load, and apply fertilizersto fieldsfor farmers. Bulk liquid
and dry fertilizers are typically mixed, repackaged, or transferred from one container to another.
Accidenta and incidental chemical releases such as spills, tank leaks, hose breaks, and transport
accidents, can result in significant contamination of surface soils. The gravel fill and soil at an
agrichemical facility may contain nitrogen as nitrate (NO,), ammonia (NH,), and/or ammonium
(NH,). Because contaminated soil may threaten groundwater quality, the facility may require some
type of site assessment and remediation. During a Ste assessment, typically soil cores are collected
in various locations where chemical spills may have occurred such as areas where fertilizers are
loaded and or mixed. Discrete samples are then collected from each core and anayzed to estimate
the lateral and vertical distribution of the contaminants. However, before site remediation can
proceed, sometype of remediation or soil cleanup objective (SCO) must be determined. A common
remediation approach used in Illinois for nitrogen-containing fertilizers is to remove a sufficient
volume of contaminated material such that groundwater quality will not be significantly impacted
by the leaching of nitrogen compounds from the remaining material. Therefore, when avolume of
material containsthe contaminant in concentrations greater than the SCO, the material isexcavated.
The selection of the SCO is critical to the assessment process because the value applied will
determine how much material will be removed, which in turn can beamajor factor contributing to
the costs of dte cleanup. In Illinois, once the volume of contaminated material is estimated, it is
excavated then either land applied off-site or placed in a landfill. A guidance document for

conducting site assessments at agrichemica facilities is available (Roy and Krapac, 2006).

The establishment of soil cleanup objectives for nitrogen-containing fertilizersisin a state of flux,
and there are few objectives that have been published (Table 1). For example, the Minnesota
Department of Agriculture, uses a soil cleanup goal for nitrate as nitrogen of 150 to 200 mg N/kg
(MDA, 2003). The soil cleanup goal for total Kjeldahl nitrogen is 5,000 mg/kg for the upper 61 cm,
and 1,000 mg/kg for depths greater than 61 cm. Total Kjeldahl nitrogen is a measure of the

concentration of reduced forms of nitrogen, principally, ammonium and amino forms of organic

2



nitrogen. The Illinois Environmental Protection Agency currently uses a SCO of 200 mg/kg of
nitrogen for Class | groundwater, and a combination of 200 mg/kg nitrate plus 600 mg/kg
ammonium for Class |1 groundwater (T. C. Hornshaw, personal communication, 2004). Thelllinois
Department of Agriculture established an administrative rule [8 IAC. Part 259] that outlines the
requirementsand optionsfor conducting site assessments at retail agrichemical facilitiesin Illinois.
The rule provides information about soil cleanup objectives for the remediation of pesticide-
contaminated soil at agrichemical facilities. Commercial fertilizerswererecently added to the scope
of therule[415 ILCS 60/19.3]. Prior to this study, however, contained no criteriafor the derivation
of soil cleanup objectivesfor nitrogen-containingfertilizers. The purpose of thisstudy wasto derive
Soil Cleanup Objectives (SCO) for nitrogen as nitrate and as ammonium that are protective of

groundwater quality in Illinois.

Approach

The Illinois Department of Agriculture established an administrative rule [8 AC. Part 259] that
provides default SCOsfor pesticides and amethod for devel oping site-specific SCOs. These SCOs
were derived from the application of Soil Screening Levels (SSLs) developed by the U.S.
Environmental Protection Agency (U.S. EPA, 1996a,b). The resulting soil-cleanup levels are based

on the movement and chemical fate of a given contaminant in soil-water systems, viz.,

SCO = C,[(Kofo) + (6, + (6.H))p, ] [1]
where,
SCO = soil cleanup objective (mg/kg)
C., = target groundwater concentration (mg/L)
Kee = organic carbon partition coefficient (L/kg)
foe = organic carbon content of soil (kg/kg)
0, = water-filled soil porosity (L, e/L<it)
0, = air-filled soil porosity (L, /L)
H = Henry's Law constant as K, (Henry's Law constant as atm-m®/mol)
X [R (gas constant) X T (temperature as degrees Kelvin)]
[ = dry soil bulk density (kg/L),



and Ch =  {GW, x[1+(KidW/LW)]} 2]

where, GW ,,; = groundwater cleanup objective (mg/L)
K = aquifer hydraulic conductivity (m/yr)
i = hydraulic gradient (m/m)
d = mixing zone thickness (m)
r = groundwater recharge rate (m/yr)
L = length of contaminated soil parallel to groundwater flow (m)
W = width of contaminated soil perpendicular to groundwater flow (m)

To derive SCOs for nitrogen fertilizers, EQ. [1] was recast in a different form. Neither nitrate nor
ammonium volatilize from water significantly, and hence H was set to 0.0. Eq. [1] wasderived for
hydrophobic solutes whereas nitrate and ammonium are ions. However, because K, f,. = K, a
sorption constant, and C,, x K, = the amount sorbed per mass of sorbent (x/m), then it follows that

SCO = x/m +(C,0,)/p, [3]

In this study, the default values (see rule Roy and Krapac, 2006) for water-filled porosity (0.2 L/L)
and for dry bulk density (1.6 kg/L) were used. The amount sorbed was evaluated at C = C,,. Hence,
SCOs were calculated from

SCO (mg/kg) = x/m (mg/kg) + 0.125 (L/kg) C, (mg/L) [4]

Potential for Nitrification of Ammonium

The application of these SCOs, however, is complicated by the potential for ammonium to be
converted into either nitrate or nitrite. Bacteria called Nitrobacter can convert ammonium into
nitrate:

NH,” + Nitrobacter + 3H,O0 = 10H" + NO, [5]

Ammonium can be converted to nitrite via Nitrosomonas bacteria, although the reaction is slow.

NH,” + Nitrosomonas + 2H,0 = 8H" + NO, [6]



Onceammoniumissorbed viaion exchange by colloidal materials, it isno longer availableto leach
into groundwater. However, if the bound ammonium is desorbed back into solution, it may be
subject to conversion to nitrate. Buss et a. (2003) generalized that if the movement of ammonium
is not limited by cation exchange such as would be expected in sand and gravel aquifers, that
nitrification can be the major process controlling the fate of ammonium in groundwater. The soil
chemistry of nitrogenin agricultural fieldshas been studied extensively, but the potential for aerobic
and anaerobic nitrification of anmonium in achemica spill scenario has not been studied as well.
Laboratory studies were conducted in this investigation to determine the ammonium sorption

characteristics of selected soilscommonly found in lllinois.

Field Study

On November 13, 2003, there was an accidental release of about 8,000 gallons of anhydrous
ammoniaat an agrichemical facility in east-central Illinois. The identity of the siteis confidential.
A worker was unloading asemi-truck when atransfer hoseruptured fromabulk tank. A large plume
of ammonia gas formed, and residents in the area were evacuated. The local volunteer fire
department sprayed water in the spill areabeforetheresidentswere allowed to return. Thesolubility
of ammoniainwater isabout 34% at 25°C. Because of the water applied to the spill area, some of
the ammonia was likely converted to ammonium hydroxide which can dissociate resulting in a
relatively akaine area:

NH, + H,0 = NH,OH = NH,” + OH [3]

The dissociation constant for anmonium hydroxideis 1.77 x 10° at 25°C. At apH of 9.25, about
50% of the chemical is as dissolved ammonia (NH,), and 50% occurs as the ammonium cation
(NH,").

Theareal distribution of ammoniawas easily defined by the odor of the chemical at the surface. The
odor threshold for ammoniaisabout 18 pg/L inair. Because the spill was documented and the area

impacted was relaively small, it appeared that the facility could be used as a study site to provide



information on the biogeochemical fate of nitrogen in the context of establishing soil cleanup

objectives.

Thegoal of thefield study wasto provideinformation on the extent and rate of nitrogen conversions
inachemical spill scenario. It was not within the scope of the effort to delineate the 3-dimensional
distribution of ammonium in the spill area for the purpose of site remediation. The results of this
study may, however, provide much of theinformation needed to form aremedial planto removethe

contaminated fill and soil.

Methods and Materials

Laboratory Study

The sorption of ammonium was measured using an uncontaminated, surface soil (0to 15 cm) sample
collected from 10 different soil types that occur in Illinois and three uncontaminated gravel-fill
samples from three different agrichemical facilities (Table 2). Of the ten soil types, six cover areas
greater than 40,000 hain Illinois. Five are Mollisols (prairie soils), two are Alfisols (forest soils),
and two are Entisols (lacking a well-developed B horizon). These ten soils represent about 22.4%
of the acreagein lllinois. Thethreefill sampleswere described in Roy et d. (1999). The sorption of
ammonium by soil and fill sampleswas measured using the batch equilibrium procedures given in
Roy et al. (1992). In brief, thesoil sampleswereair dried and sievedto passa2-mm sieve. A series
of soil:solution ratiosranging from 1:4 to 1:500 (mass/volume) were madein 125-mL polyethylene
bottles, and mixed with 13 solutions containing NH,-N concentrations ranging from 0 to 400 mg
NH,-N/L. Care was taken to minimize head space within the bottles. The solutions were mixed in
a shaking water bath at 25°C for 24 hours. Kinetic data (not shown) indicated that 24 hours was
sufficient to attain equilibrium. Theliquid phase was then separated using atemperature-controlled
centrifuge. Water-soluble ammonium was determined using an ion selective electrode (APHA,
1992). The amount of ammonium sorbed was calculated by difference between the initial solute
concentration and the final solute concentration after mixing. In this study, the sorption isotherms
were used to cdculate the amount of ammonium sorbed that is in equilibrium with the amount of

ammonium in solution, C,.



Soil texture was determined using the pipette method of Indorante et al. (1990) on the < 2-mm
fraction of each soil sample. Cation exchange capacity (CEC) was determined using the method of
Sumner and Miller (1996) in which the CEC is measured at the reaction pH of the soil using an
unbuffered NH,Cl solution. Surface area was measured by nitrogen sorption using a Monosorb
single-point surfaceanal yzer (Quantachrome Instruments, Boynton Beach, Florida). Organic carbon
was determined using a CE 440 CHN Elemental Analyzer (Exeter Analytical, Inc, North
Chelmsford, Massachusetts). This was a diverse group of sorbents (Table 2). Reaction pH, for
example, ranged from 4.8t0 8.5. The cation exchange capacity ranged from 0.04 meqg/100 g (Fill 28-
4) to 21.8 meg/100 g (Drummer silty clay loam).

Field Study

In the field study, gravel fill-soil cores were collected at the facility during eight sampling efforts
correspondingto 19, 98, 137, 208, 251, 347, 396, and 488 days after theanhydrous spill. During each
effort, the soil cores were collected by driving 60-cm long Shelby tubes into the surface using a
fence-post driver. The tubes were sealed immediately after they were pulled out of the ground and
stored inacold room at 4° C. The tubes were cut open using a plasmatorch, and sampled at 5- or
10-cm intervals. Each of the samples removed from the cores was extracted with deionized water
to provide ameasure of water-soluble ammonium and nitrate. A 20-g sample from the cores was
mixed with 130 mL of deionized water and mixed for 24 hoursusing an NBS Rotating Tumbler. The
suspensions were then centrifuged a 5000 rpm for 15 minutes. The liquid phase was characterized
in terms of pH, specific conductance (EC), and ammonium using specific ion electrodes. The
solution concentrations of chloride, nitrate, and sulfate were determined using a Dionex 2110i ion
chromatograph, following U.S. EPA Method 300.0 (Pfaff et al., 1991).



Results and Discussion
Laboratory Study
Nitrogen as Nitrate Default SCO
Nitrateisamonovdent anion, and assuch, isnot significantly sorbed by the dominantly negatively
charged soils. Nitrate is generaly considered to be mobile in saturated soil-water systems.

Consequently, if we set x'm = 0in Eq. [4], then

SCO (mglkg) = 0.125 (L/kg) C, (mg/L) 5]

The groundwater quality standard for nitrogen as nitrate in Class | groundwater is 10 mg N/L [35
IAC. Part 620]. Usingthedefault groundwater dilution factor of 30 (see Roy and Krapac, 2006), and
the nitrate standard as the groundwater objective (Gw,,) results in a target groundwater
concentration (C,) equal to 300 mg/L (10 mg/L x 30 dilution factor), and then the default nitrate
SCO = 37.5 mg N/kg viaEq. [9]. For Class Il groundwater, Gw,,; is 100 mg N/L and Cw equas
3,000 mg N/L. Hence, the default nitrate SCO for Class Il groundwater would be 375 mg N/kg.

Nitrogen as Ammonium Default SCO

Ammonium was sorbed by the 10 soil and three gravel fill samples (Fig. 1, for example) in the
relative order Drummer > Flanagan > Tama > Muscatune > Fayette > Catlin, Elsah > Cisne > Fll
38-1 > Pike County 2 > Fill 7-1, Plainfield, Fill 28-4. The sorption isotherm data for seven of the
sorbents were best described by the Freundlich Equation:

x/m = K,C¥n [6]

where x/m is mass of sorbate per mass of sorbent
K; = the Freundlich constant (L/kg)
C

1/n = the Freundlich exponent

the equilibrium concentration of anmonium (mg/L)



The sorption of ammonium for the Fayette, Plainfield, Pike County 2 soils and all the gravel fill

samples conformed best to a Langmuir-type equation, viz.,

x/m= K,MC/(1+K,C) [7]

where x/m is mass of sorbate per mass of sorbent
K, = theLangmuir constant (L/mg)
C = theequilibrium concentration of ammonium (mg N/L)

M = the Langmuir capacity (mg N/kg)

For each soil sample, the isotherm equation that best fit the data (Table 3) was used to calculate the
amount sorbed (x/m) in equilibrium with the target groundwater concentration, (Cw) viaEq. [4].
We adopted the concepts used in developing the US EPA LifetimeHealth Advisory Level (LHAL)
for ammoniumin drinking water of 30 mg N/L to determine an appropriate ammonium groundwater
cleanup objective (GW,,;). Health Advisories are estimaes of the concentration of a chemical in
drinking water that is not expected to cause any adverse noncancer effects after a lifetime of
exposure. In order to provide alevel of safety, and to provide a target groundwater concentration
(Cw) that would be representative of the concentrations used to generate the sorption constants for
the 13 soil materials, onethird (10 mg N/L) of the LHAL was chosen asthe GW,,,.. Using the defaullt
groundwater dilution factor of 30 resulted in atarget groundwater concentration (Cw) of 300 mg
N/L. Theresulting soil cleanup objectivesfor Class| groundwater for the 13 soil materialsvia Eq.
[4] ranged from 94 to 3,001 mg N/kg (Table 4). For Class Il groundwater, the Cw (1,500 mgN/L)
was determined by increasing the Gw,,; by afactor of 5 (as per the statue) and using the default
groundwater dilution factor. The SCOsfor Class!I groundwater ranged from 252 to 7,344 mg N/kg
(Table4). Because these soils are representative of the range of soil propertiesin Illinois, the SCOs
are als0 representative of the likdy range of site specific SCOs that would likely be determined a

most agrichemicd facilities.



Relationship Between Soil Cleanup Objectives for Ammonium and Soil Properties

Inthisinvestigation wetried to predict soil cleanup objectivesbased on soil propertiessuch ascation
exchange capacity, surface area, organic carbon, clay content, and pH. Potential relationships
between the ammonium soil cleanup objectives and soil properties were charecterized by the
application of statisticd modds: linear [8], quadratic [9], and cubic [10]:

SCO = aS+b [8]
SCO = a$* + bS+ ¢ [9]
SCO =aS® + bS?+ ¢S + d [10]

where S represents the vaue of a soil property, and a, b, ¢, and d are empirical constants.

In addition, a multiple regression was performed using all of the soil propertiesto predict SCO. A
regression coefficient was cal cul ated for each model and the significance of that property to predict
SCO was determined.

The SCO calculated for each of the 13 soilswas positively correlated with cation exchange capacity
(CECQ), clay content, surface area, and organic carbon (Table5). For many soils, adirect relaionship

exists between CEC and organic matter (measured as organic carbon). Stevenson (1982)
summarized that organic matter alone can account for 25 to 90% of the CEC of surfacesoil samples.
A correlation between CEC and SCO was expected because the sorption of ammonium by soil is
generally dominated by a cation exchange mechanism that is reflected by the CEC of the material.
As shown in Fig. 2, CEC aone could account for about 91% of the variance in the Class |

groundwater SCO using a cubic modd:

SCO = 0.36(CEC)® - 8.93(CEC) 2+ 143(CEC) + 103 [11]
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The cubic model for all soil properties provided the best estimate of an individua soil property to
predict SCO (Table5). For example the linear model for CEC yielded a correlation coefficient (r?)
of 0.86 whilethe cubic model’ scoefficient was 0.91 for Class| groundwater. Clay content and CEC
werethebest (largest coefficients) soil propertiesin predicting SCOs. When all of the soil properties
were considered simultaneously, the application of multiple regressions resulted in slightly larger
coefficients (0.94 and 0.96) than those determined using only CEC or clay content at P = 0.01.

Using the models for Class | groundwater in Table 6, SCOs were calculated for the 10 soils using
either clay, CEC, or al soil properties (multiple) (Fig. 3). Generdly, using either the clay or CEC
modelsresulted in the smallest SCOs. For 40% of the soils, the clay model predicted smaller SCOs
than either the CEC or multiple models. Similarly, for 40% of the soils, the CEC model predicted
smaller SCOsthan either the clay or multiplemodels. The average difference in SCOsbetween all
three models was 259 mg/kg. Catlin exhibited the greatest difference in predicted SCOs with the
CEC model estimating a SCO 517 mg/kg greater than the clay model.

These results sugges that either the CEC or the clay content of a sail, in lieu of making formal
sorption measurements, could be used to predict site-goecific soil ammonium cleanup objectives.
These soil properties can be measured using standard protocols, and they are commonly preformed
by accredited soil testing laboratories (as defined in [8 IAC. Part 259]) alowing these datato be
accurately and rapidly collected. The use of multiple soil properties to determine a site-specific
ammonium SCO can dlightly increase the reliability (greater regression coefficient) to predict
sorption, but the costs associated with determining each soil property may outweigh the benefits.
Thus, thereisthe potential to determine a site-specific ammonium SCO based on the local soil CEC
and/or clay content and the cubic equations provided in Table 5 rather than using default SCOs. In
general, if the CEC or clay content of asite soil is greater than 10 cmol/kg or 21.4%, respectivey,
andif itisunderlain by Class| groundwater, it could be advantageousto the site owner to determine
asite-specific SCO rather than to usethe default SCO. If asiteisunderlain by Class || groundwater,
aCEC and/or clay content greater than 8.7 cmol/kg and 21.8%, respectively would likelyyield asite-
specificammonium SCO that isgreater than thedefault. Using Table A-3in the appendix and asoil
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survey map, aninitial estimate of the site-specific CEC can be made with the subsequent analytica
determination of soil samples for the CEC to better define the rangein CEC at the site.

Soil Sample Collection Within the Spill Area

As shown in Fig. 4, soil cores were collected in four general areas; the spill area where the hose
ruptured, and in three areas (nests 1, 2, 3) away from the spill area. The gravel layer at the sample
locations varied in thicknessfrom 5 to 11 cmwith amean of 7.3 £ 1.5 cm. The material below
the gravel layer was a soil-fill mixture. Some of the mixed layersalso contained pieces of concrete,
clay tile, metd bolts, slag, and gravel. The texture of sdected fill samples ranged from silty clay
loam to loamy sand; the surface samples were typically sandier (Table 6). The organic carbon
content ranged from 0.49to 3.09% with amean of 1.59 + 0.99%. Roy et a. (1994) reported that the
mean organic carbon content of 27 fill sasmplescollected at ninedifferent agrichemical facilitieswas
0.92%. The surface areaof the samplesranged from 2.7 t0 16.9 m%g. Roy et al. (1994) also reported

that the mean surface area of the 27 fill samples was 5.57 m?/g.

As shown in Fig. 5, the distribution of water-soluble ammonium in the soill areawas extremely
variable. For example, 19 days after the rel ease, ammonium was detected in concentrations ranging
from 757 to 2,168 mg N/kg. Background cores collected away from the spill (G3 and G15) yielded
<0.3 mg N/kg. Similarly, the concentrations of water-soluble nitrate in the upper 25 cm of the
profiles did not seem to be related to the time of sampling since the initial spill (Fig. 6). The
concentration of nitrateintheextracts, however, appeared to increase with timein samplescollected
at depths greater than about 30 cm. For example, the amount of nitrate at 50 cm 19 days after the
spill was about 0.84 mg N/kg. After 488 days, samples collected in the spill areayie ded about 517
mg N/kg at the same depth. An alternative approach of presenting the data is given in Fig. 7.
Samples collected at the 32-cm depth yield increasingly greater amounts of nitrate but less
ammonium during the488-day study. Theincreasein the amount of water-solublenitrate could have
been the product of nitrification that converted the ammonium to nitrate. When the ratio of

ammonium to nitrate was plotted as a function of depth for each sampling date, the ratio of the two
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forms of nitrogen increased in the lower (deeper than 30 cm) part of the profile (Fig. 8) since the

initial release. The increase in the NH,/NO;ratio could have resulted from nitrification.

Theinterpretation of the field data, however, iscomplicated because the agrichemical facility was
operational during the project period. The corescollected 19 and 98 days after theinitial releasewere
collected during the winter months of 2003-2004 when activities at the facility were minimal.
However, the cores collected 137 and 208 days sincethe spill were collected when fertilizers were
being applied to fields. Smaller, incidental spills of anhydrous anmonia could have added new
ammonium to the study area For example, when the 488-day coreswere collected during the spring
of 2005, anhydrous ammonia was being pumped from a semi-truck into the ammoniatank in the
study area. When the hose was disconnected, anhydrous ammonia was released near the original
spill, resulting in two small areasthat were contaminated. Note the apparent increase in ammonium
in the surface sample of the 488-day core (Fig. 5). Moreover, not al the nitrate nor ammonium may
have been derived from the initial anmoniarelease. Dry fertilizers were stored in open stalls next
tothe spill area. The nitrogen-contaning fertilizerswere urea46-0-0 (CO(NH,),), and diammonium
phosphate (DAP 18-46-0). The facility also stored potassium chloride (potash) and calcium
phosphate (Triple Superphosphate). The dry fertilizers could have been blown or had swept off the
loading pad on to the gravel area. Therefore, datainterpretations must be made cautiously because
thefield site was an open system with potential undocumented inputs of nitrogen in addition to the

initial release in November of 2003.

Water-soluble ammonium was detected in the extracts of core samples collected in nests 1, 2, and
3. Ammonium was detected throughout the entire profile in nest 1 (Fig. 9), whereas it appeared to
belargdy confined to the upper 25 cmin nests 2 (Fig. 10) and 3 (not shown). There was no obvious
relationship between the ammonium concentrations and the time since the release. The lack of a
relationship may have been the result of fidd-scale variability or the re-distribution of ammonium
by rainfall and infiltration that had occurred at the site since the spill in November of 2003. If the
average concentration of ammonium in the spill areaand all three nests are plotted as a function of

depth (Fig. 11), the spill area was the most contaminated, whereas nests 2 and 3 contained less
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ammonium because the cores were collected outside the area of the original spill.

Nitratewas detected inthe extracts of the samplescollectedinnests1, 2, and 3. For example, nitrate
concentrations were largest in the upper part of the profilein nest 2 and 3 (Figs. 12 and 13), which
suggested nitrification, but the distribution of nitrate in the extracts did not appear to depend on
when the core sample was collected. If the NH,/NQ, ratio for the 32-depth sampleis plotted as a
function of time for each nest (Fig. 14), the results suggested there had been little change in the

proportion of nitrate relative to ammonium.

Therelative persistence of anmonium with respect to nitrification may have beenrelated to the pH
of the fill-water system. The optimum pH range for Nitrosomonas to convert ammonium to nitrite
is 7.8 t0 8.0, and the optimum pH range for Nitrobacter to transform nitrite to nitrateis 7.3 to 7.5.
Hence, the pH range of about 7.3 to 8 would be most favorable for nitrification. The pH of the
extracts of samples collected in the spill area, however, were greater than this optimal range. For
example, the pH of samples collected at a depth of about 32 cm were generally greater than 8.5 (Fig.
15) whereas the pH of extractsof samplescollected from nests 2 and 3 were less than the mean pH
of the spill area and nest 1. The greater pH values in the spill area and nest 1 matched the largest
amounts of ammonium (see Fig. 16), whereas the mean pH of all the cores collected in nests 2 and

3 were comparable with that of the background pH.

It was expected that any nitrate produced by nitrification would be subject to downward leaching by
infiltration. The fill materials were unsaturated during each sampling event. Roy et al. (1995)
reported that the mean hydraulic conductivity of gravel fill at four agrichemical facilitiesranged from
1.4x 10*to 1.7 x 10° cm/sec. I n addition to anmonium and nitrate, the extracts contained rel aively
large amounts of chloride (Fig. 17). As shown, the mean chloride content in the extracts from the
spill areaand nestswasgreater than that for the off-gtefield that served asthe control. The presence
of relatively largeamountsof chlorideinthegravel fill and throughout the soil profile suggested that
water infiltrated vertically through the gravel fill. Because chloride is a mobile and relatively

unreactive anion, we anticipated smaller concentrations near the surface resulting from flushing
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during rainfall events. However, asnoted earlier, dry fertilizers could have been blown or swept of f
the loading pad on to the gravel area. For example, when the 251-day coreswere collected, granular
potassium chloride was present at the surface near core 16. Therefore, the persistence of chloridein
the fill probably resulted from incidenta releases of potassium chloride throughout the project

period.

Estimated Half-Life of Ammonium in Groundwater

Busset al. (2003) concluded that there are very few studies on the rate of biologicd nitrificationin
soil materialsother than thosefor agricultural purposes. Based on studiesof unsaturated subsoilsand
sand and gravel aquifers, they estimated that the hal f-life of ammonium under aerobic conditionswas
between 1 and 6 years. In an attempt to evaluate the relative persistence of ammonium in

groundwater, groundwater monitoring data from three case studies were examined.

Case Study Number 1

In May of 1995, there was a catastrophic release of about 100,000 to 150,000 gallons of storm water
containing 3 to 4% ammonium nitrate from an unlined basin at an agrichemical facility located in
Illinais. It was estimated that about 25,000 to 50,000 poundsof nitrogen wasintroduced into the soil
and groundwater. In 1996, the facility entered the Illinois EPA’s Site Remediation Program. An
attempt was made to remove as much of the nitrogen-enriched soil as possible. Nine groundwater
monitoring wells were installed on-site, and groundwater samples had been collected four times a

year for nine years.

Well MW-5 was located about 650 feet down gradient of the spill area Relatively large
concentrations of nitrate and ammonium were detected in the well samples from 1996 to about the
end of 2000, 70 months after the spill (Fig. 18). Nitrite was detected sporadically during the same
period, ranging from 0.18 to 7.20 mg/L. The pH of the water samples agan indicated favorable
conditionsfor nitrification. Theratio of ammonium to nitrate, however, showed no consistent trend.
Theratio varied from 0.03 (69 months after the spill) to 0.82 (36 months after the spill). Therefore
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it appeared that nitrification was a minor mechanism responsible for converting ammonium to
nitrate. It appeared that the gradual decreasein concentration could be characterized ashaving ahalf-
lifeof about 3years. Therelativey dow reductioninammonium concentrationswaslikely theresult
of the gradual decreasein ammonium available to move from theinitial spill, groundwater dilution

of the ammonium, and nitrification as the groundwater recovered from the catastrophic release.

Case Sudy Number 2

A site assessment detected nitrogen-contaminated soil at an agrichemical facility in Wisconsin. A
total of 1,398 m® of soil were excavated from three areas from adepth ranging from 0.9to 4.6 m. A
soil cleanup objective of 150 mg N/kg was applied. Ten monitoring wells were then installed and
shallow groundwater samples were collected from September of 1998 to November of 2002. Wl
MW-9 was about 61 m down gradient from thelargest area of contamination. The concentration of
ammonium decreased during the four-year period to concentrations that wereless than 10 mg N/L
(Table A2). The ratio of NH,/NO, decreased from 6.7 to 0.09 from February 2000 to November
2002. Unlike Case Study 1, no nitrite or pH data were available, and the decrease in ammonium
concentrations may have been the result of several factors in addition to nitrification such as the
removal of the contaminated source areas. In any event, the reduction in ammonium yielded ahdf-

life of about 0.7 year.

Case Study Number 3

In 1978, aleak occurred from aliquid fertilizer storage pit a an agrichemicd facilityinlllinois. The
pit was about 2.7 m deep and the depth to groundwater was between 0.6 and 1.2 m. Water samples
collected from 1994 to 2002 from groundwater monitoringwells contained rel atively |arge amounts
of ammonium and nitrate. For example, well MW-3 was about 46 m from the edge of the source pit.
A groundwater samplecollected 16 yearsafter theleak contained 1,150 mg N/L ammonium, and 630
mg/L nitrate. A sample collected 7.8 yearslater contained 520 mg N/L ammonium and 110 mg N/L
as nitrate. The ratio of NH,/NO, varied from 1.8 to 4.7, and did not change in a consistent pattern
to suggest nitrification. It appeared that the ammonium in the shdlow groundwater was relatively

persistent.
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Conclusions

Default soil cleanup objectivesfor N as nitrate depends only on the type of groundwater present at
the facility. A default soil cleanup objective for N as nitrate can be based on essentialy only
groundwater dilution. Using the water quality standard of 10 mg N/L, the default nitrate SCO is 38
mg N/kg for Class | groundwater, and 375 mgN/kg for Class || groundwater. When compared with
soil cleanup objectives currently applied in other states (Table 1) an SCO of 38 mg N/kg for nitrate
is comparatively conservative. The application of nitrogen fertilizersin lllinois from 2000 to 2003
averaged about 179 kg/ha (160 Ibs per acre) (IASS, 2005) which isequivalent to 79.8 mg N/kg. The
useof anagronomic-based SCOfor Class| groundwater quality isrelatively consistentin magnitude
with other States. Note for example, that South Dakota applies 80 mg/kg as nitrate-N as a SCO
(Table1).

A default soil cleanup objective for N as ammonium can be based on the amount of ammonium
sorbedinequilibriumwiththeamount ingroundwater in additionto groundwater dilution. There has
been a concern, however, about the possibility that ammonium in soil and groundwater will rapidly
convert to nitrate and nitrite vianitrification which has prompted somewater quality regulaionsto
combine ammonium and nitrate together as total nitrogen. Such conversions occur in typical
agricultural applications, but they may not occur asrapidly in spill scenarios. This study has shown
that, 488 days after amajor spill of anhydrous ammonia, the ammonium in aqueous extracts of fill
samplescollected in the spill areaappeared to berdatively persistent. Therewas some evidencethat
nitrification occurred; the amount of water-soluble nitrate increased in some profiles. However, it
also appeared that the relative persistence of ammonium in the soil may have been related to the
akaline conditions generated by the hydrolysis of ammonia. Areas adjacent to the spill also yielded
relatively large amounts of nitrate, but there was no obvious relationship between nitrate

concentrations and the time since the initial release of anhydrous ammonia.
Groundwater samples were not collected during this study, but an analysis of groundwater data
collected at three other agrichemicd facilitiessuggested that ammoniumin shallow groundwater can

be relatively persistent. In one detaled study in which both nitrate and nitrite was measured in

17



groundwater samples collected downgradient from a major release of nitrogen-rich waste water, it
appeared that the rate of ammonium dissipation could be described as having a half-life of about 3
years. These case studies, taken together with our spill study all suggest that ammonium does not
quickly convert to nitrate in aspill scenario. It could be argued that there will always be a potential
for some portion of the ammonium in soil to be transformed into nitrate. As discussed above, the
LHAL of ammonium in drinking water is 30 mg N/L, which could be used as the groundwater
objective. However, in order to be environmentally conservative to reflect the possibility of slow
nitrification, we recommend that the default SCOs be based on one third of the LHAL. Default
SCOs(Table7) were cal cul ated using the rd ationship between CEC and SCO. The cubic model and
coefficientsgivenin Table 5, and the midpoint of each rangein CEC valuesgivenin Appendix A-3
were used to cdculate a SCO for each CEC range, and for both Class | and Class Il groundweter.
These default objectivesare protective of groundwater quality, and environmentally conservative
becausethey consider the potential for long-term nitrification and the movement of anmonium in

the environment.

When the proposed default SCOs for nitrate are applied to the spill facility, it appeared that more
than 90% of the 251 sampleyielded more water-soluble nitrate than the agronomic-based SCO of
80 mg N/kg. Asshown in Fig. 19, the use of 80 mg N/kg yielded results that were comparable to
the 38 mg N/kg SCO. If the 375 mg N/kg SCO is applied for Class || groundwater, then more than
half of al the samples exceeded the SCO. Of the samples that exceeded the 80 mg/kg SCO, it
appeared that excessive nitrate was detected in all of the areas studied (Fig. 20). The application of
the 375 mg N/kg SCO revealed that the spill area and nest 2 contained the greatest anounts of
water-soluble nitrate. The distribution of nitrate in excess of each SCO was more uniformly
distributed to a depth of about 56 cm than ammonium. Therefore, the entire area evduated in this
study would need to be excavated to a least a depth of about 60 cm because of the nitrate

content—not the ammonium content—of the samples.

Site-specific SCO for ammonium can be established by measuring ammonium sorption using the
standard U.S. EPA method (Roy et al., 1992) with uncontaminated soil and fill samples collected
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at agiven agrichemicd facility. Soil samplescould also be collected adjacent to thefacility to avoid
contaminated areas. An alternative to measuring ammonum sorption may beto measure CEC asa
method to calculate site-gpecific SCOs. A summary of approximate CEC vauesfor soilsin Illinois
isprovided inthe Appendix (Table A-3). Thissummary can be used asaguidein determiningasite-
specific SCO. For example, the CEC values of the fill sasmples (Table 6) collected at the spill site
ranged from 2.0 to 23.8 cmol/kg at depths of 7 to 45 cm. The mean CEC is 10.7 and the median
valueis 11.0. If the anhydrous ammonia spill took place over Class| groundwater, the CEC values
indicatethat the default SCO is 1,000 mg N/kg (from Table 7). If theammonium SCO