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Summary

Development of an effective spill response plan required elucidation of the
potential interactions between soils and the spilled liquid propellant (LP).
Determining the potential immediate hazards of a spill to exposed personnel,
as well as immediate and longer term hazards to the environment, required an
understanding of some of the basic chemical and physical interactions of LP
with soils. The studies reported herein provide the data necessary to anticipate
thesc interactions.

The research was conducted in thz following four parts: soil characteriza-
tion and contact screening; batch sorption; runoff, infiltration and movement;
and effects on soil microflora. In addition to thesec tests, an analytical method
was developed 1o detect environmentally sighificant concentrations of LP com-
ponents in soils and water.

Liquid propellant/LP XM46 is composed of approximately 60.8-percent
hydroxylammonium nitrate (H.AN), 19.2-percent tricthanolamine nitrate
(TEAN), and 20.0-percent water. The HAN, a strong oxidizing agent, poses
potentially dramatic interaction problems with soils or other surfaces upon
which LP may be spilled. The contact screcning tests were performed to
qualitatively evaluate the vigor of the oxidation reaction, the character of any
gases emitted, and the effects of extreme environmental temperatures upon
reactions. Contact with LP did not resuit in violemt decomposition of the LP,
but visible bubbling and foaming were observed immediately in some soils.
The volume of total gases produced varied from soil to soil and increased with
temperature. The only gases detected were oxygen, nitrogen, carbon dioxide,
and, in several soils at 60 °C only, nitrous oxide. N9 carbon monoxide, nitre-
gen dioxide, or nitric oxide were detecteo.  Contact with LP resulted in
dramatic decreases in pH and increases in soil nitrate/nitrite-nitrogen.  Appro-
priate precautions for handling acidic materials of pH less than 4 should be
advised when responding to an LP spill. Local soil conditions, hyvdrology, and
terrain should be considered to determinc the voteatial for surface or ground-
walter contamination by nitrate.

Soil sorption of HAN and TEAN may be 2 significant environmental fate
process in the event of an accidental spill. Batch partitioning tests were con-
ducted with soils from five sites to determine thie rate and extent of HAN and
TEAN adsorption and to identify soil properties correlating with adsomtion.
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The HAN reacted with the soils producing gases that volatilized. Therefore,
HAN would persist and migrate until it contacted with enough soil for com-
plete reduction to gases. Reactivity was slightly correlated (R* = 0.3) with
total organic carbor, total Kjeldahl nitrogen, oxalate extractable iron, and per-
cent silt. The TEAN did not react with the soil, but exhibited limited adsorp-
tion. Adsorption of TEAN correlated best with percent ¢lay, cation cxchange
capacity, oxalate extractable irsn, total organic carbon, oxalate extractable
aluminuin, and total iron. Results indicated that soil sorption would not pre-
vent migration of TEAN through the soil profile in a spill event.

The objectives of the runoff, infiltration, and transpor studies were to relate
the distance LP flowed and its 17:c of infiltration to soil and LP properties, and
to measure how undiluted and diluted LP rcacted wiih soils. Spili of LT onto
50ils was studied with five soils, China Lake B, Picatinny A, Socorro P, WES
Reference, and Yuma 2A, which were sclected for their content of sand,
organic matter, clay, silt, and silty sand, respectively. The distance a volume
of LP traveled along the soil surface and infiltrated into the soil was related
through dimensionless variables to the soil and liquid properties. LP reactions
with dry soils were studied in open-top column experiments in which dry soil
was covered by LP-saturated soil that contained 858,000-mg HAN/L and
286,000-mg TEAN/L. The LP-saturated soil was covered by water. LP was
diluted to 8,580-mg HAN/L and 2.860-n.g TEAN/L, then reacted with China
Lake B and Picatinny A soil in enclosed columns. After completion of tests of
diiuted LP in enciosed columns, a chioride ion iracer was applied io micasure
whether any changes in soil mixing properties occurred. Equations developed
to describe undiluted LP runoff were less reliable than equations that Aescribe
undiluted LP infiltration due to data scatter. Undiluted LP interacted with soils
10 produce gases that resulted in immediate soil expansion. The soil remained
cxpanded even after gas escaped. Picarinny A expanded the greatest amount,
52 percent, and WES Referenice expanded the least, 26 percent. As LP infil-
trated into dry soil, both HAN and TEAN were adsorbed and reacted, so their
concentrations were near zero at the wetting front. Behind the wetting front,
the concentration of HAN and TEAN increased rapidly, but not to their
original concentrations. WES Reference and Socorro P adsorbed TEAN in
preference 10 HAN. Diluted LP reacted more rapidly with China Lake B soil
than with Picatinny A soil. HAN from diluted LP adsorbed more strongly to
Picatinny A soil than to China Lake B soil, while the reverse was truc for
TEAN. Diluted LP conditioned both soil surfaces so that a pulse input of
approximatcly 100 mg of chloride ion from salt, which usually does not react
with or adsorb to soil surtaces, reacted and adsorbed. When diluted LP flowed
through soils prior to a chloride ion tracer, cach specics, HAN, TEAN, and
chleride ion, had different dispersion cocfficients, contrary to expectations.
Undiluted LP flowed the shoriest distance on Picatinny A soil, followed in
order by China Lake B, Yuma 2A, Socorro P, and WES Refcrence soils,
respectively. Undiluted LP reacted immediately with all soils except China
Lake B 10 cause pennanent soil expansion. HAN and TEAN corncentrations
wcre the lowest at the wetting front due to their removal by reaction and
adsorption when undiluted LP flowed into dry soil. The reactions of HAN and




TEAN in diluted LP which flowed in soil~ vvas not predicted from the
behavior of undiluted LP when it flowed in scils, and vice vetsa.

Because microorganisms respond rapidly to changes in their environment,
they are sensitive indicators of possible toxic effects of contaminan's. The
purposes of the microbial tests were 1o determine immediate and long-term
effects ot diluted and undiluted LP on the soil microflora, anc to compare
tresc effects with the effects of comparable concentrations of nitric acid
(HNO,). Soils were cultured for numupers of native actinomycetes, bacteria,
and fungi afier contact with LP or nitric acid. Effects of washing the soil with
water immediaiely after contact with LP were also examined.

The LP sterilized the soils within 1 hr of contact, and no microorganisms
were recovered from these soils over a 9G-day contact period. This effect
mimicked the effect of 1.0-N HNOQ, treatment under the same test conditions.
Diluted LP (50 percent by volume) killed all microorganisms; however, this
effect failed to be mimicked by contact with 0.1-N HNO, from which actino-
mycete populations recovered. Dilution of LI by flushing with water within
the first hour or iwo of the spill would mitigate long-term impacts on the soil
microflora. However, immediate impacts occur so quickly that the sitc may be
temporarily depauporate of microflora.

Results of this research were incorporated into "Guidance Document for
Preparation of Liquid Propellant XM46 Spill Response Plans” developed in
cooperation with the Waterways Experiment Station by Arthur D. Little, Inc.,
Acom Park, Cambridge, MA.




Chapter 1

1 Soil Characterization and
Contact Screening Tests'

Introduction

Background

Lignid propellany/LP XM46 (LP?) is composed of approximately
60.8-percent hydroxylammonium nitrate (HAN), 19.2-percent tricthanolammo-
nium nitrate (TEAN), and 20.0-percent water. The HAN, a strong oxidizing
agent, poses potentially dramatic interaction problems with soils or other sur-
faces upon which LP may be spiliecd. Tie HAN is a sait of hydroxyiarnine
(HA) and nitrate. Complete dissipation of HA in scils has been documend
(Bremner, Blackmer, and Waring 1980; Neison 197%). Therefore, unconfined
contact screening tests were performed to qualitatively evaluate the vigor of
the oxidarion reaction and the character of any gases emitted. Once the reac-
tion had been observed, necessary safety measures were designed into all sub-
sequent tests that required confinement of the test system while LP contacted
soil.

Confined contact screcning tests were designed to identify and quantify
gases resulting from LP interaction with the soils. This information contri-
buted to the development of proper spill response planning based on the haz-
ard, stability, and environmental compatibility of LP in soils. Finally,
reactivity was evaluated at three environmental temperatures, since lemperature
was expected to exert an effcct upon reaction rates.

Objectives
The objective of soil characterization was o evaluate the pertinent proner-

ties of the soil that may be important to soil interactions with LP. The objec-
tive of the unconfined contact screcning test was 10 evaluate qualivatively the

' By Judith C. Pennington, Cynthia B. Price, Jesse M. Harvington, Tnnmy L. Stewart. and

Jennifar A Busby, U.S. Army Engincer Waterways Experiment Station.

2 For convenience, svinbols and abbreviations are lisied in the notation (Appendix C).
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reactions of LP with all of the test soils. Thc objectives of the confined con-
tact screening tests were to (a) identfy and quantify volatile products released
and (b) determine the effects of temperature on composition and quantity of
gases evolved.

Materials and Methods

Soll collection

Fourteen soils from five LP test sites were sclected for laboratory testing.
Soils were selected (0 represent the broadest possible range in properties so
that results of tests could be extrapolated to additional notential spill sites.
Surface soils were collected from the U.S. Army Amament, Rescarch, Devel-
opment, and Engineering Center (ARDEC), Picatinny, NJ; U.S. Armmy Ballis-
tics Research Laboratory (BRL), Aberdeen Proving Ground, MD; U.S. Army
Yuma Proving Ground, AZ; Naval Air Warfare Center (NAWC), China Lake,
CA, and New Mexico Institute of Mining and Technology (NMIMT), Socorro,
NM. Two additional soils were obtained o serve as reference soils; these
included a U.S. Army Engincer Waterways Experiment Station (WES) refer-
ence soil collected at WES in Vicksburg, MS, and Yokena clay collected in a
field south of Vicksburg. Two asphalt samples were obtained from the Geo-
technical Laboratory, WES, and five coment samples were obtained from the

Structures Laboratory, WES.

Picatinny samples. Two 30-gal' drums of soil were collected from one
sitc at the ARDEC, Picatinny, NJ. After vegetation, litter, and rochs were
scraped from the soil surface (typically the top 1 to 2 in.), a smooth vertical
cut of approximately 3 fi was made. The site had been reworked many times
in the past; therefore, a distinct soil profile was not evident. Nevertheless, an
effort was made to sample the top 6 to 8 in. (Picatinny A) and the underlying .
12 to 20 in. (Picatinny B). Soils in the arca are typically from the Ridgebury M
Soil Series. The Series is described as deep, poorly drained stony soil with a
very stony loam surface and a moderately developed fragipan occurring 12 to
24 1n. below the surface (Soil Convervation Service (SCS) 1976).

BRL samples. Two (A and B horizons) 30-gal drums of soil were col- A
lected from cach of two sites at BRL, Aberdeen Proving Ground, MD. Both '
samples were collected from the general arca of 76° 05" west longitude and
39° 27" north latitude on Spcsutie Island. No information was available on
these soils.

Yuma samples. Two 55-gal drums of soil were colle . imom cach of two
sites at the Yuma Proving Ground, AZ. Both samples were collected from the
gencral arca of 114° 16" west latitude and 33" 06" north latitude. Both A and

' A wable for convening non-SI w S units of measurement is presented on p xi.
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B soil horizons were collected at each site. Soils from site 1 (Yuma 1-A and
Yuma 1-B, the A and B horizons of which ranged irom the surface to 12 in. of
depth and from 12 to 24 in. of depth, respectively) were collected in a weli-
stratified drainage basin belonging to the Riverbend Family-Carrizo Family
Complex Soil Senies. Riverbend Family soils are classified as sandy-skelctal,
mixed hyperthermic typic calciorthids (SCS 1992). Soils from site 2 (Y'uma 2-
A and Yuma 2-B having horizon depths comparable to those described above
for site 1) were collected on a raised area above the drainage basin from which
the first samples were co'lected. These soils also be...ng to the Riverbend
Family-Carrizo Family Complex Soil Series.

China Lake sampies. Two 55-gal drums of soil were obtained from onc
site at the NAWC, China Lake, CA. The sampling site was located at approxi-
mately 117° 28’ west longitude and 35° 41" north latitude. One sample was
taken from the top 4 to 8 in.; the other, at 12 to 16 in. The cxtremely sandy
soil in this arid arca has not been classified by the SCS.

Socorro samples. Two 55-gal drums of soil were collected at NMIMT,
Socorro, NM. Both samples were collected from the Big Eagle Testing Range
located at approzimately 106° 58" west longitude and 34° 3.5 north latitude
(SCS, Soil Survey of Socorro Couity Area, NM, Section 8, SE 1/4, SE 1/4,
Section 8, RIW, T3S). One sampie (Socorro S) was a composite of four
subsamples collected from different locations on the test-pad surface to a depth
of 3 . Since siie consiruciion in 1985 disimbed the ofiginal suil horizotis,
vertical cuts indicated a fairly homogeneous soil structure. The second sample
(Socorro P) was collected on the periphery of the test pad along a shallow
drainage ditch encircling the test pad. The test pad was set in a small
horseshoe-shaped canyon of rock having very liie soil filling the crevices.
Construction had alsc altered the origiral soil profile at this site. The com-
posite sample (Socorro P) was taken from L-shaped wedges cut into the bank
at five locations.  Although disturbed, the soil type probably most closely
approximates the Tumey Variant, which is typical for the surrounding area.
The SCS classifies Tumey Variant soils as fine-loamy, mixed, thermic typic
calciorthids (SCS 1988). Both samples were mixed and screened through a
1/4-in. wirc mesh before transport to WES. Any chunks of dirt were broken
) and rubbed through the mesh.  Stones were discarded.

WES Reference soil. WES Reference soil is a silt collected from the
grounds of a designated sitc at the WES. The soil is classified as clayey over
loamy, montmorillonitic, nonacid, thermic, vertic haplaguept (SCS 1964). The
soil is used as an intemal Jaboratory silt control in the Environmenial Pro-
cesses and Effects Division (EPED), Environmental Laboratory, WES.

Yokena clay. Yokena soil is a hcavy clay collecied in the vicinity of WES
(approximately 90° 58" west longitude and 32° 15° north latitude). Yokena is
an agricultural surfacc soil from the Mississippi River floodplain. The soil is
classificd as a very finc, montmorilionitic, nonacid, thermic, vertic haplaquept
(SCS 1964). The soii is used as an internal laboratory clay control in the
EPED.

LT RN L p——
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Soll characterization

Soils were classified according to the Unified Soil Classification System
(USCS) (WES 1960). This classification system assesses the engincering
propertics of soils. The USCS classities coarsc-grained soils according to their
grain size distributions, and finc-grained soils according to their plasticity.
Only a sieve analysis and the Atterberg limits arc necessary to completely
classify the soils. The Yuma and China Lake soils had been sieved thruugh a
0.625-cm (0.25-in.) sieve before shipment to remove rocks. Therefore, thie
classification of these two soils ignores the >0.625-cm fractions.

Soils for chemical and physical characterization were sieved to 2 mm
(0.08 in.) and thoroughly mixed. Total organic carbon (TOC) was determined
by American Public Health Association (APHA) (1989) Method 5310 D.
Percent organic matter was determined by the Wakley-Black method as modi-
fied by Dc Bol (De Bolt 1974). Soil pH was dctcrmined on magnetically
stirred soil slurries (1:1, soil: distilled deionized water) using a Beckman
Model 58-3 pH mazter (Beckman Instrements Inc., Fullerton, CA) (U.S. Envi-
ronmental Protection Agency (EPA) 1986). Cation exchange capacity (CEC)
was determined by the ammonium saturation method [Plumb 1981). Extracts
for CEC dcterminations were analyzed according o EPA Standard Method
350.1 (EPA 1982). Conductivity and salinity were determined according to
the procedure of Rhoades (1982). Particle size distribution was determined by
included nitratc nitregen (NO,-N), tetal Kieldahl nitrogen (TKN), ammonia
nitrogen (NH,-N), and organic nitrogen (ON) (EPA 1990). Total iron (Fe) was
determined by EPA SW846 Methods 3050 and 6010 (EPA 1990). Oxalate
extractable Fe, aluminum (Al), manganese (Mn). and calcium (Ca) were deter-
niined according to the method of Brannon and Patrick (1985). Metals were
assayed on a Beckman Spectra Span IIIB Argon Plasma Emission Spectro-
photometer (Applied Research Laboratories, Dearborn, MI). All s0ils from
sites where exglosives are used or ha. ¢ becn nused in the past are tested for
explosives by EPA SW-846 Method 8330 (EPA 1990). Analytes included
2,4.6-trnitrotoluene (TNT); 1,3,5-trinitro-1,3,5-hexahydrotriazinc (RDX);
1,3,5,7-tewranitrooctahydro-1,3,5,7-tetrazocine (HMX); tetrvl; 1,3-
dinitrotxnzenc (DNB); 1,3,5-trinitrobenzene (TNB); 2,4-dinitrotoluenc (2,4-
DNT); 2,6-dinitroioluene (2,6-DNT); and 4-amino-2,6-dinitrotoluene (4ADNT).
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Several characteristics of soils were anticipated to change significanily after
comtact with LP. Soils were assayed for these paramecters after LP contact
bl under controlled conditions. Soil pH was determined 24 hr after contacting
a cach soil with undiluted LP using EPA Mcthod 9045 (EPA 1986). Total
P Kjeldahl nitrogen and ammonia nitrogen by EPA Mcthod 351.2 (EPA 1986)
-5:95 and nitrate/nitrite nitrogen by EPA Mecthod 353.2 (EPA 1986) were also deter-
! mined on these samples. A qualitative test on all soils for the presence of
inorganic carbon (calcite, dolomite, soluble-CO,? and HCO,!) was also con-
. ducied (Nelson and Sommers 1982). The buffering capacity of China Lake A
) and B, Socorro S and P, Picatinny B, Yuiaa ?A, Yokena, and WES Reference
| for LP was determined by adding undiluted L one to several drops at a time

Chapter 1 Soil Charactinzaton and Contact Screening Tests




to a 1:4 soil to water siurry while monitoring pH. Titration was continued
until a tc.al of 20 mL of LP had been added.

Cement and asphalt characterization

Cements were characterized before contact with LP according to American
Society for Testing and Maierials (ASTM) mcthods (ASTM 1992d,g).
Asphaits were characterized before contact with LP according to ASTM mieth-
ods (ASTM 1992¢,f,h,i). Asphalts were also characterized before and after
contact with LP by Fourier-Transform Infrared Spectroscopy (FTIR) using
attenuated total internal reflectance (ATR). A Nicolet 510P FTIR spectromeler
(Nicolet Instrument Corp., Madison, WI) containing a Michelson Interfero-
meter and a Deuterium Triglyceride detector was used. Individual spectra
were obtained by ratioing the background signal through an internal reflectance
element (IRE) only with the sampie to IRE signal. The IRE was a germanium
crystal. Samples of asphalt for analysis were dissolved in toluene and poured
onto the crystal. The toluene was allowed to evaporate leaving a thin film of
asphalt ceinent deposited on the crystal. The IRE was placed into the FTIR,
and the sample container was purged with nitrogen (N,) to remove carbon
dioxide (CO,), and water vapor. The collection parameters used to obtain the
spectra were 32 scans at a resolution of 4 cm’™.

Unconfined contact screening tests

The unconfined contacting screening tests consisted of contacting 1 g of
each soil on an oven dry weight (ODW) basis, asphalt, or cement with 150 uL
of LP. Tests were conducted at 23 and 60 °C. The soils and other materials
were heated in aluminum weighing pans on a programmable hot plate for high
ternperature tests. The LP was added through a syringe, one drop at a time.
Physical changes such as bubbling, foaming, and color variation were noted
over a 24-hr period.

Confined contact screening tests

Sclection of soils for confined contact screening tests was based on
obscrved reactivity in the unconfined contact screening test and soil character-
istics. Soils selected for testing included China Lake A, Yuma 2A, Yokcena,
and WES Reference. Tests were conducted in 20-mL Warburg flasks on a
Gilson Differential Respirometer (Gilson Medical Electronics, Inc., Middleton,
WI) at 5, 22 ang 60 °C. An aqueous reference fiask was run concurrently with
cach sample. The 0.25-g (ODW) soil and 100 pl. of LF were placed so that
the LP was spatially separatcd from the soil in the boitom of the flasks.
Flasks were sparged with helium gas for S min before ihe manometer was
allowed to cquilibrate for 20 10 30 min. After cquilibration, flasks were tilted
to allow the LP to contact the soil. After 30 min, the change in pressure was
rcad, and a sample of the head space gascs was withdrawn for gas liquid

o
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chromatographic (GLC) and FTIR analysis using a gas-tight syringe equipped
with a needle valve.

Total gas was determined by correcting volume measured on the respirome-
ter to standard temperature (273 °K) and pressure (760 torr) (STP) using the
following equation:

_ 273 x (B-W)AG
760 T

>/

(1)

where
G’ = actual volume of gas produced (pL)
= barometric pressure (torr)
AG = change in gas volume in the respirometer flask (uL)
W, = water vapor picssure at test temperature (torr)

T = temperature of water bath (°K)
Gas sampies (100 ul) were analyzed on a lewlcit Packard (HP)
5890 Series II gas chmmatograph using a Supelco Carboxen 1000 column.
The initial temperature was 35 °C for 1 min; then the temperature was ramped
at a rate of 25 °C/min to a final temperature of 200 °C, which was held for
10 min. The detector was a thermal conductivity set for high sensitivity.
Injection temperature was 180 °C, and detector temperature was 210 °C.

For FTIR analysis, 10 mL of gas was forcefully withdrawn from the respi-
rometer flask and injecied into a pre-cvacuated 10-cm Beta Gas Cell (Interna-
tional Crystal Laboratories, Garfield, NJ) having a 25 x 4 mm NaCl disc. The
gas cell was kept in a desiccator at ambient temperature until analyzed on a
Nicolet S10P FTIR spectrometer (Nicolet Instrument Corp., Madison, WI)
containing a Michelson Interferometer and 2 Deuterium Triglycende detector.
Purge gas was N,. Thirty-two scans were performed per sample at a resolution
of 4 cm™,

Qualitative identification of gases produced in confined contact screening
tests ¥as made by comparing the sample gas chromatograms and FTIR spectra
with chromatograms and spectra obtained from the analysis of a standard gas
(Scott Specialty Gas, Inc., Houston, TX) containing 1 perceni (moles) of each
of the following gases: CO,, carbon monoxide (CO), nitric oxide (NQO), nitro-
gen dioxide (NO,), and nitrous oxide (N,C). To quantify analytes detected by
GLC, intcgrated peak arcas were converted to pL of analyte at STP using a
standard curve generated bascd on the analysis of varying volumes of the same
standard gas mixturc. The FTIR spectrum of the standard gas mixture was
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compared to spectra for NO,, CO,, CO, and N,O obtained from Sadder
Research Laboratories, Inc., Philadelphia, PA. To quantify analytes detected
by FTIR, the height of the most prominent peak for a given analyte was com-
pared with the height of the same peak in the standard using a standard curve
for that anaiyte, which was gencrated bascd on the analysis of varying volumes
of the same standard gas mixwre. The thermal conductivity detector on the
GLC is not sensitive to NO, or NO, while the FTIR is not sensitive to N,.

Resulis

Characteristics of soiis

T .71;,, -7 4.:'-‘ T . "“_,

According to the USCS classification, the soils used in this study tended to
be sandy with a brown color (Table 1). Although selection of soils was based
on planned locations for LP testing, soils exhibited a broad range in chemical
and physical properties {Tabic 2). Particlz size ranged from high perceni sand
(China Lake B soil, 97.5 percent), silt (WES Reference soil, 93.8 percent), and
clay (Yokena soil, 48.75 percent) to no sand (Wes Reference soil), silt (China
Lake B soil), and only 2.5-percent clay (China Lake B soil). Two of the soils
represented the upper limits of particle size distribution in soils across the i
country: China Lake B was 97.5-percent sand, and WES Reference was )
93.8-percent silt. Yokena was 48.8 percent clay, which is a relatively high i
clay percentage. Total organic carbon ranged from 176 mag/ky in China
Lake A 10 24,010 mg/kg in Yokena. Cation exchange capacity ranged from
3.5 meq/100 g ir China Lake A to 38.9 meq/100 g in Yokena. All of the
Socorro and Yuv:na soil samples were saline. The pH values of the soils were
generally within the typical range of 4 to 8 (Millar, Turk, and Foth 1958)
except for China Lake and Socorro soils, which were more alkaline. Some of
the soils were positive for inorganic carbon: Yuma 2A, China Lake A,
Socorro S, and Socorro P. Nitrate/nitrite nitrogen varied from a high of e
290.4 mg/kg in Yuma 2A soils to less than detectable levels in the China Lake
soils. No explosives or TNT transformation products were detected in any of
the soils. Detcction limits for explosives analysis were generally lower than i
2 ppm. (

Soil pH dropped dramatically after contact with undiluted LP (Table 3). -
Mean pH for all soils beforc contact with LP was 7.1 + 0.4; after contact, the 4 4
mean was 3.0 + 0.3. The pH of the undiluted LP was 0.36. The buffering i
capacity of the soils for LP was poor as demonstrated by titrating several of
the soils with LP (Figure 1). The graph illustrates how soil pH would change
as the volume of LP increases in a spill event. An insufficient number of soils "g,“.
were analyzed to perform a valid correlation analysis of buffering capacity and o
soil properties. However, if an arbitrary inflection point is defined as the point
on the curve at which thc pH decrcases by less than 5 percent from the pH at
the previous LP addition, the pH values at the inflection points for the differ-
ent seils can he compared as shown in the following tabulation.
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Soil Infiection Point Origina: Soli pH

‘fuma 2A 6.2 8.0

Wes Reference 48 6.2

Yokena 50 64

China Lake A 4.6 93

China Lake B 56 9.1

Picatinny B 4.1 6.1

Socorro P 65 8.1

Socorro S 62 81 J
Tabie 1

Solls Characterized According to the Unifled Soll Ciassification
System

Solt Classification

China Lake A Silty Sand (SP-SM), Brown; Trace of Gravel'
China Lake B Sand (SP), Gray; Trace of Gravel'

Socormo P o Sandy Clay (CL), Gray

Socoro S Sandy Clay (CL), Brown :
Picatinny A Silty Clayey Sand (SC), Brown

Picatinny B Silty Clayey Sand (SC), Brown; Trace of Gravel
Yuma 1-A Siity Sand (SM). Brown’

Yuma -B Siity Sand (SM), Brown'

Yuma 2-A Silty Sand (SM), Brown'

Yuma 2-B Claysy Sand (SC). Brown'

BRL-SAS A Silt (ML), Gray; with Sand

BRL-SAS B Silty Clay (CL), Brown; with Sard

BRL-MAR A Clayey Silt (ML), Brown, with Sand

BRL-MAR B Siity Clay (CL), Brown; with Sand

Yokana Clay {CH), Gray

WES Reference’ . Silt (ML_)_,_Gray ]
' These soils L.ud been sieved though a 0.625-cm scrwen before dassification

2 WES Referance is the Waterways Experiment Station in-house reterence soil.
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[ Table

Sgll p: Before and After 24-hr Contact with Undiluted LP
pH'

Sall ] Before’ Aler
China Lake A 925+ 0015 330 + 0.027
China Lake B 8.07 + 0.042 333 + 0027
Socorro P 8.07 + 0.047 38140013
Socorre S 812+ 0015 3.92 + 0.0080
Picatinny A 591 + 0.049 1.88 + 0.0033
Picatinny B 6.07 + 0.0033 2.02 + 0.0088
Yuma 1A 851+ 0015 383 +0.055
Yuma 1B 7.99 + 0.060 430 +0.038
Yuma 2A 8.02 + 0.020 4.39 + 0.043
Yuma 2B 7.96 + 0.015 4.14 + 0.047
BRL-SAS A 4.54 + 0.0033 195 + 0.013
BRL-SAS B 5.85 + 0.037 2.11 + 0025
BRL-MAR A 5862 + 0.033 1.50 - 0.0033
BRL-MAR B 5.68 + 0.032 167 +0.018
Yokena 642 + 0029 2565 + 0.0033
WES Reference 6.20 + 0.027 243+ 0012
' Values are maan of thrue replicates + standard error.
2 Maasured in 1:1 sail to water ratio (EPA 1985).

: * Measured in 1:1 soil to undiluted liquid propellant slurries

The China Lake A and B soils exhibited the greatest change in pH. The poor
buffering capacity of these soils is probably due to low TOC, since the soils
that exhibited the least change, Yokena and WES Reierence, have high TOC.

Nitrate/Nitrite-nitrogen, tota] Kjeldahl nitrogen, ammonia nitrogen, and
organic nitrogen increased dramatically in soils contacted with LP (Table 4).
These results are a reflection of residual NQ, and triethanolamine (TEA)
remaining in the soils. Undiluted L.P had ¢ NO,/NO,-N level ¢f
132,000 mg/kg and a TKN concentration of 19,700 mg/kg. (The sample was
diluted 1:10,000 1o conduct the analyses.) This NO,/NO,-N value is about 3.5
times lower than th2 calculated value of 453,260 myg/kg for undiluted LP
(exclusive of transformations of the amines to NOy/NG,). In this test, LP was
diluted 1:1 with the soil. The calculated concentration of NO,/NO,-N available
in the test is 267,186 mg/kg. The actual NO,/NCG,-N values average only
about 10 percent of this value (Table 4). Therefore, a possibility exists that
some of the N, released when undiluted LP contacts the soil is derived from

i izati : 11
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breakdown of NO,. Extrapolating to a spill scenario in which no NO, breaks
down when the LP contacts the soil, cach kilogram of LP could release
approximately 376,000 mg of NO,/NO,-N. The local soil conditions, hydrol-
ogy, and terrain should be considered when determining the potential for sur-
face or groundwater contamination by NO,.

Characteristics of cements and asphait

Two of the five portland cement samples were Type I (155 and 156), two
were Type II with fly ash added (133F and 158F), and cne was Type 1l with-
out fly ash (157). Characterization data on the Type I cements were unavail-
able, hut the chernical characterization data on the Type I cements are given
in Table 5. All cement sanples met the cited ASTM specifications. Sclected
characterization data for the two asphalt sample (VS5 and VA20) are presented
in Table 6. The table gives the vacuum capillary viscosity at 60 °C
(Method D 2171, ASTM 1992i), thc kinematic viscosity at 135 °C
(Method D 2170, ASTM 1992¢), the penetration at 25 and 4 °C (Mcthod D 5,
ASTM 1992f), and the sofiening point (Mcthod D 36, ASTM 1992h). The
VS5 sample had a low viscosity and would, therefore, be used in colder
regions to minimize thermal cracking of the pavement. The VA20 would be
very britile at low temperatures, but would be stable at high temperatures. The
VA20 would be used in warmer climates to minimize deformation tendenc.cs
of the pavement,

Unconfined contact screering tests

Results of unconfined contact screening tests indicated that LP interactions e
with soils were not vigorous enough to produce splatiering hazards. Rcactions ;
with Yuma 2A and Socorro P soils were immediaiely visible at ambient tem-
perature as frothing or bubbling (Figure 2), presurnably as HAN oxidized so'l
components (Table 7). In other soils, no reaction was inmediately visible, but
bubbles slowly developed; in others, no reaction was evident over the 24-hr
obscrvation period. Only one ceinent samrle, 156, exhibited immediate foam-
ing when contacted by LP (Table 7). However, all but onc cement sample
developed at teast some bubbling at 50 °C. A color change was observed in
three of the cement samples.  Asphalts exhibited no visible rcaction with LP.
The FTIR spectra before and after contact of LP with the asphalt samples were
identical (Figures 3 and 4).

Confined contact screening tests

Soils for the confined contact screcning tests were selected on the basis of
visible reaction with LP in the unconfined tests and on soil propeitics. China
Lake A was selccted to represent soils with limited reaction potential because
of its slow reactivity with LP and its high percentage of sand. China Lake A _
was also low in TOC, CEC, conductivity, and NO,/NO,-N. Yuma 2A was !

14
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Table 5
Chemical Composition of Test Cements'

Sample
Teat 133F 158F 157
ASTM Specification’ C 618, Class F C 618, Class F C 150, Type Il
Chemical Anlaysis
S0, 50 0 512 228
A0, 241 178 32
Fe,0, 154 155 40
Sum SI0,, ALO,, Fe 0, 895 84 4 NA
Ca0 NA NA 617
MgO 11 07 38
SO, 13 14 25
Na,0 NA NA 0.07
K,0 NA NA 072
TIO, NA NA 0.16
P,0, NA NA 0.10
Moisture content 03 02 NA
Loss on ignition 10 09 08
Available alkalies (28 day) 1.0 NA 0.54
" Al yrity are porcent.
? ASTM designation of specifications (ASTM 1992 a,b) and test procedures (ASTM 1992 d.g)
? This test not conductsd or not required for the matenal tested

Table 6
LChara:cte*r:zatlon of Test Asphalts
Sample

Toet VsSs VAZ
Viscosity, 60 °C (poises) 411 1,748
Viscosity, 135 °C (centisiokes) 160 330
Penetration, 25 °C (< 0.1 mm) 158 55
Penetration, 4 °C (x 0.1 mm) 48 22
Softening Point (°C) 47 495

chosen because it exhibited the most immediate and vigorous reaction with LP
and because of its high NO,/NO,-N and modcrate salinity.  Yokena was
sclected to represent highly organic soils with substantial clay content.

Yokena was also high in CEC and total Fe. WES Reference was sclected for
its moderate reaction characteristics and its high pereentage of silt and
ATUNONia.
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Results of GLC analysis of gases produced :n the confined contact screen-
ing tests indicated production of relatively large volumecs of gas (Figure 5).
One hundred pL of LP generated approximately 800 to 4,000 pL of total gas at
STP. The GLC analysis showed that oxygen (O,), N,, and CO, predominated
at all threc test temperatures (Tables 8 through 10). No CO was detected.
Nitrous oxide (N,0) was detected by both GLC and FTIR in several soils at
60 °C only. Nitric oxide (NO) is unstable in the presence of O,, rapidly con-
verting to nitrogen dioxide (NO,). Therefore, the presence of NO was
unlikely, given the consistent presence of O,. Neitker NO nor NO, was

detected.
10"
10° - =M | N
z k 5 N
g i AN N
O 1%k T FH N H ]
L NI - =
'6 N 283 \ i:':'
- \ H N ;_:g
N N = N
N BN i NI
. § N i B8 Chinu Lake A
: N \\\ :.3"'5 Bl Yuma 24
l Q ' ﬁ-?_ (] Yokena
10° AN e WES Reference
5 22 60
o
Temperature ( C)

Figure 5.  Total gas (STP) produced when 0.25 g of soil was contacted with 100 pL of LP

Oxygen was produced in the highest volume of any gas (Tables 8 through
10). Hazards associated with clevated oxygen levels should be considered in
the event of a spill in a confined area or in conjunction with fire hazards.

The sum of analytc volumes determined by GLC plus FTIR analyses did
not account for the total volume of gases produced in the respirometer.
However, quaniifying the volume of gas removed from the respirometer was
difficult becausc of the small size of the manometer and the relatively large
volume of samples withdrawn. Withdrawal of a 100-uL sample for GL.C
analysis presented litde difticulty, but removal of 10 mL from the 25-mL
respirometer flask was above the range of the constant manometer. Therefore,
determination of the exact volume of sample removed from the respirometer

Chapter 1 Suil Charactenzaton and Contact Screening Tesls




Chaptar 1

Table 8
Gases Evolved from Contacting 0.25-g Soll with 100-uL

Undiluted LP at 5 °C as Determined kty GLC (uL, STP)

Sol! Total 0, J N, | co, N,0
China Lake A 108.5 0.580 0.938 0039 ND?
Yuma 2A 458 16.6 718 1.67 ND
Yokena 180.9 1.82 1.61 ND ND
WES Reference 93.3 1.54 0.735 ND ND

' All valuss represent means of three replicates.
2 ND = none detected.

Table 9
Gases Evoived from Coniacting 0.25-g Soll with 100-uL
Undiluted LP at 23 °C as Determined by GLC /uL, STP)'

Sall | Totar o, j N, | co, N,O

China Lake A 907.5 319 1018 227 ND

Yuma 2A 4,323 55.3 498 2.95 ND

Yokona 1312 131 40.019 ND ND

WES Reference 806.3 262 104.9 ND N

' All values represent means of three replicates. J
=)

Table 10

Gases Evolved from Contacting 0.25-g Soll with 100-uL

Undiluted LP at 60 °C as Determined by GLC (uL, STP)'

Soll Total o, T, co, N,O

China Lake A 1,061 7.044 11.09 160 0.1025°

Yuma 2A 6.466 677 220 397 ND

Yokena 3,179 10157 384 ND 496

WES Reterence 1.277 228 139 NC 0.237°

' All values represent means of thrae replicates
? Detocted in one ruplicate only

Soil Charactenzavon and Contact Screening Tests
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for FTIR analysis relied upon the assumption that an insignificant amount of
analyt: rcmained in the scaled flask

The gas of greatest potential concemn is NO, (Oxley and Brower 1988,
Wojciechowski and Leveritt 1991). It can be detected by FTIR, but not GLC.
In order to determine the confidence that can be placed in the FTIR data,
comparison between an analyte detected by both GLC and FTIR was made.
Nitrous oxide, which was detected by both GLC and FTIR, was used to com-
pare quantities detcrmined by the two methods (Table 11). The values agrec
within an order of magniiude at the 95-percent confidence level (i.e., mean
+2 units of standard error). Standard curves for both N,O and NO, were con-
structed by converting from volume of standard injected to moles of N,0 and
NO, in the FTIR cell using the Ideal Gas Law (Figure 6). Assuming 10 times
signal to noise (3 mm signal/0.3 mm noise, response measured as peak height),
the conservative detection limits for FTIR determination of either N,O or NO,
is a peak height of 3 mm. The detection limit for N,O from the standard
curve was 4.6 x 10® moles; the detection limit for NO, was 7.6 x 10°* moles.
Therefore, with 95-percent confidence, the NO, level was no more than an
order of magnitude above the detection limit of 7.6 x 10® moles.

Table 11

Nitrous Oxide Detected in Gases Evolved from Contacting
0.25-g Soll with 100-uL Undiluted LP at 60 °C: Comparison
Between GLC and FTIR Results (Standard Errors)’

Soll GLC FTIR

China l.ake A 1.719 x 10* B.77 x 10°
(1719 x 10 (877 x 104

Yckena 3.606 » 10° 9.44 x 10*
(1.504 x 10% (4.69 x 10Y)

WES Reference 1.002 » 10* 287 x107
(8.19 x 10% (1.09 x 107)

' All values are means of three replicates, although N,Q was detected in only one replicate of
China Lake A by GLC and FTIR and in only one repiicate of WE3 Reference by GLC (zeros
were averaged in for the other replicates).

Results of soil interacticn studics indicated that TEAN does not decomposc
immediately when LP contacts the soil (see Chapter 2), and NO, appears to
remain unreacted in the soil (Table 4). Therefore, the assumption can be made
that the gases produced are primarily products of HAN decomposition. In a
worst casc scenario, if all the nitrogen in 1 mole of hydroxylamine (HA) were
converted to NO,, 1 mole of NO, would be produced. Since 100 pL of LP
contains 9.15 x 10 moles of HA, the same amount of NO, can be anticipated
after interactivn, with coil. Therefore, the maximum potential production of
NO, from 100 pL of LP if only the HA decomposes to gases is 0.421 g, or
about 30 mL at 20 °C and standard pressure. (This amount greatly exceeds the
total gas observed in the present studics.) Therefore, in a worse case scenario,

Chapter 1 Soil Characterization and Contact Screening Tests
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Figure 6. Standard curve relating FTIR peak height for N,O and NO, and

molae (x 10°°) of standard in the FTIR cell

a spill of 100 L of LP could generate a maximum of 30,000 L. of NO, at
20 °C. However, based on the FTIR limit of detection for NQ,, no more than
2.48 L of NO, (at 20 °C) would result from a spill of 100 L of LP.

Conclusions

The 16 test soils exhibited a wide range in propertics and were considercd
suitable for assessing LP intcractions with soils. Initial contact with soils did
not result in a violent decomposition of LP, but visible bubbling and foaming
were observed immediately in some soils. The volume of total gases produced
when LP contacted soils varied from soil to soil and increased with wempera-
ture. The only gases detected were O,, N,, CO,, and, in several soils at 60 °C
only, N;O. No CO, NO,, or NO were detected.

Potential hazards resulting frorn gas production when LP is spilled onto
soils are limited to elevations in oxygen levels. Failure 10 detect the mose
noxious gases, NO, and NO, suggest low toxic gas hazard. However, GLC
analysis of confined contact tests did not account for the total volume of gases
produced. Quantitative delincation of all gases produced will require a special-
ized additional study. In a spill onto soil in a confined space, small quantities
of toxic gascs may be important.

M
w
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Liquid propellant contact with soils in a spill will result in a dramatic
increase in NO,/NO,-N and a decrease in soil pH. Final soil pH after LP
contact varied with soil type, ranging from 1.5 to 4.4. The soils exhibited very
poor buffering capacity for LP. High NO, and low pH in soils following a
spill have important implications for spill response and environmenial hazard.
Appropriate precautions for handling acidic materials of pH less than 4 should
be taken. Local soil conditions, hydrology, and terrain should be considered to
determine the potential for surface or groundwater contamination by NO,.

Chapter 1 Soil Charactenzation and Contact Screening Tests




2 Soil Sorption'

Introduction

Background

Adsorption and desorption processes potentially exert a controlling
influence upon movement of contaminants through unsaturated (vadose) and
saturated (aquifer) woils (Frecze and Cherry 1979; Thibodeaux 1979; Curtis,
Roberts, and Reintuird 1986; Brusseau and Rao 1989; Mercer, Skipp, and
Giffin 1990; Travis and Doty 1990). Partitioning of contaminants between soil
solids and pore water is termed interphase transfer. Interphasc transfer of
contaminant inte the seil solids phase is termed adsorprion, whereas movement
of the contaminant from the solid into the aqueouz phase is referred to as
desorption. Slow rates of desorption can greatly limit leaching rates and avail-
avility of the contaminant for absorption by plants and animals and for degra-
dation by soil microflora. Rapid rates of desorption can speed contaminants
i through the soil to groundwater and render the contaminant readily available to
plants, animals, and the soil microflora.

Batch partitioning tests in which the contaminant is allowed to equilibrate
between soil and water phases under carefully controlled conditions ar: useful
in describing interphase transfer. Results of these tests can also be used to
identify soil propertics cxerting the greatest influenice on retention and relcase
of the contaminant by soils and, ulumately, allow development of predictive
equations based on correlation of soil properties and partitioning coefficients
Field transport processes such as convective flow must be simulated in column
tests (see Chapter 3).

Objectives

Objectives of the study were the following: (a) to determine the rate of
; adsorption of HAN and TEAN when soils are contacted with LP, and (b) to
identify soil properties controlling adsorption.

N " g P W LN W R P R e

: ! By Judith . Pennington and Cynthia B. Price, U.S. Aumy Engincer Water  ays Experiment
h Station.
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Materials and Methods

Preliminary tests

Patch tests were conducted by shaking soil, water, and the compound of
interest until a steady-state distribution between phases was achieved. Several
preliminary tests were necessary to develop the best operational conditions for
condwu¢ ing the batch tests. Preliminary tests included the following.

a. Contact screeniny. Identification of LP interactions with soils that may
gererate hazards in the confined test system.

b. Tolerance to centrifugation. The centrifugation time and speed
necessary for removing particles greater than €.5-pm diameter from the
solution phase while maintaining the integrity (safely) of the LP.

c. Biodegradabiliry. The significance of microbial growth during the test
period.

d. Ratio test. The ratic of soil 1o LP that would assurc a measurable
solution phasc concentration of analyte.

[

Mdsorption kineticy. The time neecad to atiain an eguilibriurn dictriby-

LA VLR v Y MARils ARl

L.on between solid and aqueous phases.

Co 1 \ct screening. The contact screening test was originally envisioned to
provid.: qualitative indication of the vigos of reaction ¢f LF with £0ii so that
the shax  partitioning tests could be designed for safety. Since gas production
is an ir ) ortant fate process for LP in soils, more quintitaiive tests were also
cond.ict . Descriptions of both quaiitative and quantitative wsts are presented
in Chap:r 1.

Toler nce to centrifugation. The solutior. phase wus centrifuged after all
visibic re iction between the LP and the «oil ha:i issipated.  Centrifugation
times at \arious speeds were catculaied from the following equanor (ZPA
1991):

s

i, = 141 107 [logR,/R )N v

where
r. = cennfuge toie, minutss

R, = distance from centritupe spindle 1o deposition surface of centiifuye
tube

Cnapter 2 Suit Sorphon
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distance from spindle to surface of sampic

R,

N = number of revolutions of centrifuge per minute (rpm)

1}

Values of N tested were 5,000, 6,000, an.* 11,000 rpm which arc equivalent to
2,000, 2,800, and 9,400 relaive centrifugal force (RCF). Tests were conducted
consecutively frem 5,600 1o 11,000 so that ihe sealed centrifuge tubes could be
cxamined for breakage after tests at cach speed.

Biodegradahility. Tests were conducted to mcasure the change in micro-
hial numbers after 5 days urnds typicai test conditions, Test results were used
to deteimine the necessity for inbiontig microbial growth in subsequent iests.
Five grams (ODW) of soll (Yurrns 2/ ang wicatinny A) were placed in test
flasks and left either urwtociaved ot avtoclaved a 121 °C and 15 1b of pres-
sure for 15 min. Undiluted LF 20 mu » was 2dced 16 cach test. Tests weie
replicatcd three times. AJl flasks ver: rteced on g rotating shaker (200 rpm).
After 5 days, the sCluuon phudt was cwiuied JOF mizrotial aclivity (see
Chapter 4), and a subsamngle was anolyzed . HAN and TEAN.

T TR S A T T A RIPE NN ia oo DA R IR TN i L 0, ke s

Ratio test. A ratio test was perfonaed 10 detennne the vauo of soil to LP
that would result in solution phase cancensiauons sufficienidv high for accurate
quantifications. The ratios tested werc 1:3, 1:4, 1:5, and 1:6 soil to L. Tests
were perfoneed with Yuma 2A an¢ Picaiinny A soils and 1,000 ppm 1P,
Twenty milliliters of diluted L? was added to a 56-mL Eilenmey er flas” with
sufficient soil (ODW) 0 produce the desired 1atios. Thaee repucates of each
co1l/LP ratio were placed on a trating shaker for 4% hr, centrifuged at
11,000 rpm (%,401 RCF) for 15 min. and the solniion phase was analyzec for
HAN and TEAN by ion chromaiography (Appendis A).

BRI IO W I TR TR AT S et

-

Adsorption kinetics. To deteneine the time required to establish « steady
state of distribution between soil and LP components, threc adsor; ‘ion kinetics

2v,

[

1] tests were conducted using Yuma 2A and Picatirmy A souds. The tests difiered
g in the concentration of LP used. Concentrations were (a) undiluted, (H) a

i SU-percent dilutton of LP, and (¢) 1,000 ppm 1., Tests were conductes by

% equilibrating 5 g (ODW) soil with 20 mL of LP or LP solution on a yotating

i shaker at 200 rpm in three replicates for 0.5, 1, 2, 0, 24, 48, and 12C ar. For
f_._ 1,000-ppn tests, the first twe sampling, times (0.5 and 1 hr) were dropped, and
& a 72-hr samplc was adged. Three rephicates of undiluted and of dil-ted LP

; wihout suil (controls) were analyzed at cach sampling time to assess the

53 stability of tac LP components under ihe shaking conditions of the test. Tor
o the 1,000-ppi test, only one “no soil” control way wested with cach “soil™ test.
%, Cencentraticens of HAN and TEAN in wundiluted LP were determined o

ﬁ‘i provide time zerv data for the controls.

:

&

Adsorption 1sotherms

i Adsorption isothcrms were deicrminad fur cech of the 10 soils. LP was

. partitoned between aqueous and soit phases 1 the sanie test system desenbed

| .

5 ,
27
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above for adsorption kinetics. Five concentrations of LP were tested: 100,
500, 1,000, 1,500, and 2,000 ppm. Soil to solution ratio was 1:4, and the
cquilibration time was 48 hr. Three rephcates for cach soil/L.P concentration
were tested. The aqueous phase was analvzed for HAN and TEAN. The soil
phase was analyzed for HAN and TE.AN in two soils only, Yuma 2A and
Picatinny A. Soil phasc concentrations for all other soils were calculated by
difference from aqueous phasc concentrations. Isotherm data were fit to onc
linear and two nonlincar models (the Langimuir Isotherm Model and the
Freundlich Isotherm Model) that are commonly used to relate solid and aque-
ous phase contaminant concentrations in soils. Equations for cach model arc
presented below (Weber 1972).

Lincar g=kKC (3)
Langmuir g = QbCi(]+bC) 4)
Freundlich qg=KC™ (5)

where
¢ = solid phase concentration: of TEAN (mg/kg)

K, and K, = adsorption cocfficients for the lincar (L/kg) and Freundlich
[mg™" x L'/k7) cquations, respectively

C = cquilibrium soluticn concentration of TEAN (mg/L)
¢ = monolayer sorption capacity (mg/kg)

b = Langmuir constant related to entropy (L/mg)

4

n" = Freundlich characteristic constant

Paramcters for the two nonlincar models were determined by fiting the ¢xperi-
mental data to the lincanzed forms of the Langmuir and Freundlich modcls as
given below (Equations 6 and 7, respectively) (Voice and Weber 1983).

lig = (11Q) + (J1bQ)(11C) (6)
ing = InK, + (1/n')InC (7)

‘The coefficients of determination, R Square, of the linear regression for cach
mnodel were compared to determine which model best fit the isotherm data.

The K, values were correlated with 13 soil propertics using the Pearson
Product-Moment Corrclation. This correlation test measures the degree of
association between two variables without assigning independence o any vari-
able. The correlation cocflicicnt, r, 15 defined by the following equation:

Chapter 2 Soil Sorption




S(X-X)(Y-Y) (8)
(X X2y -Y)?

where
r = Pearson Product-Moment Correlation Cocefficient
X = variable 1
X = mean of variable 1
Y = variable 2
¥ = mean of variable 2

The square of the correlation coefficient, R Square, is an indica‘or of lincarity
between the two variables. If the R Square is equal to 1, the straight line
describes the relationship between the variabies perfectly.

A predictive equation was generated using the results of the conelation
analysis. The cquation was generated by regressing K, with the soil propertics
exhibiting ligh correlation (R Square > 0.5). All properties making an insig-
nificant contribution to the prediction were climinated.

Results

Prellminary tests

Contact screening. Results of the contact screening tests (presented in
Chapter 1) indicated a need for an open flask rather than the standard scalzd
tube shake test. ‘Therefore, all subsequent tests were performed in S0-mL
erlcimeyer flasks with puff plug stoppers to allow escape of any piessurc
generated by relcase of gases from the tests, All tests were conducied on a
rotating shaker under a fume hood.

Centrifugation. No brcakage of centrifuge tubes was observed at any cen-
trifugation spced. Therefore, centrifugation was considered to be a safc proce-
dure for scparating aquccus and solid phascs in subscquent tests. A sped of
11,000 mim for 15 min was selccted.

Biodegradability. No colonics were detesied in cither autoclaved or
unautoclaved tests at 5 days. Concentrations of HAN and TEAN in abiotic
and biotic tests did not dgiffer significantly (P > 0.05). Therefore, no cflfon was
madc to control microbial growth in subscquent tests.

Ratios test. TEAN concentrations in the aqueous phase of both Yuma 2A
and Picatinny A tests were measurable. HAN concentrations were not

Chapter 2 Soil Sorption
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measurable in the Picatinny A tests at any ratio and were mcasurablce in the
Yuma 2A tests at 1:5 and 1:6 ratios only. Detection of HAN in the 1:5 and
1:6 ratios indicates the presence in the aqueous phase of either unreacted or
unadsorbed HAN. Since active bubbling and frothing of the soil were visible
in these tests, the reason for the lack of HAN in the aqueous phase was
assumed to be due to HAN reactions with the soii rather than to sorption.
Kestits of subsequent sorption isotherms in which the soil phase was also
analyzed for HAN and TEAN showed no detectable HAN in Yuma 2A and
Picaiinny A soils with up to 2,000 ppm LP. Since concentrations of TEAN
were messurable at any of the tested ratios and HAN sorption was precluded
by reaztinns with the soil, the 1:4 soil to LP ratio was selected for subsequent
tesing.

Adsorption kinetics. Rcsults indicated very limited adsorption of either
HAN or TEAN by the two test soil; at any of the tested LP concentrations
(Figures 7 and 8). Even though HAN reacted visibly with the soils when
tested with undiluted or 5C-perceni diluted LP, concentrations in the aqueous
phase remained only slightly changed from time zero values (Table 12). This
is presumably due to (e large excess of LP which left large quantities of
unreacted 1A in sotution. In the 1,000-ppm test, HAN concentrations fell to
zero in 24 hr ini the Picatinny A soil and in 48 hr in the Yuma 2A soil
(Figure 8). These rsults are auributed to HAN reaction with the soil to pro-
duce gascs. This reactivity precludes assessment of the sorption capacity of
soils for ITAN. In subseguciit tesis in which the soil was analyzcd, no AN
was detected. Concenirations of TEAN varied little in either soil at any con-
centration indicating limited reactivity and sorptivn.

In undiluted LP tests, the concentration of HAN in controls containing no
soil weie fairly stable (FFigure 7). The concentration of TEAN in controls con-
taining no soil remained stable with diluted and undiluted LP, except in the s2t :
run with Picatinny soil tests in which TEAN concentration increased. This .
incrcase may be due to loss of water by evaporation. The variability in the
1,000-ppm control was higher than in tests (Figure 8). This is likely duc 10

the fact that onc of the two replicate controls was run with cach soil test at o
slighdy different times. The concentration of HAN in the control decreased ;"
slightly during the test, but the diffecrence was not significant. N
W

3

Adsorptinn Isothierms

Modcl parameters and statistical information for batch adsorption of TEAN
onto test soils are presented in Table 13, Isotherms models (solid lines) are ¥
ploticd with a scatter plot of the data (closed dots) for tour of the soils which
arc represcniative of other isotherms (Figure 9). Concentrations of HAN and
TEAN in soil as well as solution phases were obtained for Picatinny A and
Yuma 2A isothcrms (Table 14). The soil concentrations are plotied in Fig-
urc 9 for these two soils, whereas all other soil values were detenmired by
differcrice from solution phase analyses.
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Figure 7.  Adsorplion kinetics of HAN and TEAN from undiluted and diluted LP ¢on Picatinny A
and Yuma 2A soils. Each datum point represents the mean of three replicates.
Vertical bars are standard errors of the mean
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Tabie 12
Concentrations of HAN and TEAN In Undiluted LP, a 50-Percent
Dilution of L.P and 1,000 ppm LP + One Standard Devlation Unit

Dliution ! HAN Concentration (ppm) _TEAN Concentration (ppm)
Undiluted’ 996,000 t 30,000 312,000 + 18,800

50 % Diiution? 498,000 156,000

1,000 ppm? 996 312

' Values determined in three replicate analyses by iori chromatography.
? Values determined by calculation from undiluted values.

Table 13
Linear Regresslon Parameters for TEAN Adsorption Date with
Three Models

N Lengmulir Freundlich Linear
E" i Square' |Q b R Square| K, n R Square|K,
Picatinny A ‘lr 0.889 623 | 0.012 0915 151 1.5 0.86 13
Picatinny B 0.893 -333 | -vun 0462 Je.2 i3 .18 2.5
Yuma 1A ! 0889 -g81 |19 0995 139 [ 089 0.98 28
Yuma 18 0.999 -548 ) -0.0024 0.992 09823 08¢ 87 20
Yuma 2A 1.000 1,272 | 0.0018 0.999 2.70 1.08 10 1.7
Ema 2B 0870 664 | 0.039 0.7¢8 62.6 24 0.78 1.7
Yokena 0999 1,877 | 0019 1.00 303 1.2 1.0 201
WES Rofarenca 0.880 500 [ 0.069 0.996 44.2 20 0.94 26
BRL-SAS A 0.995 250 | 0.000 0943 6.30 16 067 048
BRL-SAS B 0.787 250 | 0.066 0.756 249 2.0 0.68 1.5
BRL-MAR A 0.989 554 | 0.022 0760 34 36 20 c.18 063
BRL-MAR B 0.976 549 | 0.018 0873 1474 14 0.95 28
ﬂha Lake A 0.957 -111 | 00076 0923 041t | 069 0.95 31
hChina Lake B 0.999 877 | 0.0026 0.992 778 | 12 02l 15
Socorro P 0809 |-3.654 | 0.0016 0.863 520 1095 0.97 €9
Socormo § 0896 | -945 [ -0.0035 | 09wy 298 |09z | 089 | 44 |
' R square = sruare of comelations coefficient; £2 = monolayer so'phon capacity; b = Langmur
constant reiated to entropy (Limg). K, == adsoiptior coeficionts. fur Freundlich equation {rag” '™ «
L'"/kg}. n* = Freundlick charactenstc constant, K, = adsorption costhicient for i
(L/kg) equaton.
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Figure 9.  Adsorption isothenms of TEAN in four soils: Yuma 2A, Yokena, WES Reference,
and Picatinny A. Isotherms models (solid lines) are plotted with a scatter plot of the
data (closed dots). These isotherms are somewnat representative of isotherms for
other soil. Each datum point represents the mean of three replicates. Soil concen-
trations were determined by difference from solution phase concentrations excapt
for Picatinny A and Yuma 2A soils for which the seil phase as well as solution
phase was analyzed

Adsorption isotherms or TEAN fit the Langmuir model better than the other
models except for Yokena and WES Reference soil, for which the three
models differed very little. Only two soils exhibited an R Square less than ().9
with the Langmuir model. Both of those, Picatinny B (C.89) and BRL-SAS B
(0.79), were nonctheless good fits. Eleven of the sixteen soils were also fit by
the Freundlich model and t¢n by the lincar model. The consistency between
models occurs because the amount of TEAN sorbed by soils is direcly propor-
tional to the concentration in solution. This results in small n and b values
(near 1) for the Freundfich and Langmuir models, respectively. Partition cocf-
ficients (K,s) for TEAN from the linecar model were relatively low, ranging
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Table 14 |
Concenirations and Standard Errors of HAN and TEAN
(ppm) In Soil and Water Phases of Adsorption isotherms for
Plcatinny A and Yuma 2A Solls |
Soll 'Phua LP Concantration (ppm) |HAN jSE TEAN SE
Picatinny A |Water 100 <t <1 10.50 o.M
500 <1 <1 477 1.7
1,000 <1 <1 737 0.72
1,500 168 18 152 83
2,000 288 12 238 6.2
Saoil 100 <5 <5 8.33 0.72
500 <5 <5 66.3 26
1,000 <5 <5 205.0 12
1,500 <5 <5 346 12
2,000 <5 <5 356 8.8_
Yuma 2A  |Water 100 <1 <1 7.33 0.27
500 <1 <1 52.7 0.98
1,000 <1 <1 78.7 0.72
1,500 267 <«1 150 054
2,000 7/0 2.2 278 6.6
Soil 100 <5 23 237 072
500 <5 <5 935 2.02
1,000 <5 <5 15, 45
1,500 <5 <5 283 15
- —
2.000 <5 <5 4027 _23 |
' Values represent means of three replicates  Aqueous phase detection hmits wore
1 ppm; soil phase detaction hmits were 5 ppm

Chapter 2 Soil Sorption

from 0.48 to 20.1 with a mean for all soils of 3.5 + 1.2. Low partition cocffi-
cients indicate limited agsorption of TEAN. When a compound fails to adsorb
to the soil and remains in the water, the compound is free to migiate through
the soil to the groundwatcr. The low K mcan that soil adsorption will not
prevent TEAN from becoming diluted by rainfall events or applications of
water to opills and, subsequently, being washed through the soil. However,
these events are governed by the flow dynamics of cach soil which cannot be
cxtrapolated from the batch partitioning results presented here. The fate of
TEAN in the soil profile under various hydrodynamic rcgimes is the subject of
the column studics (scc Chapter 3).




Calculated partition coefficients for several important environmental con-
taminants have been derived from log octanol-water partition coefficient (log
K,.. EPA/USACE (1991)) for China Lake A, Picatinny A, and Socoro P soils
(Table 15). Calculations were based upon the relationship among K,, K., and v
the fraction of organic carbon (fOC) in the soils (DiToro ct al. 1991). The K,
values were derived by multiplying fraction of organic carbon in each soil by
K,, of each contaminant of inierest. Thesc values are presented for compari-
son with the empirically determined K, of TEAN in the same soils. Partition
coefficients of TEAN are in the range of other relatively low molecular weight
organic contaminants.

Table 15
Adsorption Coefficients of Some Important Environmental %
Contaminants and TEAN ¢
Octanol/Water K}
Partition Coefficlent'
Contaminant log K,. China Lake A |Plcatinny A |Socorro P
PCB 1260 6.9 1.398 x 10° 8688 x 10° | 9.310 x 10°
2, 3,7, B-TCDD (dioxin) | 6.1 2.215 x 10* 1377 »10° | 1475 x10°
4,4-DDT 5.7 155 5481 x 10" | 5874 x 10*
1.1, 1-Trichloroethane | 2§ 5566 245 96 37.0
Trichloroethane 24 4.421 274.73 29 44 -
Toluene 22 2.789 173.34 18.57 &
Nitobenzene 19 1398 86.88 9.31 .
Dichloromethane 13 0.351 2182 234
Bromomethane 10 0.176 10.94 1.17 E
N-Nitrosodimethylamine | 0.6 398 0070 434 <
TEAN . 31 13 6.9
' Datz compiled in EPA/USACE (1991).
? Values derived by multiplying fraction of organic carbon in each sail by K., (DiToro ot al. 1991), Vi
except tor TEAN where values are empincal e

The Pearson Product-Moment Correlation of TEAN sorption coefficients .
(K,5) and soil propeities resulted in strongest correlations with percent clay and ' ‘
CEC (Tablz 16). These results suggest several possible mechanisms of TEAN )
sorption in soils. TEAN very likely exists in the soil as protonaied TEA, a
cationic form. Adsorption of cations occurs through exchange of functional
groups such as -COQH and phenolic-OH in the organic matter, or by displace-
ment of inorganic cations such as Fe or Al from clay surfaces (Khan 1680).
The presence of threc hydroxyl groups and an amine aiso make TEA suscep- .
tible to hydrogen bonding with the abundant similar functional groups i soil
organic matter. f;
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Table 16

Pearson Product-Moment Correlation Coeffiients foi Correlation
of TEAN Sorption Coetficlents (K,s) with 16 30:i Properties’

Soll Property’ Correlation Coelficient TP;‘._»?._&_!‘fulty ]
Purcent clay 0.872 <0.00" _
Cation exchange capacity 0.871 .'.‘9_'2).1__ _ ]
Oxalate extractabis iron 0.692 0.008

the soil property.

' Only soil properties for which probabilities of no significant correlatior wet > less than Q.05 are
presentad. Probabilities greater than 0.05 indicate no significant relationst-o betwees the K, and

Partition coefficients (K,s) for TEAN can be predicted from perceni clay in
soils using the following relationship:

K,=-1019 + 0.354(%Clay)

(9

where %Clay is percent clay. Other soi! properties that exhibited positive
correlation with K, made insignificant contributions to the prediction and were
eliminated from the equation. The predictive equation is based on K, and
properties of thirteen of the test soils; three soils (Socorro S, Yuma 24, and
BRL-SAS B) were withheld from the database io serve as checks on the pre-

dictive equation, When percent clay for these scils is substituted into

Equation 9, the predicted values shown beiow can be compared with the

empirical values;

Soil Predicted K, Emnpincal K
Socorro S 8.7 4.4
Yuma 2A 0.75 1.7
BRL-MAR B 3.9 2.8

The predicted and actual values agree within a factor of approximately 2.

Solution phase concertrations of HAN in isotherm tests showed reaction
and dissipation of the HAN until the reactive soil component(s) was depleted
in the sample and unrcacted HAN accumulated in the solution phasc of the test
(Table 17). Results demonstraic that the soils vary widely in reactivity with
HAN. China Lake, which was nigh in sand, showed the Icast rcactivity.
Socorro P and BRL-SAS B showed the gicatest reactivity. Results of analysis
for HAN in Picatinny A and Yuma 2A soils indicated no HAN at any LP con-
centration; all of the unrcacted HAN was present in the solution, not the soil,
phase. Therefore, HAN had not partitioned into the soils.

IR Lo AR BTl (TR RIS L YD TR VAT RS LT W Ll T,
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Table 17 .
Concentiation of HAN + Standard Error (ppm) in Aqueous Phase R
of Sorption Isotherm Tests B
Sol 100 500 1,000 1,500 2,000
Unreacted HAN [60.8 308 613 920 1226 *:
Picatinny A <i <’ <1 <1 77140 g
Picatinny B <1 < 70z15 180058 [212:24 beic)
Yuma 1A <1 150 + 0.50 386 % 26 568 + 57 676 £ 77 :
Yuma 18 <1 670£26 (277 t44 527 +8.2 9101 36 by, ¢
Yuma 2A <1 <1 ‘r<*. 168 £ 22 288 + 14
Yuma 2B <l ! 97+ 10 394 + 15 754 £ 14 ‘
Yokena <1 <1 <1 6331033 49 + 0.58 X
Wes Referance <1 <1 20 x 053 i54+t68 1341183 ;
BRL-SAS A <1 < 66144 232195 [511249 ‘
BRLSASB  |<«1 <i < «1 <1
|[BRL-MARA  |<1 42115 130 £ 26 441149 79063 <
!BRL-MAR B |« l"0x54 161 £ 16 337 114 203165 )
rCnina Leke A |207228  |261¢ 23 532 1 3.3 84306 1212151 g
Chinalake B |«1 a 70118 1801068 212124 ‘»‘
Socarro P 1 <1 < < <1 e
Socomu § <1 J<t 5067 £14 12050136  |4521% 16

Results of Pearson Product-Mo:nent Corretation of HAN concentration in i
the solution pliase of the 2,000-ppm LP isotherm west yicided nc strong corre-
lations (Table 18). Reactivity of HAN with soiis correlaied best with TOC, =
TKN, oxalate extractabe ¥e, and percent silt. Lack of stronger corrclation e
with metals was surprising, since HAN is known to be reactive with ceriain v
metals (Schmidt 1990, Hansen 1988, Backef 1989). However, mctals are
infrequently presen: in elememtal form in soils. The Fe, Al, aud Mn extracicd
from the soil with the oxalate procedure consist of metals in organic com-
plexes or noncrystalling hydmus oxides. The total Fe procedure assays Fe in
all of iis potential forms, which include solutle and insoluble forms, oxidized
(Fe*¥) or reduced (Fe*?) statcs, free oxides, complexes, or elemental form,
Apparently, HAM is not as 1cactive with these various forms of Fe, Al, or Mn

as with clemental fenns. The ositive correlution with percent sand is consis- e
tent with other results that indicate limited reactiviiy of HAN with sand, for

cxampie, the hmited reactivity of HAN wit the China Lake B soid as :
indicated by solution phase concentrations (Table 17). .
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Table 18

Pearson Product-Moment Correlation Coefficients for Correlation
of Conzentration of HAN In Solution Phase of 2,000-ppm LP
Isotherm Tests and 16 Soli Properties'

Sol Prgga.:ft______ Corielation CoeRiclent |Probabltity
Total Om,anic Carbor 0.563° 0.023
Total Kaidatl Nitmg&.:n -0.557 0.025
QOxalate Extractable Iron -0.519 0.040
f rroent Silt -0.€99 0.048
Parcent Sand _ 0.592 0016

|
' Only s0il progarties for wi.ich probzbilities were less than 0.05 are presented  Probabilities
yreater than 0.05 indicziv ne ralationship, positve ar negative, between the soil property and the
soluticn phase cuncentraticn of HAN.
2 A nopawve correlation coefficient indicates an inversy relationship; that is, the concentration of
HAN i1 solution decreases as the soil prperty increases.

Conclusicns

The two compenents oi LP, HAN and TEAN, differ significantly in interac-
tion with soils. The HAN reacts with oxidizable soil components producing
gases that volatilize from the soil. In the sorption tests, when undiluted or a
50-percent diluted LP was used, the amount of LP greatly exceeded the avail-
able oxidizable materials in the soil, so that the concentration of HAN was
virnually unchanged in the soluticn phase of the test. However, when
1,000-ppm LP was partitioned into soils, the concentration of HAN dropped to
zero within 24 t0 48 hr as a resalt of reaction with soil components. In a field
setting, excess HAN would periist only until the HAN migrated into unreacted
snil. Reactivity as indicated by decreases in solution phase concentrations of
HAN in the 2,000-ppm LP isotherm correlated oaly slighly (R = 0.5) with
soil properties. Properties exhibiting significant correlation (P < 0.05) were
TOC, TKN, oxalate extractable Fe, and percent silt. Results of this study
revealed no evidence of significant soil adsorption of HAN.

Concentrations of TEAN in the solution phasc of tests with undiluied and
diluted LP varied only slightly from initial values over 5 days. Even when
1,000-ppm LP was tested, TEAN concer-trations were relatively stable over
time. These results indicate very limited adsorption of TEAN by the soils.
The Langmuir Isotherm Modcl best desciibed somticn of TEAN in niost of the
soils, but all three models performed well. Partition coelficients v-cre
: relatively low. Mean K, for all soils was 3.1. Adsorption correlaied best with
percent clay, CEC, oxalale extractabie Fe, TOC, oxalate extractable Al, and
total Fe. These results are consistent with ionic interaction between TEAN, or
the cationic TEA, wiih these soil components.

B
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3 Runoff, Infiltration, and
Transport’

imroductios

Background

Onc of the broad objectives of the :esearch conducted in support of a spill
resnonse plan for P was to determine how fast LP runs off soils while it
infilirates into the yround and begins its decomposition process. Little infor-
matio is available about v hat happens in different time perods (minutes,
hour, days, ami monibs) afier a spiil. £.F can flow and puddie on the ground
surface (lime periods of seconds to hours) until it soaks into the ground (tinie
pericds of minutes t¢ hours), where it can continue to migrate (lime periods of
days w moiths). The volume of the spid) and the rate of leakage ne'fp to
defic the delay between discovery of a spill and the ¢hoice of comrective
actions. The extznt of the zone of scil contamination depends upon the arca
that cozies into ¢hntact with the flowing. LP ana the deptin of soil that ic
exposed. Diking to contain and redirect the spili flow is Bikely to he the first
intervention.  Shortly thereaftor, iniervention ay consist of reducing the haz-
ards of peisonnel contacting the spilled liguia on the ground suilace by erect-
ing bacriers around tic spill area, coveriug the contaminated wicd, applying
solvents, ot washing down the ground surface. After the imumed.ate thicat of
Puman wnjury is removed, attention can shift w eanviromncental protection.

The pH conditions that prevai' in a so. Jdicr an 1.2 spill awe related not
only to the s7il type but alsu w the concentration of thie LP in the soil, as LP
15 wizcible with waier. The duration of a low pH condition in a soil biought
abuuat by a spill may be modificd by chemical reactions and LP mixing with
water. LP is expecied 10 migrate through the suil under the impetus of its
weight and capiliary forces.

! By Domalu Deva Adnan, Louwsians Swwe Usnversity: Tommy £, Myers, U.S. Army Engineer
V/uteoways Frpaiment Swaton.
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Important questions for which there is insufficient information in the litera-
wure include:

«  How far is spilled L likely to flow across the ground surface from a
spill site?

« How fas: is spilled 1P likely 10 soak into the ground?
> How quinly can LP be washed from saturated soil?
»  How does undilutes and diluted LP react with soils?

« Do HAN ad TEAN migrate through the spil at the same rate, or are
they subject to 57mtion and retardation on the soil?

+ ‘To whut extent car: knowledge of water runoff and infiltration into soils
he translate!! 10 describe runoff and infiltration of LP?

Cbjectives

Specific objectives of the study were as follows:

TR T T AR AT T T T T PG TR T BT I o TR R AR T K N T NN 5o o LT A e, Wl A ™ e et

—~i L

a. To compare the tunoff and infiltration behavior of LI and water on five
soils.

- s

To describe the transport of undiluted HAN and TEAN through soils
when their migration rates arc increased by watcr applied over a spill as
in rainfall evenis or spill response dilution efiorts.

LT
S

c. To simulate the transport of HAN and TEAN through soils after their
concentration has heen reduced by dilution.

R ST ING i A5

Qg

Theory

z

{(tunoff

Fluid ftow dewn a slope n.ay he classified as either laminar or turbulent,
depending on the dimensionless Reynolds iumber Ny, which is defineq as

N, = Yl (10)

R
e 0

be
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where
U = average velocity of flow, cm/s
B = depth of fiow, ¢
p = fluid density, g/cm’ :
p = fluid viscosity, g/cm-s L
When the Reynolds number is lcss than 500, the flow is laminar. Laminar
flow is associated with shallow flows on gentle slopes as would be most
typical of LP spills. Turbulent flow is associated with decp, fast flow, such as
flow in a stream. Turbulent flow could occur for a large LP spill on a steep

slope, especially if the flow were constrained so that it took place in a rut or a
furrow.

The equation for the average LP velocity in laminar flow on a plane sur- e
face, U (cm/s), is (Streeter and Wylie 1979) ool

U = pgsinfB? (11) 1S
6L

where the terms are as defined above, and
& = acceleration of gravity, cm/s”
0 = slope of ground surface, radizans

T (s) is the time required for LP to flow a distance L' (cm) at a velocity U,
so Equation 11 becomes

L = LT Udt = B%Eiﬂ_o, f Bdi (12)
u

Since the functional relationship between the depth of flow, B, and time is
difficult to define, the integral cannot he evaluated. However, if B is approxi-
mated by its average value, B,,, which is casicr 10 determing, the equation for ,
L’ becomes X

L' = P8O g2 o (3)
6p

To understand the effects of vegetative ground cover on tiic laminar flow of :
LP in the event of a spill, several cquatiots should be examined. Hammer and X
Kadlec (198€) reviewed water flow equat ons proposcd for vegetated slopes.
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Most cquations were based on Manning's equation for turbulent flow, so they
arc not applicable to laminar LP flow through vegetation (Strecter and Wylie
1979). Hammer and Kadlec (1986) cited one empirical equation that fit creep-
ing flow (this may have been laminar flow) in shallow wetlands coniaining
vegetation (water depth varied from 0 to 100 ¢cm) where the distance travelled
by a parcel of water was less than 100 m/day. The cquation is

U = aB®s, (14)

where

a = hydraulic friction law, M'#/day

B = hydraulic friction law exponent

6, = slope of water surface
They found that § = 2 or 3 worked well for wetland water flow data sets; as B
is similar to the exponent in Equation 13, Equation 14 might represent LP flow

through vegetation.

Adrian and Martel (1989) proposed an equasion ihai ok 1iv account
laminar flow through grass on a slope. Their equation is

- o . (15)
y - 2pssind || lj__z_ lanh-Jgﬂ ;
Gnp BN Gn \ 2

wher:

grass density, stalks per unit area

constant for the equation €, = Wn—

Ke

1]

n
Cp

]

drag cocfficient, dimensionless

They suggested that grass cover decreasced the average slow velocity as pre-
dicted by Equation 11 by faciors of 10 10 20.

Agricultural rescarchers have developed equations for the movewent of
irrigation water across a ficld, so the cquations may he applicable 10 LP flow.
The equations take into account infiiration into the soil and cverland flow.
However, the overland flow is turbuleni, so it is described by the Mahning
cquation (Yu 1982).
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' i
nflliration ?
The volume of water lost to infiltration during irigation of ficlds is de- 3

seiibed through the Kostiakov ecuation (Kosiiukov 1932) i
&’_‘ .

Z = kT 4+ c1 (16)

I
I
it i
WHCTT oy
i
Z = voluise of water infilttated pec unit length |" :

k = gonsiang, arca/umc

: ];
. . . .7
T = tme since start of flooding !tﬁ
(Y _}i
. ’!]in-
a = duacnsionlzss (onstant Yot
; ¢ = constant, arsafime tﬂl}';t
1 '.Fﬂ‘-c{'
M f
: A Hmination of the Kostiakov cquation is that it is only applicable aunng the 1';;?;}
g neriod of ground flooding, so it would not apply w0 LP migraiion in soils aficr f’,"} ;
' the LP disappeared from the soil surface. ‘:’ :
[
/ N . . o g
: Inmensionzl snaly s provides a method of formulating dimeasionally cor- .3;5-
rect semi-crapinical LT flow and infilbalion eguations (8ridgraan 1931, ,-,I
. hrrecter end Wybe 19795 A volume of liquid, V, spilled ono a slope flows a "“
§ distance: L, where it stops & time T as all of thie volume has inftuaed. L' is il it
- . . . . . %8
i postulated 10 be @ funchion o the hquid, soil, and cther proscriies: ’]:[‘,'fn
Z g
¥
f LD =7V, g0, n 6,0 1) (17 ol
! JAR
iy ik
r- y
i whieje e pews symtals aied thear dimensiods, ave e
1
55 , L i
k; Jo = porgsivy, divnoasionies, i
i, o SOH paruele sive, Lo E
i
;(!, Thess vanables are wepvpeped dio seven dimaensionless nnnbers i
ki -
i
I"! .
] o2 »
Y / v A \
! T N A S fél) (%) :
?’ ‘/lf.‘ [)J ‘::év,v?.,f’, v/ 13 % 76 ) l. ]
1/
| d
b
b Tiie equatien for LF iy disience that is consistent with the Tarninar flow
t squacdon, the apphoation toes, the suidace tension ¢fiect, and the panticle suw
" effect is
:
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where the coefficient K and exponents A, B, and C are deterrmned from exper-
imental results. T-or example, the surface tension is expected to increase e
infiltration rate so that the runofl distance is decrcased. Thus, the suiface
tension has a negative exponent. Similarly, the particle size is gxpected to be
inversely related to the runoff distance so it has 2 negative exponsit Tune is
now interpreted as the application time, or the spil! time. so nat it hias been
dusignated as ¢ rather than T.

Thz variables involved in describing infiltration include the distarce the
wetting front is below the ground suriace, y,, at time ¢, and sitany of the vaii-
ables frem Equation 17

y, =fV.t, g, p. 0 0080 d 0 {20)

where the symbels have the same meamng as previously difined. The sub-
scripts oni the y, and ¢, vaniables caz be dropped when both are recorded at ihe
camie ume. ‘the vanabi:s are regrouped into scven dIMCNSIONICsS LUmoe,

Yy . ( K 3} 8 d gt 1)

P (T ¥ F— —
1 13 kp‘jb""‘,‘ pgv r Vv in 1% 110

The LP infiltraticn distance is the nroduct o7 the velocity of flow in the soil
times the elapsed time. Thc velocity of liquid fiow, U, in soi!, such as LP
veiocity, 15 given by the Darcy enuation (Domenics and Schwartz 1950)

o= KT (22)

whte
K~ aoeiliaent of hyarauiic conduciivity, cm/s
¢ = hydraulic gradicag, dimensionless
The nyutaulic gradient for vertical flow epprozches 1.0 as the wfiltration gets

cezper. The coetficien: of hydraulic conductivity, X, is rzlated to soil and
S propertes by

45

Chapter & Aunolf, Lviiraton, and Yrenpont




. LT AT S A e AT Ao LTI & i L AT T o T 2D

CEPITEL I T

46

K = md’pg (23)

where
m = dimensionless constarit

Large values of the surface tension will typically increase the infiltration
ratc. Also, the soil slope will be related inversely to the infiltration depth

since the fluid runs off a steep slope faster. Thus, the infiliration equation
form is

=K(pJ;;_v Vgt (d’] (o TO{ (24)

y
ViR k p VK U/m kpgvm

where the coefficient K and the exponents 4, B, and C are determined frem
experimental daia.

The unconfined expansion of the soil in contact with LP can be defined as
the relative change in volume of soil per unit volume of soil (Domenico and
Schwartz 1990). A column constidins the soil so it can expand only vertically.
Then soil expansivity is defined as

b AL
b=x =T

:

(25)

where
f3, = soil expansivity, dimensionless
K, = bulk modulus of e¢xpansion, dimensionless
AL’ = change of length of soil column, cm

L’ = original lzngth of the soil, ¢cm

Dispersion, reaction, and sorptlon

The dispersion cocefficient, first-oider reection rate coefiicient, and retarda-
tion factor may be calculated from one of two models, depending ujin vwhich
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one is appropriate for the experimental conditions. Onc model is appropriate

for 21 instantaneous injection of LP, while the other is appropriaie for a step

increase in LP concentration.  LP contains two constituents, HAN and TEAN,
either or both of which can be applied in the appropriate model.

The equation describing the effluent concentration of LP injecied into
colump feed as an instantaneous mass source is (Carslaw and Jaeger 1963,
Thomam and NMuelier 1987)

o 1

I i ool L'EVQ -TY  kTL’

CwL'\n = __.WL.’:- |EXP|- - ‘
oy ] e
s

where
C(L', Ty = BAN, TEAN concentration at Jocation L/, titne 7, mg/L
M = HAN, TEAN mass input, mg
A = pore area, cin’
D = dispersion cocfficient, cm¥/s
T = pore volume scluted (dimensionless time), dimensionless
L’ = column length, cm
, g
. - e . pb'}‘.‘d "/
£t = retardation cocfficient, dimensionless, & = 1 + .= s
n A
i/
p, = bulk density, g/em’ !
I, = adsorpuon distitbuaon coefficient, cm P g
k* o Liest=ondor reacton talg, &7 ‘i
v o= averape pore thaid velocity, cri/s
4
The measuted conventrations of LiA®N verses pore volomes cluted, 75 'TEAN
versus T, and chlevide 1o versus 7 are supplied w the 2bove equation. Then a

sontinear cerve fiting, proyam, ‘TatleCueve™ (Jaadel Sciendfic, Coric
Maderz, CAY is used 1o cstimate, {or e 501l and the flow conditions the valaes
¢ the TAH, TEAN, or chloride ion daspy rsion cocthiciend, waction raie coofti-
crent, and teiaidation coefacicn. These values 1upresen: the ixing, trn oy
mation vawe, and sorptive properties of the LY consttuenty, or oher tracer,, ay
they Dow i suil.
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When the step increase in LP concentration is applicd to the influent of the Y
cclumn, the appropriate equation for (L', T) becomes (van Genuchten and ;

Alves 1982):

¢ ' / ,:'_.{
CL',p) = CEXp| YL _ Jz L/LRFC L i
3 2D D JaDr o

C / /
« ZExp| Y. |7};_ L' ERFC|_E_ + T

2 2D ﬁD,
where terms which have not been defined with Equation 26 are ’
C, = HAN, TEAN input concentration, mg/L
EXP{*) = exponential function of (#*)
f
2 b
A= vk b
4D
ERFC(») = complementary crror function: of (%)
() = any function can replace *, for example, g
— Ak
X
A X
When the retardation coefficient, R, and the dimensionless time, 7T, K
measured in pore volumes are introduced, the equation becomes:
C ( / ;7 17 j_..‘
cw'\my = Z0Exp| YL - VAR e L - AT
= (20 "D — :
4DL'T '
Rv \J (28)
Cn . 1 b / T
»ZoExp|YE L | AR pleree| L | AT ‘
2 2D D T v
aDL'T l
TRV |
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Again, TableCurve™ can be used to carry out the nonlinear fitting of the
experimental data to the equations so as o calculate the valucs of D, R, and k.
These values represent the mixing, reiardation (sorptive), and wansformation
rate properties, respectively, of the soil and LP constituents as they flow in the
soil. The dispersion coefficient, D, measured from any of several chemical
species, including HAN, TEAN, and chloride ion, is expected to be nearly
identical for a given soil and a given flov velocity. Each chemical species is
expected to have its own retardation coefficient, R, for each soil. The trarsfor-
mation r 'te constant, £’, is expected *o be unique to each chemical species and
each soil. Transformation rate constants arc not expected to vary with the
velocity of flow through a column.

Materials and Methods

Runoif and inflitration experiments

‘Table 19 shows the experimental matrix for the runoff and infiltration
experiments for the five soils investigated. Table 20 shows the charac-
terization of the soils. The experiments were carried out in Plexiglas chambers
whose slope could be adjusted by placing shims under one end (see Figure 10)
to produce slopes of X, X,, X;. Mecasured weights of soil were packed in the
chambers in 1-n. lifts. The surface was scarified; then the procecure was
repeated several times until tie desired total depth of 3 10 6 in. was obtained.
The top surfacc of the soil was then leveled. LP in S-, 10-, or 15-mL volumes
was applicd to the soil surface as shown in Figure 11. The distance the liquid
propellant ran down the slope and an outline of the wetting front in the soil
were recorded.  All experiments were duplicated with water applicd to the soil.

Movement and reactions of undiluted LP in solls

The five soils were packed dry into vuress to study the movement of undi-
luted LP (Figurc 12). Table 21 shows the weight of cach soil and its porosity
after being packed 10 a depih of 4 in. at the bottom ot the burct. Two inches
of LP-saturatcd soil were placed over the dry soil, followed by two inches of
water. Table 22 shows the weighis of the seil and LP mixed to make the LP-
saturated soils and also the weight of water poured onto the saturaied soil.

Immediatcly afier water was added io the buret, the stopeock was opened.

The position of the wetling front in the tormerly dry <oil was recorded. Liquid
was collected by a fraction collector for clicmical analysis as soon av discharge
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Table 19
Experimental Matrix for Runoft and Infiitration Studies

Soll | siope 1 Slope 2 | stopa 3
China Lake B
LP {mL) 5,10, 15 5,10, 15 5, 10,15
Water (mL) 5,10, 15 5,10, 15 5,10, 15
Picatnny A
LP (mL) 5,10, 15 5,10, 15 5,10, 15
Water (mL) 5,10, 15 5,10, 15 5,10, 15
Socorro P
LP (mb) 5,10, 15 5,10, 15 5, 10, 15
Water (mL) 5,10, 15 5,10, 15 5,10, 15
WES Reterence
LP (mL) 5, 10, 15 5,10, 15 5,10, 15
Water (mL) 5,10, 15 5,10, 15 5.10, 15
Yuma-2A
LP (mL) 5,10, 15 5,10, 15 5,10, 15
Water (mL) 5,10, 15 5,10, 15 5,10, 15
Table 20
Soll Characteristics
% Slit % Org. d (cm) Spec. B
Soli % Sand | % Clay | Matter % Water | 50% size | Grav. | Class VE
China 87.5 2.0 0.53 1.1 0.040 259 | Sily
Lake B 25 Sand
SP.SM
Picatinny A | 56.0 375 202 | 1c 00075 265 | Sandy M
75 Silt
ML )
Socorro P | 425 30.0 053 129 0.0040 276 | Sandy
275 Clay
cL
WES Ret. 0.0 93.75 2.81 3.2 0.0019 254 | Clay -‘,-
6.25 Sit e
ML B
Yuma2a | 750 20.0 0.21 31 0.0079 269 | Sily b
50 Sand i
SM _

from the buret began. The position of the water surface and the position of
the soil-liquid interface were recorded for all soils except China Lake B.

Visual observations were made as warranted and included the presence of gas
bubbles, toam, and cavitics in the soil. The liquid fractions were collected in
glass vials and sent to the Environmental Chemistry Branch, Environmental
Laboratory, WES, for analysis of HAN and TEAN.
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Figure 10. Chamber used for infiltration and runoft experiments

The 45.8 g of LP used 1o saturate the China Lake B scil (sce Table 22) was
dyed with 30-ppm methylene blue in solvent. The liquid cluted from the
China Lake B burct was divided so that one portion could be analyzed for
methylene blue concentration while the oiher portion was analyzed for HAN
and TEAN.

Transport of dllutecd LP Iy soil columns

| Soil column cxperiments were conducted in stainless steel columns

| (15 x 4.4 cm inside diameter) (Figure 13). China Lake B and Picatinny A
soils were packed into the columns in six increments using prewcighed soil
with light tamping. The surface was scarificd to minimize formauon of bed-
ding plancs before adding the next increment. ‘The experimental matrix is
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Figure 11,

Liquid propeliant application and runoff
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Figure 12. Burets used in exper.mems on washing LP-saturated soils with
water
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ﬁ Pearmh-y of 7y Solls Packed at Bottom of Buret Jl S g
AENSRSS WTTT T L R T R i R - T T a1y A rlae ¢
| I Waght of Al b I l
i Sl { V.ry Soll, g flater (Cantent grem® Pozosiy e
AT SLSITEAT TTTIAITA S e =, = B -h!i P f‘ﬁ
China Lake B 319.0 0.011 2.59 G.34¢ i Lt
Picatinny A 295.4 0.115 265 B 2.2321 |{ -
- B N ,
Socorro P 2800 0.1% 2.76 03586 ‘
WES Referorice | 2596 0.03% 2.54 C 444 l
| Yomaza 8 Loow e %S
e B eSS ~== ISR TYVERSSS T TS STt TE= ;:“.r.‘.::_—..-:ﬂ .
{ Table 22 r

Weights of Soll and LP Used to hNake & Saturated dixiur 2 and |
| Welght o/ Wiier Applied . L ‘
LrSeturatsd Soll | o
__Soll L _SEILWaiLh., 8 l LPJ—T;E/‘;;;-- | Wuu'rj\':: ey, g \
_Chir*a Lake B ) 160.0 pﬁ.s'_n—— N ;1-.-8 T
Hicatinny A 148 ¢ -----' 432 544
Socormu P 1406 A} £6.7 94.8
WS Refzronco 160.2 .9'/ 0-' 6416 8
Yuma 2A B 1841 ._"f 51.7 94.8 7 .'
W

shown in Tabie 23. Flow in an upflow mode was held fixed for each column
dusing a test. The minimum velocity was 1.75 E-4 and 1.23 E-4 cm/s, and the
inaximum velocity was 19.27 E-4 and 4.63 E4 cm/s for China Lakc B and
Picatinny A scil, respectively. Flow was pumped through a constant volumc
metering pump. Column discharge was collected in a fraction collector
(Figure 14).

After son! loading, hydraulic conditions were stabilized by pumping dcaircd,
distilled, deionized water at sicady flow through tlie columns for approximately
2 weeks, yielding at least 13 porc volumes of throughput for the China Lake B
soil and 9 pore velumes of throughput for the Picatinny A soil. Tests staried
then of transpont of dilutec LP. Efflucnt samples for HAN and TEAN analysis
were collected by the fraction collector. Samples were stored at S °C until
analyzed by ion chromatography (Appendix A).

After the LP tests were complceted, columns were kept full of water and
rested for approximately 1 month. Deaired, distilled, deionized water was then
pumped at stcady flow through the columns for approximately 1 weck, flush-
ing at least 6 pore volumes through the China Lakce B soil and 4 pore volumes
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Figure 13. Stainiess steel coluimn and components

Table 23

Experimental Matrix for Transport of Qliute LP in Soll

SolVLiquid Loaded

! Application method

Chinz Lake 3

LP Instantaneous mass loading

Salt Tracer Instantaneous mass loading
Picatinny A |

LP Step Increase in concenfratun

Salt Tracer ] Instantaneous inass loading

SOIL  (Hren
COLUMN [Eae
[—i;e;f;&
PUMP H
o= ]
. l

RESERVOIR

FRACTION
SOLLECTOR

Figure 14. Soil colurn

n test apparatus
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through the Picatinny A soil. Salt tracer was injected into the flow, and the B
chloride ion was monitored. The cffluent fractions were analyzed for chlonde '
ion concentration.

Results .

LP runoff

The data from cach experiment conducied in a runoff and infiltration cham-
ber and the properii=s of the fluids were grouped inte dimensionless variables
which consisted of L'V, p/ipN g¥)). o/(pgV*™). n. 0, d V'3, and (Ng)t /v,
where

o = surface tension of the fiuid

d, = mean soil panticle size
t, = application time of the fluid o
The dimensionless variables were fitied o Equation 19, the dimensionless i

runoff equation, which reduces o

L' g [pgOVY [ o T d e (29) ih
Vlﬂ L p _pg‘,’7/3

The data were subdivided into two groups, data for 1.P and data for waicr.
The exponents A, B, and € and the proporiionality constant K” were deter- ﬁ
mined from the data by the nonlinear regression program in Sigma Plot™ N
(Jandcl Scientific, Corte Madera, CA). Nomn of the regression analysis pro- e
vided a measure of the goodness of it of the data to the equation. The nonn
is defincd in Sigma Plot™ as

NORM = \/)__‘T(Residualx)’ pLa

v.here a residual is the difference between a measured runoft function value,
L'/V'?, and a renoff function value calculated from Equation 29, The smaller ;
the value of the nonn, the more closely the data fit the regression equatio 1
Figures 15 and 16 present the experimental runoff data for LP and waier,

respectively, plotted 25 the measured L7V versus the value of L'/V'" from
Equation 29 with the optimized coeflicient K” and exponents A, B, and C.
Table 24 summarizes the runoff equaiion coefficients, exponents, and norm for ¥

the five soils that were tested.
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Table 24 1
Summary of Runoff Equation Coefficients and Exponents far the 1
Five Solls with LP and Water 1
Solil and Fiuid K A B c Narm ]
s

China Lake B

LP 3.333E-2 0 01748 099 185

Water 5654 E4 0 0.6886 1.094 1.60
Picatinny A

LP 3.080 E-1 0.2310 0 & 605

Water 1.096 E-7 0.2381 2.742 0.4575 317
Socorro P

LP €.482 E-4 0.2115 1.533 0 4.39

Water 1.228 E-4 0.1699 219 0 4.03
WES-Raference

LP 3429 E-6 0.5096 1.938 0 5.27

Water 3195E5 | 0.2499 1874 0 247
Yuma 2A

LP 6.315E-9 0.2078 0 3.21k 2490

Water 6500 E-4 | 0.1436 0.8157 0 5691 3.83

In four of the soils, the regression equation for water had a lower norm
than the regression equation for LP. Yuma 2A was the cxcepton in that the
regression equation for LP fii the data better than the regiession equation for
water. The Picatinny A soil had the largest nom of any scil for LP.

The magnitude of the exponent A provides a i.casure of how closely ths
runoff distance was described by flow without infiliration down a sloping
planc surface. When A = 1, runoff distance is described by tlow rather than
infiltration. When A = 0, the sloping planc surface model is not applicable.
In all soils, the exponent ranged in value {rom zero to aboui one half,
suggesting that the sloping plane surface portion of the model provided at best
only part of the cxplanation for the runoff distance.

Values of exponent A for LP and for water were consistent in most of the
soils. Chipa Lake B soil had cxponents of O for LP and wawer, mcaning that
the runoft disiance for the sandy China Lake B soil was not described as flow
on 4 sloping plane suriace. Picalinny A soil had alinost the same exponents,
0.2310 and 0.235! for LF and waier, respectively. Socorivo P soif hiad stmilar
exponents of G.2115 and 0.1699, respectively, for LP and water. The exponcut
for WES Refcrence soil for LF was ncarly twice as large as the exponent for
wawr. Yumsz ZA soil had a larger exponent for LP than it did for water. jo
summary, three of the soils bad Target exponents A for LP than tor water,
whilc the exponents were cqual for two soits. For all the seiis the eaponents
weie zero, or small compared with 1, suggesting that other Taaors in adduion
to flow without infilt-atien on a stopmg plane surtace are necded o oredict ibe
runotf disiance.
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The magritude of the exponent B provides a measure of ihe role of surface

i tension in predicting the runoff distance. Values of B > 0 mcan thau capiliary
: forces play an important role in reducing the runoff disizace by increasing the
i infiliration rate. Table 24 shows that the magnitude of 3 varied fiom 0 for

i Picatinny A and Yuma 2A soiis with LP to 2.742 for Picainny A soil with

3 water. For all soils, the exponent was sinaller for LP than i was for walcr.

] This result suggests that surface tension is less impornant in infilization of LP
g than it is for water, The contrast in the effects waus most noticeable for

\' Picatinny A and Yuma 2A soils, where the surfacs 1ension dimensionless

Z group played no role in the runoff distance for L.P. wiiile it played a larger ole
E’E for water. For China Lake B, Socorro P, and WEs Keference soils, the sur-
,‘ face tension dimensioniess group was important in irfluencing the runoff dis-
';\\ tance for both LP and for water.

E Exponent C related the dimensionless particle size to the dimensionless

3 runoff distance. For Socorro P and WES Refer:nce soils receiving water and
é LP, and for Picatinny A soil with LP, the exponent was zero, showing no

2 influence of particlc size on runoff distance. In ali other cases, the exponent
A showed that dimensionless particie size was related 10 the runoff aistance.

i

3 The runoff equations should be used within the range of experimental

3 conditions under which they were developed (Table 19). The data sets for

; which the equations were developed were small, and the equations have not

?«; been verificd by comparing their prediciions agamst mndependent measurements

of runoft distance. The proportionality coeffizicnts K and the exponents A, B,
and C generally vary from s0il 1o scil and between LP and water. Yet patizriis
in the exponents are evident. Whilc exponents for LP and waier werc similar
in China Lake B, Socorro P, and thic WES Refercnce soils, exponents {or 1P
differed from water in Picatinny A and Yuma 2A soils. Examination ot

Table 20 on the soil characteristics provides no clues for the above groupings.

Figures 15 and 16 show graphs containing a regression linc between die
measured runoff function and the runoff function equaiion. 1If there viere 5o
error, all of the data wculd ploi on a strzight line passing through the ovigin,
having a slope of one.

Runoff data for China Lake B soil shcwed considerable scauter (Figures 15
and 16). The measured runoff function was related (v a nonlinear manner 12
the runoff function eguaticn. The noplinear behavior is particulanly apparen!
for water runoff (Figure 16). As has been s wown, the minoff function cguaton
was not related to the dimensionless theoretical velocity times application tune
term, but was related to the surface tension and paiticle size dimensionless

u numbers (Tablc 24). The high sand content of the China Lake B soil is the
likely reason for the wability of the runoff function equaiion 10 predict runof!
% length. For example, if the appiied liquid tends w soak into the soil withoas

running off, then predictions of munoff distance are poor.

Picatinny A soil showed a wide scatier of data for LP and a smaller scatier
for water (Figuses 15 and 16). The nonn, also a veflection of the scatier in: the
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data, was large for Picatinny A $oil to which LP was applicd (Tablc 24). The
rclationship between the predicted and measured runotf function was nonlinear
(Figure 10).

The predictions of the runoff function cquations for LP and water for
Socorro P soil were similar (Figures 15 and 16). Thesc results are consistent
with the similarity between exponents and nomms for LP and water in
Socorro P soil (Table 24). The relationship between the predicted and
measuared was nonlinear.

LP infiltration Into soils

The data for cach infiliration cxperiment and the properues of the fluids
were regrouped inws dimensionless variables which consisted of

Y u g d &t
S/ R L
Vv Q‘Jyf(gV) (pgV*) 1% v

where the terms have been defined previously, except,

Y, = verical distance frum the onginal soil surface o the deepest part of
the wettng front

1, = the ime since the start of experiment at which Y, was measured

The dimen=ionless variables were analyzed by fitting the data to
Equation 24, the dimensionless infiliration equation, which reduces 1o

T4
2 r
Y: =K' pgd lll i Y _lbe-c {\3())

VB pv2 _] [pg‘.“"_l

The data were subdivided into two groups, data for LP anc for waier. “The
exponents A, B, and € and the proporttionality constant K* were determincd by
the nonlincar regression program in Sigma Ploi™ (Jandel Scientific, Corte ik
Madera, CA). Table 25 summarizes the infiitration equation coelficients, i
expongnts, and norm (which measures the gooduuss of fit) for tr: five soils ‘
that were tested. Al of the soils had small values of the norm indicating that
the fit w the equations was pood. Figures [7 and 1§ present the experime:al
results, YV, plotted against the opumized Equation 39 for LP and wates,
respectively.
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Table 25
Summary of Infiltration Equation Coefficients and Exponents for
the Five Solis and for LP and Water
Soll and Fluld K A B C Norm
China Lake B
LP 0.2378 0.1626 0 0 3.20
Water 0.1667 0 1868 0 0 202
Picatinny A
LP 0.3103 0.0771 0 00849 1.45
Water 0.8273 01144 1.239 0 1.22
Socomo P
LP 0.6594 0.1499 0.3112 0 052
Water 2.2610 0.1298 0 4975 0 0.67
WES-Reference
LP 2685 0.1i52 0.5178 0 0.72
Water 4.167 0 0.4463 0.0£37 062
Yuma 2A
LP 0.3193 01680 0.060% 0.0287 1.92
Water 2.4700 0.0997 0.3670 0.0411 1.44

The magnitude of the exponent A ineasurcs how closely the infiltration
distance conformed 1o the predicied infiltration distance developed from
Darcy’s equation. When A = 1.0, Darcy’s ¢quation was followed exactly.

The exponent A values were much smaller than 1.9, ranging in magnitude from
0.0 for WES Reference soil with water to 0.1868 for China Lake B soil with
water. These small values indicate that Darcy’s equation required modification
10 reseinble the Kostiakov expression, Equation 16, to better describe the infil-
tration distance. Also, the actual bydraulic conductivity was likely 10 have
decreased as infiltration took place duc to the infiiuating water filling only par
of the soil pore space. This would produce unsaturaied flow, which is charac-
terized by low values of hydraulic conductivity.

The magnitude of the exponent B provides a mcasure of the 1ole that
surface tension plays in: describing infiltration distance. A valuc of B > ()
means that capillary forces played a role in increasing the infiltration depth.
Table 25 shows that 5 = 0 for China Lake B soil for bom LP and for waier
and also for Picatinny A with LP. For Yuma 2A soil with L.F, B was low
{0.0609). By contrast, B varied from 0.3112 to 1.239 for the other soils and
fluids. Thesc results demonstrated that surface tension efi--cts were important
in describing the infiltration depth for Picaunny A soil with water, for
Socommo P soil for both LY and for water, for WES Reference soi for both LP
and for water, and for Yuma 2A soil for water. But, in general for LP, surface
lension was unimpostant (except in Socorro P and WES Refererice) and less
important than it was for water (cxcept for WES Reference)
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The exponent C was zero or small in all cases, showing that the soil slope
had no, or only limited, effect upon infiltration depth.

Picatinny A svil showed (Figures 17 and 18) a greater scatter of points,
especially for LP, than for other soils. The wetung front in Picatinny A soil
was difficult to distinguish for both LP and for water. The black soil showed
very little color change between wet and dry states, creating difficulty in iden-
tification of the wetting front. Socorro P soil also showed relatively little color
change between wet and dry states when LP or watcr was used, resulting in
the collection of fewer data points. Data for WES Reference soil were closely
clustered about the regression line, especially for LP. Even rhough Yuma 2A
soil showed the greatest tendency of any of the soils to react with LF, infiltra-
tion functions were similar 1o thosc for water (Figures 17 and 18).

The infiltration equations that were developed should be used within the
range of experimental conditions shown for which they were developed
(Table 19). The infiltration equations have not been verified by comparing
their predictions against independent data sets.

The regression line between the predicted and measured infiltration depth
functions in all cases comes close to passing through the origin and having a
slope of onc (Figures 17 and 18). The data are scattered near the regression
line, indicating reasonable agrecinent between predicted and measured
infiltration.

Movement and reaction of undtluted LP

The movement and reaciion of undiluted LP in the five test soils were
observed in terms of swelling, production of gas bubbles, visibility of the
wetting front, time to elution, cavities formation, and rate of percolation of
water through the LP saturated soil (Figures 19 and 20). The dashed refercnce
lines show the original position of the soil surface and the water level. The
time at which liquid elution started and the time at which cavities formed arc
indicated.

China Lake B. The China Lake B soil showed very littde reaction with the
LP as evidenced by soil swelling and production of gas bubbles (Figure 19a).
The wetting front position was clearly visible and progressed the 4 in. through
the dry soil to the porous plale in less than an hour. A lag time of several
minutes was observed as the wetting front progressed through the porous plate;
then liquid drained into the fraction colicctor. Two hours were required for
drainagc of the water standing above the soii to drop to the top of the soil.
Almost immediately the drainage rate dropped. A small amount of drainage
occurred over the next 12 hr, and then halted. The position of the water level
and the soil surface were not recorded.

Ch.pter 3 Runoff, Infiltration, and Transport
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Picatinny A. Picatinny A soil showed an immediate swelling of 5.6 cm
when contacted with LP (Figure 19b) The swelling lifted the warer su:face
and raised the soil surface 7.9 cm in 19 hr. The soil and water levels
subsequently declined, but the coil level remained above its origir al puosition.

The lack of contrast between wet and dry Picatinny A soil made the
advance of the liquid into the soil difficult to observe. In fuct, Figure 196
shows that the observed position of the wetting front did not change 1 the first
day of observations. Yet, LP clution occurred aficr about © hr. Obviousty, the
barely distinguishable wetting front that appeared not to meve was rot an
accurate representation of the position of the liguid in the soil. No atiemp: to
document the position of the wetting front was made after {0° sec.

After n=ar'y 3 days, the watcr level had not declined to its criginal eleva-
ien, even though drainage of liquid had taken place into the fraction cotler:ior.
Much of the soil swelling was permanent in the sense that afiev liquid ceased
to elute frum the buret, the soil surface was still higher than v was in its
oniginal position. Pant of the 561 swelling was due o gas formation in the
soil. The gas occupied pore velume and separated the soil particles.  Another
pan of the soil swelliug may have been due 0 cxpansion of soil particle by
wening.

Secorro Periphery. The Soconc Peripnery soil underwent an immediate
swelling ¢f 4.1 em upsn coming into contact with LP. About 3 br later, the
s0il reached its maximurn cxpansion, a towa! of 4.8 cm. The waler suriace was
lifieu trom its original position by the soit swelling. The wetting front was .
prorly visible, 50 no data arc evailatle after X time. As shown .n Figure 19¢, X
the 12corded welling front position was several ceniimeters above the porous
plate suppont cven afier liquid elution began. Clearly, the poorly visible wel-
ung tom was a poor indicatol of i liquid position in G soil. After abow
16 min, the aicr level reached its mazimurn clevation and proceeded to drop N
as infiltration took place. :

WLS Reference. WES Refercnze soit follywed the trend of other soils in
undergoing & rapid expaision when brought into comact with LP (Figure 19d).
The sou expanded by 4.0 om, iis maximuim cxpansion, almost immediately.
The soil surlace dropped as the wotting hont aevanced. The water level was X
lifted 4.5 ¢ by he swelling soil, but dropped as infiitration occurred. The \“
willing trout was visible and reached the porous support after about 16 hr, A
9-hr ¢elay ensued before elution of the ligud started. Pat of the delay at whe
porous suppon is due to the time required for the wetting frout 1o advance

through the §-om support. However, the mone likely attnibutable delay is to ;
the difiercuce in pore size of the suppor and the WES Reference soil. The *
support has larger pores, producing smaller canillary forces than the fine- '».‘_
graned soi). The capillary forces act to hold the liguid in the WES Refereace ."
st while filliny up pone spaces that had been bypassad in the inaial intiitra iy
tion. When the pore space hed been filice safticicnily, the weiting front B
advanced into the porous suppon e be jellowed by nigaid ¢lution. '
€5 i
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One notable feature of the LP advance inie the %WiiS Referznce soil was the
formation of a cavity after about 18 min. The cavity was a gas-fulled opening
in the wet soil which was visible for a short time Sefeie the gas rose thiough
the wet soil and bubbled off. The cavity formed 2hau! the time the soi
reached its maximum cxpansion.

Yuma 2A. Yuma 2A soil underwent itemediaie swetling after comring inte
contact with LP (Figure 20a). The increase was about 3 € ¢m in hal{ an hour.
The wetting front moved downwards steadity, and tbe water level showed an
early risc as it was lifica by the swelling s¢il, then ¢ d20%ne as the wetting
front advanced. Liquid eluiion occurred aficr abow: «.% tre. The visible wet-
ting front had not yet reached the porous sugpen, suggesting that the wetting
front was a poor indicator of the liquid position in the soil. About 8 Lr after
the experiment stanted, a large cavity was observed extending completcly
acvoss the soil in the buret. The soil was separated hy a gas-i‘lled cavity into
an upper portion. Remnants of this cavity were visible several hours later, as
were indications that other cavities had formed and collapsed when no
ohservers were present.

Two more experiments were set up to determire wheiher the fonnation of
large cavities could be duplicated and to obtain more observations of condi-
tions before and after cavity formation. Four cavities were obscrved in
Yuma 2A Task A (Figure 20b), and six cavities were obscrved in Yuma 224,
Task B (Figure 20¢). In Task A, the first cavily tormed witiout hfting the soil
surface. Task B lifted whe soil surface only slightly initially, then more «5 1w
additional cavities formed.

T~ble 26 summarizes the soil cxpansions brought on by concenirated LP.
Soil expansion discussions in the literature focus on c¢lay volume changes with
an increase in moisture content {Tariq and Dumford 19%3).

| Table 26 |
Expansion of Solls Due to Contact with LP
jcll L, om L g €M al'=Ll,-L,cm p=alil,
I| China Lake B 152 * - )
, | Picanny A 15.2 23 1 7% 052
; Sceorno P 15.2 20.0 48 032
; | WES-Peterence | 152 192 40 026
§ Yurea 24 152 | 205 53 035
5 Yurna 2A-Task A | 162 204 52 €34
; Yura ZA-Task B | 152 18 4 32 021
IQ gr Pl e w2S ot recordad tor China { ake B sal

-
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Relationship of chiromatograpbic effect to reactions of LP with soil~  1i i

was noted hat cavitics formed in the wet region above the wetiing frons

Gases generated at the werting front could move downwards and escapx.

through the porous support. However, the chromatographic effeci may provide 5
ar explanation for gas formation behind the wetting front.

When LP percolates into the soil, its chemical consiituents miay trave: at the
same velocity as the liguid carrier, or they may move at a slower velozity if
they undergo adsorption and desorption on the soil. HAN and TEAN undzrgo
sorption on the soil, but tie somtion intensity is diffecent for vach spacies and
for each soil. The sorption intensity is expressed through the retardation
coefficient. A large value of the retardation coefficient indicates a chemical
species that is strongly sorbed. 1t will appear 1o move slowly, much slower
than the carrier fluid, since it spends s0 muci trae attacksd to e soil. On the i
other hand, a low retardation coefficicnt indicates a chizmical species that trav-
els almost as fast as the carrier fluid. A retardaiion coefficient of onc signifies
that the chernical species docs not wiiergo sorption, so it moves at the same
speed as the carner flind. HAN and TEAN have retardation coefficients that
are less than five for China Lake 33 and Picatinny A soil. TEAN has a larger
retardation coetficient than HAN. The retardation coefficients were not
mcasured for Yuma 2A soil, but if they had the same relative magnitude for
Yuma 2A soil, the chromatographic effect could explain the cavity fonmation.

HAN will move faster than TEAN as TEAN has a larger retardation coeffi-
cient. Thus, flowing LP will separate into its constituents because the adsorp-
tion and desoryvinn process aliows cach species to move at a different speed.
The fluid at the wetting front will become depleted in HAN and TEAN con-
wentrations s they undergo sorption. The highest concentration of HAN will
lag behind the wetting font due to retardation. The HAN concentration front
will fall back more and more from the wetting fiont as infiltration procecds
over greater distances. The [FCAN will lag behind the HAN as TEAN is
retarded more. These phenomena are shown in Figure 21. 1n the buret experi-
ments, there was also a chromatographic effect at the top of the column of soil :
where the water was placed on top of the LP-saturated soil. N

The chromatog aphic effect is important in the transpont of a reactive and
sorbing solute such as LP, for it suggests that the chemical reactions taking
place during infiltration will take place behind the wetting front. The distance
behund the wetting front wili depend on whether the reaction invoives HAN or
TEAN. Furthermore, if the reaction produces gas as a reaction product, the
gas will be generated in a liquid-filled porous medivm. Capillary forces will
tend to hold the gas in the soil interstices. However, if the interstices are large ;
cnough, the bubble formed can migrate upward under the influence of buoyant L
forces. Fine-grained soils can produce lerger capillary forces, which will make
it more difficult for the bubble 1o migrate. In this case, the bubble may be
trapped. I a sufficiemt number of bubbles are trapped, they may aliow fonma-
tion of a cavity in the soil. At any rate, the uapped bubbles would promote
swelling of the soil as the gas bubble: would pry the soil graing farthes apait.
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Figure 21. Chromatographic efiect in a soil through wi ch LP is percolating
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The concentration of TEAN in the initial ¢luate sample was zcro in Picatinny
A (Figure 22h), Socorro P (Figure 22¢), WES Reference (Figure 22d), and onc
of thic three Yuma 2A soil samples (Figure 23b) and ncar zero in China Lake
B (Figure 22a), and two of the three Yuma 2A soils samples (Figure 23a,b).
The zero or near zero concentrations 0f THAN in the initial eluate could
cvolve in two ways: (a) ihe overlying water could have migrated through the
LP-saturated soic or (b) the inibil cluate samiple. was made up of water and
HAN so0 that 1t appeared to movce faster through the pores of the saturated soil
than the TEAN. Subscquent results suppon the second explanation. The
TEAN con entration iicreased as more flwd cluted, supgesting that the TEAN
had been immobiic at first, then hecame menile lawer. Initial adsorption
dgecizased th: TEAN concentration 1o zero or acar zero in the leading edge of
the flow. Tten, as the adsorption capacity of the soil was exhausted, the con-
centration of TEAN in the mobile phase «acrcased.
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TEAN concenirations in the eluent reached a plateau, a C/C, valuc of about
0.25 for Picatinny A soil and about 0 'S tor WES Reference soil. The devel-
opiment of a platcau suggests that (a) tie TEAN had degraded or (b) dilution
with water decreased the TEAN concentration. In the other soils, the maxi-
muin concentraiion of TEAN was reached when elution stopped. A mathemat-
ical madel of TEAN transport in the soil was not developed because of the
Jimited amount of data collected and the complexities of the varable flow raic.

The HAN concentration ir the initial ¢luant was zero for Picatinny A,
Socormro P, and one Yuma 2A soil (Figure 23b) and necar zero for WES Refer-
cnce s0il. The concentration was about 0.1% for China Lake B soil, 0.05 for
one Yuma 2A soil (Figure 23a), and 0.1 for another Yura 2A soil (Fig-
wit 23c). Thus, HAN degradation and sorption in the soils was evident, but
was not quantified.

The behavior of HAN and TEAN in China Lake B soil was similar after
differences in initial concentrations (Figure 22a). Each species underwent a
temporary reducuol in concentration midway through the flow process, then
both climbed 10 @ maximum when flow ceesed.

The HAN and TEAN relative concenirations paialleled cach other for Picat-
inny A soil (Figurz 22b). Thus, their degradation and adsorptive behaviors
were similar.

Socorro P soil adsorbed TEAN 1o a greater extent than HAN as the TEAN
clution curve was delayed relative to the HAN eiution curve (F.gure 22¢).
Also, HAN reached a peak concentration midway throuzh elution, then ,
declined in concentration. By contrast, once TEAN appeared after its delayed 4
clution, the concentration climbed continuously until elution stepped. The
decreasc in HAN concentration after reaching s peak could be evidence for
enhanced adsorption,

WES Reference soil showed HAN 2ud TEAN cluted in a similar manner, .
but HAN maintained a greater relative concentration (Figure 22d). -

In Yuma 2A soil, the HIAN concentration increased more rapidly than the W
TEAN concentration carly in the test; then the relative concentrations reversed,
with the TEAN concentration being laryer than the HAN concentration later in
the test (Figure 23a,b,c). Part of the explanation for the difference in behavior
of HAN ang TEAN in the three Yuma 2A. soil samples may be attributable o
the formation and locaticn of the cavities. A cavity interrupts the flow; then,

* tlease of pas bubbles through the soil stirs up the soil opening and closing
flow channels. These channels could provide @ mcans for water (¢ enter
difterent depihs in the Yuma 2A soil. Also, the chiromatogiaphic effect pro-
vide: sere lengiudinal segregation of HAN and TEAN in the coil. Thus, if a
cavity fc s . pu 1 for water emry 1w a region of soil containing TEAN but no
Aa~N. then exes EAN could Le pushed out while the oncoming HAN was

Jd e
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Methyiene blue dye as a quantitative indicator of LP concentration

The concentration of methylene was very low, in the fraction of a mg/L,
even when the applied concentration was as high as 30 mg/L. The China
Lake B soil was stained, showing that the dye was adsorbed and almoest com-
plciely removed from the liquid. The survival of methyicne blue as it
percolated through other soils with LP was not tested since other soils were
likely to sorb more efficicntly than China Lake B.

Transport of diluted LP In soil columns

For Chin J.ake B 0i] (Colunns A, B, and C) (Table 27) Picatinny A soil
(Columns D, E, and F) (Table 28), the values of «, the ratio of the dispersion
coefficient (D), and the velocity (V) are within the range found by other
investigators :1domenico and Schwartz 1990). However, the o values are not
the same for HAN, TEAN, and the chloride icu, indicating that the dispersion
coefi:cients are species dependent. For China Lake B scil, the dispersion coef-
ficier.s are consistent in that gach onc increases with velocity. Picatinny A
soil did not show a consisient trend of having the dispersion coefficient
increase with velocity.

The reaction rate coefficient, &', foor China Lake B soil showed a consistent
trend in which the rate cocfficient increased with velocity. ‘The mcrease in the
rate coefficient with velocity could be due to more mixing of the reactants in
the soil pores, or to a decrease in tire f'uid boundary layer around each soil
particle so as to enhance surface reactions. Picatinny A soil showed no tread
in the magnitude of the reaction rute coefficient relative to velocity. The lack
oi a trend is expected for reactions that take place in the fluid.

An unexpecied result was that the chloride ion was not conservarive, but
decayed througi some chemical reaction in the cotlumns. Chloride ion is us»-
ally a conservative tracer :n porous media studics; howevet, the results showd d
1t was not conservative when applied after L.LP.  Apparently, the LP altered the
soil surfaces so that the chioride ton took part in a surface reaction.

A comnpanson between soils shows that both HAN and "EAN diseppeared
more rapidly from China Lake B s4il than from Picatinny A soil. China
Lake B was classificd as silty sand and Picatinny A was classitied as sandy silt
(sce Table 19). Picatiiny A had a higher organic matier content than did
China Lake B, 2.92 poreent vensus 0.53 percent, which may have contributed
10 the stability of both dilutc HAN and TEAIN i yhuatinny A soit. The pH of
the effluent from the soil ceiutans was not measused. so its role in reducing
sie transformation rate of dilute HAN and TEAN in Picatirnv A soil is not
known.

The values of the partition cocfficicnt, K, were nearly constant {or cach
specics in each soi with no trend of K, incrcasing or decreasing with velocty.
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Table 27
Dispersion, Adsorptien, Reactlon, and Partitioning
Characteristics of Chiina Lake B Soll for the Tracers 1AN, TEAN,
Land Chloride lon
a v n k K, ]
Column | em en/m | cmiin R 8’ cm¥g | r
. -
A-HAN | 0412 19.27 7.94 1.587 258 0.112 0.98
E-4 -4 E-5
B-HAN 0.714 Q.41 672 1.308 5587 0.083 096
€4 E-4 5
C-HAN | u.753 223 1.68 1473 0.980 0.085 0.98
£-4 E-4 £5
A-TEAN 2.152 19.27 4146 13.385 43 1% 2371 098
E-4 (-4 E-£
B-TEAN 3.1%4 841 30.0% 10.614 15.06 2 564 0.45
E-+ F-4 E-5
C-TEAN | 2.368 2.23 5.28 11.061 a1z 2.015 0.89
E-4 £-4 E-5
| a-cr 0.267 19.3 518 1.381 709 0.072 097
L4 £ £5
8-Cl 0.223 .48 2.1 1.000 169 0.000 099
L E-4 E-4 E-5
c-Cl 0.417 175 0.73 1081 0.2: 0016 0.99
c-4 c-4 E.5

The chioride 10n had a small K, for both China Lake B and Picaunny A soils,
which is consistent with enhanced chloride ion adsorption.

The parition coeflicient is expected 10 be constant, regardless of flow
velocity for a particular s0il exposed to a particular species of chemical such
as HAN or TEAN. This expectationi was confirmed (Tables 27 and 28).

The values of # were high in all cases, indicating a closc fit between the
mathematical model and the measured data.

The efflucn: concentration distribution curves show the influence of disper-
sion, retardation, and reactions. Dispersion is manifested as a spreading out of
the eftlucat concentration over more pore volumes. If there were no disper-
sion, then the effluerrt concentrauon distribution would appear as a high,
narrow spike at a pore volume of 1 (retardation could delay the appearance ol
the spike, but would not chi v :ils shape). Figures 24, 25, and 26 show the
spreading effect of dispersio

Reaction or transfonmation of a species is manifesied as a decrease in the
arca unaer the effluent distnbution curve. Rcaction or trausformiation 1s

Chaples 2 Runofl, Intltranon ana ransport




Table 28

Dispersion, Adsorption, Reaction, and Partitioning Characteris-
tics of Picatinny A Soll for the Tracers HAN, TEAN, and Chloride
ion

— 1
a v D K K, I

Column | cm cm/s cm/s Rn 8"’ em®/g

D-HAN 0472 1.36 0 651 2347 0.24 0586 098
E-4 E-4 E-5

E-HAN 1431 3.51 3.024 2634 0.00 0773 096
E-4 E-4

F-HAN 0115 4.63 C 537 2501 1.054 0.504 0.98
E-4 E-4 E-5

D-TEAN | 1359 1.38 1.875 2882 0.231 0818 0.97
E-4 E-4 E-5

E-TEAN | 2101 3.51 7.375 2 859 0.046 0879 0986
E-4 E-4 E-5

F-TEAN | 0.711 4.33 3290 2.293 1.235 0 592 098
E-4 E-4 E-5

D-C1 0431 1.23 0.530 1.263 1.975 0103 099
E-4 E-4 E-5

E-Ct 0.691 187 1.2¢3 1452 3.523 0.192 099
E-4 E-4 E5

-— S .
F-Ct 0.726 455 3.305 1.286 1.208 0118 L9y
[ E-4 E-4 E-5

difficuli to document from a single concentration distribution cuyve as shown
in Figures 24, 25, and 26.

Retardation, which comes about from a species adsorbing and then desorb-
ing from the soil, manifests itselt as a delay in appcerance of the species in the
column effluent. If therc were no retardation, then the peek concentration
would zppear atl a pote volume of 1.

The theoretical model, Equation 26, permits the simultancous determination
of the dispersion. decay, and retardation characteristics ot HAN, TEAN, and
chloride ion in China Lake B soil. The solid curves in Figures 24, 25, and 26
are the best fit of the theoretical model to the experimental data. The curves

show that TEAN had a greater retardation in China Lake B soil than did HAN.

The value of K, the disuribution coefficient, is calculated {from the retardation
coefficient by an equation defined with Equation 26. From the shape of the
TEAN and HAN distribution curves, TEAN has a larger X, than does HAN,

Figures 27, 28, and 29 show the eftluent concentration distribution curves
for HAN, TEAN, and chlonide ion for Picatinny A soil. The chlonide ion was
injected into the column as an instantancous mass loading so the interpretation
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Figure 24. HAN outflow concentration from China take B soil
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Figure 25. TEAN outflow concentration from China Lake B soil
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of the effluent distribution curves in Figure 29 is the same as it was for China
Lake B soil. Chloride ion showed a small retardation and recaction.  These
results show that the previously applied LP altered the Picatinny A soil surface
50 i1 reacted with and adsorbed chloride ion.

The L P loading to Picatinny A soil was a step increase in concentration
(sec Tabie 23). The effluent concentration distribution is described by EGua-
tion 28. Dispersion manifests itself on Figures 27 and 28 thiough the slope of
the rising limb of the concentration distribution curve. A small dispersion
value results in a steep slope to the concentration distribution curve. For
exaniple, HAN in column E, Figure 27, has a larger dispersion cocfficicnt than
it does in columns D or F.

Reaction or transformation is manifested by the value of C/C, leveling off
to a value of less than 1. For example, in Figure 27, HAN shows a transfor-
mation reaction in Picatinny A soil in columns D and F, but not in column E.

Similarly, in Figure 28, TEAN shows more transformation in columns D and F
than it does in column E.

PpR————— e

Rerardation is shown in Figures 27 and 28 by a delay in HAN and TEAN
being mecasured in the effluent. If there were no retardation, the ¢ffluent
concentration ratio C/C, at 1 pore volume should be half of the final effluent
concentration. Both HAN and TEAN show the impact of retardation on the

e Aneabant e A

concentration distfibuiion curve.

Conclusions

Runeff and inflitration conclusions

When spilled onto soil surfaces, LP runoff and infiltration behavior does
not differ significantly from the behavior of water.

Equations to predict how far a given volume of spilled LP will flow on a
soil surfacc before infiltrating into the soil are subject to large errors for both
LP and water as each frequently prefers to fiow as a rivulet rather than as a

thin sheet. A rivulet will travel farther than a thin sheet for the same volume
of spill.

Both LP and water infiltratc into soil in a well-behaved manner and show
rclatively litde data scatter. Both fluids continue to migrate decper into the
N soil after the frec liquid disappears from the soil surfacc. A combination of
gravity and capillary forces keeps the fluids moving,.

P i S e ams
il A DAEET T e TRAE TN AT M A WAZLIE * ot AT A £ 3 Ml WYL T T MG Sl ) MO 8V Tk Ut 2 AT 4,

e
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Movement of undiiuted LP in solis

LP reacted by producing gas bubbles as it flowed through Picatinny A,
Socorro P, WES Reference, and Yuma 2A soils. The chemical reaction
disturbs the soil surface, increasing porosity and resulting in & froth on the
pooled LP.

LP expanded the volume of the soils except for China Lake B. Picatinny A
soil expanded by 52 percent, Socorro P by 32 percent, WES Referunce by
26 percent, and Yuma 2A by 21 to 35 percent.

HAN and TEAN underwent decay and sorption when undiluted LP flowed
into dry soil under the driving force of gravity and applied water. The concen-
trations of HAN and TEAN were reduced by at least SO percent in China
Lake B, Picatinny A, Socorro P, WES Reference, and Yuma 2A. soils after
flowing through 10 cm of formerly dry soil.

Flow velocities for HAN and TEAN were less than that of the bulk liquid
during flow into dry soils. This retardation is cvidence of sorption. In
addition, HAN and TEAN retardation promotes chemical reactions behind the
wetting front with the result that gaseous reaction products sometimes became
trapped. In Yuma 2A soil, the gaseous reaction products formed temporary
cavines in the soil.

Diiute LP movement in solls

Dilute concentrations of HAN and TEAN exhibited mixing or dispersion
characterisiics that are distinct to cach species even when both flowed at the
sare tme.

Diluvie concentrations of HAN and TEAN decay as they flow through China
Lakc B and Picatinny A soils.
Other conclusions

Methylene blue dye is removed from LP by adsorption as it percolates
through China Lake B soil.

Chloride ion that was applicd 10 China Lake B or Picatinny A soil after
diluted LP had percolated through was partially removed by reaction and
adsorption. This removal is in contrast to the ustval conscrvative behavior of
the chloride ion, which docs not react or adsorb in soils.
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4 Effects on Scil Microfiora’

introduction

Rationzie

Very litle is kncwn about the interactions between LP and the soil biota.
Microorganisms respond rapidly to changes in their enviionment and are
therefore particilarly sensitive indicators of possible toxic effects of LP on the
other soil biota. For this reason, recovery of microorganisms from adverse
effects of LP can also demonstrate the effectiveness of spill remediation
measures in removing toxicity.

Since LP is used in a highly concentrated form, reactions between LP and
the soil fabric and between 1P and the soil microorganisms will likely be most
intense immediately following a spill. Both positive and negative impacts are
possible. The high nittogen content of LP may make an excellent fertilizer for
soil. If this is the case, then the net effect of a spill will be to stimulate micro-
bial growth, and spill response measures will b quite different than if toxicity
is observed. Altematively, the spill may rapidly elirninate the soil
microorganisms.

The purpose of this test was to correlate changes in LP associated witi soil
sorption or LP reaction with the soil to changes in numbers of soil microorgan-
isms. An immediaie toxic effect may require that the LP be ncutralized soon
after the spill. To determine immediate cftects of LP, the soil microflora was
mouttored for changes in levels of selected groups of microorganisms during a
so0il sorpiion test. 1F a delayed toxic effect occurs, the next consideration is tne
length of contact time required for the toxic effect to be exeried. 1f LP
requires several hours of contact to begin impacting soil microorganisms, the
spill response team will have some time following the spill to prevent any
harmful long-term effects. Required response time may be sufficient to allow
consideration and sclection of the nost appropnate measurce(s) for a given site.
Altematively, several days of contact may be required for a texic effect to

' By Douvglas Gupnison and Judith C. Pennington, U.S. Army Engincer Waterways Experiment
Station; John R. Marcer, American Scientitic Internatonal Corp.
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become evident. If this is the case, the question is whether or not a dentri- Vi
mental effect will occur if the spill is left unattended. In this event, the

concentration of the LF contacting the soil may be important, i.c., whether the

LP entering the soil is undiluted or whether it is diluted to some extent by

mixing with water present at the soil surface. If dilution is selecied as an

immediate remediation measure, what response will the microorganisms make,

or what effect will dilution have on LP interactions with the microbes? Each

of these scenarios was cxamined in short- and long-term contact tests during

which the fatc of LP components and a broad spectrum of soil microorganisms

war observed.
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If LP cxerts a toxic effect on the soil microflora, can this be described in
terms that can be easily understood? One possible means of accomplishing
tiis is to compare the impact of LP with the impact of a common laboratory _
chemical on the same soil micioorganisms. LP was observed to have an acid "'.
pH. also, it contains nitro groups. In addition, nitric acid is apparently one of :
the main reactants during LP decomposition. For these reasons, nitric acid was
selected for the comparison. Concentrated nitric acid (typically 11 N for
70 percent by weight) was expected to have strong inieractions with soil,
immediately digesting many soil components, including any microorganisms
present. For this reason, 1.0 normal (1.0N) nitric acid was used as the strength
of nitric acid comparable t0 undiluted LP during the testing. One-tenth normal
(0.1N) nitric acid was used as the strength of nitric acid comparable to dilute
LP during the tests. Nitric acid testing was also conducted in shori- and long-
term contact studies to provide testing comparablc 0 that done to determine
the impact of LP on soil microorganisms. During thesc tests, the same
microorganisms were cvaluated as for the short- and long-ierm LP contact
lests.

Objectives

The obiectives of this study were to determine the immedia‘’e and long-l:in
effects of diluted and undiluted L} on the s¢il microflora. The short- and
long-term effects of 0.1N and 1.0N nitric acid on the soil microilora were also
determined to provide a reference 1o @ common laboratory chemical. The

T B2 7R A YU T SR LI TG0 ] T AT Y A R S U P RS X L SRR IERLI 4O LA R T PN £ BT BRI

gﬁ microorgarusms examined in both swudies were mstricted to native populauons

f of actinomyceles, bacteria, and fungi.

! ;
Materials and Methods

~ Effects of LP on the soil microflora were evaluated by cenducting three

i tests: (a2) a soil sorpuon kinetics test, (b) a short-term centact test, and (¢) a

5 long-term contact test. The effects of shorni- and long-term contact tests with

LP were then compared with short- and long-term tests conducted with (.1 and
' ON nitric acid (HNO,). Microorganisms in Picatinny A and Yuma 2A soils
unly were monitored during adsorption kinetics tests in which both soils were

! exposed to undiluted LP and 1o LP diluted 50:50 with distilied water (diluted
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LP). In short-term contact tests with LP, microbial populaticns in BRL-SAS
B, Picatinny A, and Yuma 2A soils wer¢c monitored over time following a
brief (1 hr) contact with diluted cr undiluted LP. Long-lerm contact tests wer
monitored 10 assess microbial recovery after exposing the three soils to diluted
or undiluted LP for 90 days. In the comparative studies, microbial populations
in Picatinny A soil were ™~ iiored over the samc short- and long-term contact

period using diluted (0.1N) or undiluted (1.0N) HNO, rather than diluted and
undiluted LP.

i said LA

AR

.2
EAR

A literaturc review was conducted with the DIALOG™ Search System
(databases given in Attachment 1) 1o obtain a better understanding of the effect
of HNO, and pH on soil microorganisms. Scarch categories included bacteria,
tungi, actinomycetes, microorganisms, nitric acid, nitrate, nitrate fertilizers,
toxicity, inhibition, and pH effecis.

s R v g

Enumeration of microfiora in control and test sarnples

L. it

Oven dry weigiits were obtained for each soil and for each soil slurry in
order to caiculate the number of microorganisms per gram. This was done by
d-ying 10 g of moist soil to constant weight at 105 °C.

1 PR

o

To enumerate microorganisms in each soil before contact with LP or HNO,
(controls), the equivalent oi 10-g ODW soil were placed into a dilution bottie
containing 90 mL of phosphate-buffered saline (PBS). The slurry was carricd
through a tenfold dilution series using conventional techniques. One-tenth mL

HRERIIT

i:; from each dilution was spread onto peptone-tryptone-yeast extract-glucose agar

# (PTYG) 10 enumerate bacteria, glycerol agar (GA) to enurmnerate actinomycetes,
and potato dextrose agar (PDA) to enumerate fungi (Table 29). Dilutions of
soils in contact with LP were aiso spread on basal salts agar with LP (BSA-

g
&,
B

)

LP) to enumerate microorganisiis utilizing LP as a carbon source and basal
salts 2gar with LP, but lacking an additional nitrogen source (BSA-N-LP) to
enumerate microorganisms utilizing LP as both a carbon and a nitrogen source
(Table 29). Soils in contact with HNO, werce spreaa on basat salts agar with
0.IN HNO, (BSA-DNA) or basal salts agar with 1.0N HNO; (BSA-CNA) to

enumerate microorganisms aple to tolerate 0.IN or 1.ON HNO,, respectively
(Tablc 29).

In order to enumerate microorganisms in cach contact test slurry, § mL of
cach slurry was placed into a dilution bottle containing 95 mL of PBS. The
slurry was carried through a twentyfold dilution series using conventional
techniques. One-tenth ml. from cach dilution was spread onto each of the
above media under the conditions described.

R R TR LTS
LWL S

PE
Lt e

All plaies were incubated at room temperature. After incubation colonies
were counted on plates containing 30 to 300 colonics.
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Table 29
Media for Enumeration of Soll Microfiora
Microblal

Medium Contenis Specificity
PTYG' 0.5-g glucose, 0.5-g peptone, 0.25-g tryptone, Bacteria

0.5-g yeast extract, 0.25-g magnesium suliate,

0.07-g calcium chlonde, 15-g agar. 1-L raverse

osmosis (RO) water
Potato dextrose agar 39-g potato dextrose, 1-L tap water Fungi
(PDAY
Glycerol agar (GA) 10-g glycerol, 1-g sodium asparaginate, 1-g Actunomycetes

sodium asparaginate, 1-g potassium phosphate,
15 g agar, 1-L tap water

Basal salts agar with
liqiud propeliant (BSA LP)

0.4-g ammonium nitrate, 0.1-g potassium phosphate,
0.05-g potassium diphosphate, 0.05-g magnesium sulfate,
0.02-g manganese chioride, 0.005-g calcium chlonde,
0.005-g ferraus chlorice, 0.2-g calcium carbonate,

1-L tap water, and 5-mL LF

M:crobes utilizing
liquid propellant
as a sole carbon
source

Basal salts agar with liquid
propellant, without additional
nitrcgen (BSA-N LP)

0.1-g potassium phosphate, 0.05-g potassium diphos-
phate, 0.05-g magnesium sulfatg, 0.02-g manganese chlo-
ride, 0.005-g calcium chloride, 0.005 g ferrous chloride,
0.2-g calaium, 0.2-g calcium carbonate, 1-L tap water, and
5-mbL LP

Microbes utilizing
hquid propetiant as
a sole carbon and
nitrogen source

Phnacnhate . hutarad caline
SRgLpnalt = <

1\PBS)

78.ml (0 1M endiim nhaenhata 2 2.mt 0 1A
Je-mo (W T sctium pnoepnate, 22.mL (OTM)

potassium phosphate, 90.0-mL 90-mb (v 85%) saline

Dijlutinn madium

Basal salts agar with 0.1N
HNQ, (BSA-DNA) or 1.0N
HNO, (BSA-CNA)

BSA-DNA: Mix 800 mL of BSA containing 15 g of agar
made as for BSA-LP with 100 mL of 1.0N HNO,, after
autoclaving each separately. BSA-CNA: Mix 900 mL of

Acid tolerant
bactena

BSA containing 15 g of agar made as for BSA-LP with
100 mL of 10N HNOQ,, after autoclaving each separately

' PTYG - Peptone-tryptone-yeast exiract-glucose agar.
? Commercially availabie mixture.

Acridine crange direct count of microbes

Soil samples from the short- and long-term contact tests with and without
LP and with 0.1N and 1.0N HNO, were also prepared for acridine orange
direci count (AODC) using the acridinc orange staining procedure of
W. F. Ghiorse and L. Anguish (personal communication, Comnell University,
April 1993), which is sumnrarized below.

Soil samples were fixed immediately upon retrieval from tests and then
stored at 4 °C. The fixation procedure was as follows. Three 2.5-g subsam-
ples of each soil were weighed aseptically inwo separate tared, sterile
Erlenmeyecr fiasks. These were sealed witl. sterile rubber stoppers. Twenty-
two ml of stenile 0.1-percent sodium pyrophosphate (Na,P,0,+10 H,0)
adjusted to pH 7.0 was added. This represented a 1:10 dilution of the original
sample. The flasiks were mixed on a rotary shaker at 150 rpm at 25 °C for
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45 min. After shaking, the suspension was allowed to scttle for 2 min,
permiriing the large particles to settle out and lcaving a homogencous suspen-
sion in the supematant. A 9.0-mL pordon of the suspension was transferred
ascptically from each flask to an autoclaved 25-mL scintillation vial. A
1.0-mL portion of molten 1-percent aqueous Noble agar containing 0.1 mL of
50-percent glutaraldehyde was added to each of the vials. The vials were
immediately mixed on a vortex mixer and stored at 25 °C until the staining
procedure described below was executed the same week.

W LD

To stain the fixed soil samples, two 5-uL. samples from each vial were
spread uniformly onto a glass microscope slide having two 1.1-um inside
diameter ceramic circles stamped into the surface. Smears were air-dried and
stained for 2 min with a few drops of 0.01-perceni acridine orange containing
0.5 pg/mL of 4,6-diamidino-2-phenyl-indole (DAPI) dihydrochloride. The
smears were washed with 20 mL of 1 M NaCl and rinsed briefly with water.
After excess water was allowed to evaporate, 15 pL of a 0.2-pm filtered
DABCO (1,4-Diazabicyclo[2,2,2]octane) was dropped onto the smear, The
smear was then covered and scaled with a 50:50 mixture of vaseline and
paraffin.

T L I T RRRILI £ T R

S X QPR Y b L L P

:‘ An agar blank was prepared by mixing 9 mL of 0.1-percent sodium
pyrophosphate with agar and glutaraldehyde as described in the above fixation
Y procedure. The blank was prepared on each baich of slides to give a back-

§ g ound count.

H

All smears were examined under phase contrast and bluc light epi-

5 lumination using 40X and 100X oiled phasc contrast and bright field

5 objectives with 10X wide field eyepieccs. Fields counted were 1 mm from the
s border of the stamped circular area in a region of average soil thickness.

8 Living heterotrophic bacteria fluoresce green, while inactive cells (dead) or soil
i particles fluoresce red or yellow. Ten to twenty fields were observed for each
q subsample. Fields with 10 to 100 cells were considered optimal for counting.
§ The most accurate counts were obtained when the 100X bright field objective
z lens was employed with epi-ilumination because this permitted identification

§ of smaller cells. Phase contrast microscopy was uscd to distinguish between

3 cells and other fluorescent organic matter when distinctions were difficult.

2

Adsorption kinetics tests

ThARTLT

Bacteria in Picatinny A and Yuma 2A soils were enumerated during the
adsorption kinetics test at 1 hr, 6 hr, 24 hr, 2 days, and 5 days. Ten-millimeter
samples were taken from slurries containing a 1:4 ratio of soil to undiluted LP
-f or to a 50:50 dilution of LP in sterile RO water.  Five milliliters were also
: used in a twentyfold dilution serie, to determine the microbial number, and
five milliliters were used to determine the ODW of the slurry aliquot.

T

.y
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Short-term contact tests

A 1:5 slurry of sicved (<2 mm) soil (ODW) to undiluted LP, diluted LP,
0.IN HNO,, or 1.0N HNO, was placed inio individual centrifuge bottles stop-
pered with puff plugs. The bottles were placed ento an orbital water bath
shaker beneath the hood and incubated for 1 hr at 30 °C and 75 rpm. The
bottles were removed, and the soil was washed three times with sterile RO
water. Phases were separated cach time by centrifugation at 4,976 x g for
15 min. Soils were resuspended in RO water to the 1:5 ratio.

After the final wash, soils were diluted (1:5) in RO water and transferred to
125-mL Erlenmeyer flasks stoppered with sterile puff plugs. These flasks were
incubated on an orbital shaker at 30 °C and 75 rpm. Samples were taken
immediately for AODC and associated nutrient agar plate counts, and for anal-
ysis of HAN and TEAN. Results from the short- and long-term LP contact
studies indicated good correspondence between AODC results and the values
obtained on nutrient agar (see results section). Consequently, nutrient agar
plate counts 'vere not made for the HNO, trcatments. A second sample for
AODC was taken after 5 days of incubation with 0.1N or 1.0N HNO,. Addi-
tional samples for microbial enumeration by plate count were taken after 6 hr,
24 hr, 5 days, 28 days, and 90 days of incubation. A final Picatinny A sample
was collected after 90 days of incubation for AODC in the LP and HNO, trcat-
ments and to determine HAN and TEAN concentrations in the LP treatment

Long-term contact tests

A 1.5 slurry of soil o either undiluted LP, a 50:50 dilution of LP in RO
water, .ON HNO,, 0.1N HNO,, or RO water alone (control) was incubated in
125-mL Erlenmeyer flasks, as previously described. All slurrics were sampled
for microbial enumeration by dilution plating after i1 hr, 6 hr, 24 hr, 5 days,

28 days, and 90 days of contact. Slurries containing undiluted or diluted LP
were sampled for AODC microbial enumeration, and HAN and TEAN concen-
trations after 1 hr, 5 days, and 90 days. Slurries containing 1.0N or 0.1N
HNO, were sampled for AODC microbial enumeration after 1 hr, 5 days, and
90 days. Control slurries were sampled for HAN and TEAN concentrations
after 1 hr and 90 days. These camples were used to detect any background
interferences in the analytical procedure. Since LP and HNO, remained in
slurry samples, samples could not be heated to obtain ODW. Therefore, dry
weights for all tests were based on ODW of the controls sampled after 1 hr
and 45 days. A

Processing of samples from short- ancd long-term contact tests ¥
AODC, HAN, and TEAN samples. The shaker speed was increased from

75 to 300 rpm for sampling. A S-mL sample from cach replicate was centri- -
fuged at 7,433 x g for 15 min. 'l ae supernatant was analyzed for HAN and
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TEAN, and the pellet was analyzed for microorganisms after serial dilution and
plate count.

Microbial enumeration. Five milliliters of slurry were carried through a
conventional dilution series in PBS. A 0.1-mL sample of the solution was
plaied for colony counting.

Flesults

Microblal popuilations before contact with I.P (controls)

Bacteria were detected in BRL-SAS B, Picatinny A, and Yuma 2A soils
cultured on PTYG (Table 30). However, levels of bacteria in Yuma 2A soils
were extremely low, while the levels in BRL-SAS B and Picatinny A were
typical of those normally found in soils (Alexander 1977). Fungi and
actinomycetes were also present in BRL-SAS B and Picatinny A soils, but not
in Yuma 2A. No microorganisms able to utilize LP as sources of nitrogen or
carbon werc detected in any of the soils.

Table 30

Numbers of Microorganisms in Solls Prior to Contact with LP
Colony-Forming Units Per Gram Dry Weight of Soil + Standard Error'

Medium BRL-SAS B Picetinny A Yuma 2A

PTYG 54 x10°+ 3.1 x10° 11 x10°+ 1.2 x10° 39x10°142x10°

PDA 0.0 8.8 x10°+ 25 x 10° 0.0

GA 43x10°%52 x 10* 8.8 x10°+ 1.0 x 10° 0.0

BSA LP 00 0.0 0.0

BSA-N LP 0.0 0.0 0.0

' The lowest dilution used for cach soil sample was 1 x 107,

Adsorption kinetics

No microorganisms were recovered over the 5-day monitoring period on
any of the media with Yuma 2A soil in contact with either undiluted or diluted
LP. This reflects the initial low populations in this soil (Table 30) from which
any decreasc dropped the levels below the detection limit of 1 x 107 micro-
organisms per gram ODW.

No microorganisms were recovered from Picatinny A soil samples in con-
tact with undiluted LP on any media. The initial levels of bacteria and
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actinomycetes present in Picatinny A soil declined by one to two orders of
magnitude within the first hour of contact with dilute LP (Table 31). After
24 hr of contact, neither bacteria nor actinomycetes grew (Table 31). The lack
of a sufficiently large microbial pcpulation in Yuma 2A soil and the lack of
any growth with undiluted LP in Picatinny A soil obscured relationships
between microbial responses and the physical-chemical responses of soils to
LP. Likewise, the rapid decrease in microbial numbers in Picatinny A soil
contacting dilute LP provided insufficient data to corrclate trends in microbial
numbers with physical-chemical responses. Nevertheless, these results were
indicative of the inhibitory effects of LP on microbes which were later con-
firmed in other parts of the study.

Table 31
Numbers of Micrcorganisrs Present in Picatinny A Soll Treated
with Dilute LP In Adscrg ‘or Kinetics Study

Colony-Forming Units Per Gram Dry
Medium' LP Contact nr Weight Soll + S.E?
PTYG 0 1.1 x10°+£1.2 % 10°
05 72x10°17 %10
1 23x10*+35x10"
2 20x10°+60 x 10*
6 14 x10° £ 85 x 10*
24 93 x10°+10x 10°
48 0.0
120 0.0
GA 0 88x10°+10x 17"
05 0.0
1 37 »10°+20 x 1¢°
2 19 x10'+t25x10°
6 18x10°t 27 < 10°
24 26x10'+£58x10°
48 0.0
120 00

' Contact with LP prevented growth of microbes on the other media used in this test at all
contact tmes. Therefore, these media were not entered into the table. "3
2 The lowest dilution used for each soil sample was 1 x 10° therefore, tha detection limit was
100 CFUs/g of soil (ODW).

Short- and long-term contact tests B

Changes in LP components. Duc to lack of homogeneity in variances,
discussions are confined to trends in the data. Recoveries of HAN and TEAN
from the aqucous phase of controls and the short- and long-term contact tests
are shown in Table 32. The trace of HAN detected in control samples from
each of the soils at 1 hr should be regarded as an artifact of the analysis, since
it is well below the 1,000-ppm region, where the detection of these compounds
is at maximum sensitivity. The three rinses removed most of the HAN and

93

Chapter 4 Effects on Soil Microfiora




Table 32
HAN and TEAN Recoverles for AqQueous Phase of Short- and
long-Term Contact Tes\s
Concentration of LP Component
LP (ppm) (Mean + S.E.)'
Contact —
Solt Treatment Time HAN TEAN
BRL-SAS B | Control ? 1 Hour 510 o
Short-term cuntact | 1 Hour 322+74 125 1 303°
Long-term contact
Undiluted LP 1 Hour 854,633 £8.177 285967 * 7,244
5 Days 803,000 £ 30,000 283,000 + 18,500
90 Days 858,250 £ 41,550 | 282,530 £ 24,500
Diluted LP 1 Hour 358,000 £ 0 153,500 + 5,500
§ Days 418,667 + 7,311 151,000 + 6,245
90 Days 852,000 + 34,000 | 268,000 t 4,000
Picatinny A Control 1 Hour 5+0 0
90 Days
Short-term contact | 1 Hour 175129 88+ 9’
Long-term contact
Undiluted LP 1 Hour 862,567 + 3,453 295,800 £ 2,178
5 Days 819,667 + 3,528 283,000 £ 4,933
90 Days 839,500 + 30,500 | 240,150 + 58,850*
Diluted LP 1 Hour 407,667 1 3,844 148,333 £ 3,180
§ Days 428,667 £ 3,711 163,000 £ 7,572
90 Days 585,000 + 4,854 171,053 + 4,953*
Yuma 2A Contro! 1 Hou- 5+1 o
Short-term contact | 1 Hour 189 + 27 184 + 32°
Long-term contact
Undiluted LP 1 Hour 866.667 + 9,034 301,233 £ 14,664
5 Days 848,000 + 8,000 265,500 £ 13,500
90 Days 801,600 1 38,000 | 267,500 t 500*
Diluted LP 1 Hour 445 300 £ 6,426 140,600 £ 6,700
5 Days 393,000 + 11,240 | 145000 £ 25 °
| 80 Days 167,800 + 19,200 | 106,867 + 2,748
' Based on three replicate treatments. Detection limits for HAN were 3,000 ppm and for
TEAN wera 1,000 ppm except where otherwise noted.
2 Controls received no LP treatment
* Detoction limits wero: HAN - 3 ppm, TEAN - 1 ppm.
* Detection limits were: HAM - 1 ppm, TEAN - 3 ppm
* Detoction limits were- HAN - 1 ppm, TEAM - 1 ppm

TEAN from the soils in the short-term test, but significant levels were still

present in 1-hr samples of all three soils.

Concentrations of HAN in undiluted long-term tests changed littie over
tin.2. This is consistent with insufficien! quantitics of soil with which HAN
could react, i.c., a large excess of HAN in the test. Concentrations of HAN in
the diluted long-term tests for Yuma 2A soil, which has been demonstrated to
be the most reactive of test soils with LP, decreased over time, an indication
that recaction was still occurring.
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HAN and TEAN concentrations 1n the BRL-SAS B and Picatinny A soils
with diluted LP gencrally increased between 1 hr and 5 days and between
5 and 90 days. This increase is attributable to a decrease in water because of
evaporation over the prolonged test period. How-cver, because of continued
reactivity with HAN, this trend in the data was not observed in the Yuma 2A
soil.

Changes in soil mizcoflora exposed to LP. Only actinomycetes and
heterotrophic bacteria were recovered with dilutions made from the BRL-SAS
B and Picatiiny A soils during the control and short-term contact tests (Fig-
ure 30). In all cases, the initial effect of short-term contact was to drop the
population levels by one to several orders of magnitude. Populations recov-
ered 1o near control levels by 5 days, except for heterotrophic bacteria in Pica-
tinny A soil, which failed to recover. Microorganisms in the Yuma 2A soil
remained at or below the detection limit of 1 x 107 colony forming units
(CFUs)/gram ODW of soil in both controls and short-term contact tests (no
graph shown).

No microorganisms were detected from any of the soils on any of the
media in the shon- or long-term contact tests with undiluted LP. This result
indicaied that undiluted LP is toxic to all the miicrobial groups in the soil. The
pH of undiluted and diluted LP was 0.63 and 1.77, respectively. The low pH
is very likely a significant factor in the decreases in the numbers of micro-
organisms contacted with diluted LP and the toxicity of undiluted LP.

Liquid propellent in the media as a carbon and/or nitrogen source failed to
support growth of microorganisms in any treatments. Either LP was toxic to
the microorganisms, or the microorganisms were incapable of utilizing LP as a
growth substraie, or both. In order to serve as a sole carbon and nitrogen
source, LP concentrations would have to be significantly lower than those used
in this study.

Although used on 1-hr, 5-day and 90-day LP samples only, AODC and
nutrient agar plate counts generally substantiated results obtained with other
media for most of the treatments (Table 33). Results for controls and short-
term contact tests in the threc soils were comparable, indicating that propertics
of the soils exerted no influence on results. In long-term contact tests,
undiluted LP sterilized all three soils within the first hour of contact, and no
subsequent recoveries in microbial populations were observed over the 90-day
period. Ir long-term contact tests with dilute LP, some residual micro-
organisms were present at 1 hr in Picatinny A and Yuma 2A sotls, but not in
. BRL-SAS B so0il. Both BRL-SAS B and Picatinny A (but not Yuma 2A) soils
| showed some regrowth by 90 days. The AODC mcthod produces higher
| numbers than the direct plate counts because AODC enumeraies all micro-
| organisms visible in the soil sample, whereas the plate count method enumer-
i ates only those microorganisms able o grow on the specific antificial media
i used.
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Table 33
Comparisen of Total Microorganisms Determined by AODC and ;
Nutrient Agar Plate Counts
Microorgariams per Gram Dry Welght of
Soll? .
LP
Contact | Direct Count Plate Count P
Sall Trastment' Time (cells/g soll) (CFUs/g) )
BRL- Contral 1 Hout 27x10°210210° | 98x10°£15x 10 :
SAS B Short-term comact | 1 Hour 96> 10243 x10° | 1.0x10°1 94 » 10* !
Long-tenn contact "
diluted LP 1 Hour 00 0.0
5Days | 00 0.0
g0 Days | 12.10°255x10* | 23102256 > 10°
Picatinny | Contro! 1 Hour 57x10°+12x10* | 801010
A Shont-term contact | 1 Hour 31 %02 16x10° | =2
Long-tenn contact
diluted LP 1 Hour 53>10'+26x10" | 7.2.<10°23.1x10°
5 Days 0.0 00
90 Days | 3.7 x10°t1.7x10° | 31 x10*t58 x 10
Yuma 2A | Coentrol 1 Hour 00 31x10'£231 x10°
Shert-tarm contact | 1 Hour 00 -
Long-term contact '
diluted LP 1 Hour 2710t 1.4>10° | — R
S Cays 00 ce
g0 Days | 0.0 0 .
' No microorganisms were detecled by either method in undilutad long-term contact tests. .
Therefcre, these negative data were omitted from the table "
2 Acricine orargo direct counts were determined on only the 1-hr short-ierm contact tests
3 — Sampls lost during processing

Changes in scil microflora exposed to HNQO,. The initial cffect of short-
term contact with 0.1N HNO, was a drop in populatons of all microbial types
by onc to several onders of magnitude. However, populations rccovered by
5 days to ncar initial levels (Figurc 31). Onc normal HNQ, short-tcrm contact
tests also caused an immediate drop in populations of all microbial types, but
populations failed to recover.

Long-term contact with 0.1N and 1.0N HNO, caused populations of all ‘
microbial types to drop initially by onc 1o scveral orders of magnitude (Fig-
urc 32). Populations of microbes contacted with ().IN HNO, recovered to near
initial levels by 28 days, while populations contacted with wiciluted HNO,
failed to recover.
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The AODC indicated that the same numbers of total bactcria were present
in the 0.1N and 1.0N HNO, short- and long-term contact treatmetts
(Figures 31 and 32). Moreover, these levels apparently did not change o~
the coursc of the test. However, the bacteria in the 0.1N HNQ, treatment
fluoresced bright green, indicating that these microorganisms were alive, while
thoce in the 1.ON HNO, wreaument were orange, indicating that these cclls were
dead. No living microorganisms were recovered from the undiiuted treatment
using any of the different plated media (Figure 31). Apparently, the 1.0N
HNO, killed all of the microorganisms on contact, but also preserved the cells.

'.»::r

The pH of treatments in long-term contact tests were 0.73 with 1.0N HNO,
and 1.63 with 0.IN HNO,. Soil washing after shorn-term contact resulted in
increases in pH to 3.29 in 1.0N HNO, tests and 3.41 in 0.IN tests. These pH
values would require microorganisms 1o be very acidophilic (acid loving), even
for the 0.1N HNQ, treatments.

Comparison of the impacts of LP and HNQ,

The intial effect of short-term contact with diluted LP and 0.1N HNO, was
to decreasc the numbers of microorganisms present. Over the course of the
tests, bacteria and actinomycetes exposed to LP for the short-term generally
recovered slightly from the lowest levels achieved dunng the first 1 to 6 hr,
but never returned to the initial population levels, The same wag true for the
population levels of heterotrophic bacteria and actinomycetes in the 0.1N
HNO, test. The undiluted LP and 1.0N HNO, cach sterilized the soil within
the first hour of contact, and no microorganisms were recovered after this.

The long-term contact tests with the dilute LP and 0.7N HNO, showed
some differences. All heterotrophic bacteria and actinomycctes in diluted and
undiluted LP long-term contact tests were killed. By contrast, heterotrophic .
bacteria in the 0.1IN HNO, long-term contact tests dropped 2 to 3 orders of ';.}
magnitude and then recovered. Fungi, actinomyces, and acid-tolerant bactenia -
in the 0.1N HNO, long-term contact tests dropped off to less than detection
levels and then recovered, suggesting that the conditions selected for acid-
resistant forms that could then reoopulate the slurry over the long temm.
This indicates that the 0.1N HNOQ, ¢rcannent was somewhat milder than the
diluic LP treatment. The pH level for the 0.1N HNO, long-term contact test
(1.63) was in the same range as for the diluted long-term LP (1.77). This
indicates that other factors than pH alone may have been responsible for the
impact of dilute LP on microorganisms.

Observations

Microorganisms vary widely in their responses to acidity. An acidic pH
between 4 and 6 and an alkalinc pH between 8 and 9 are normally the limits
for growth of most bacteria (Thimann 1963). Most bacteria do not tolerate pH
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levels less than 4. However, not all bacteria respond negatively to low pH
conditions, and many acidophilic species arc known. Some of those able to
tnlerate the most acidic conditions include Acerobacter (vinegar-producing
bacteria) and the Thiobacilli (sulfur oxidizers) (Thimann 1963). In addition,
microbial species often are able to adapt to altered soil pH (Parkin, Sexstone,
and Tiedje, 1985). For example, soil bacteria are exposed to arid conditions
when atmospheric deposition of NO, (mostly NO,) and its reaction products
add NO; and NO, to the soil system. Acidic deposition can also affect popu
lations of soil bacteria by altering the soil chemical environment and organic
matter cycling (Myrold 1990). Bacterial tolerance of low pH is strongly
influenced by other environmental factors including desiccation and tem-
perature (Evans, Wallace, and Dobrowolski 1993) and carbon substrate level
{Clarke, Dilworth, and Glenn 1993).

Fungi do quite well under mildly acidic conditions. In fact, most yeasts
and fungi are markedly acidophilic; several fungi can grow in acid stronger
than pH 2 (Griffin 1972). Ectomycorrhizal fungi are ofien able 10 grow well
at pH 3 (Hung and Trappe 1983), although the mycorrhizal infection of seed-
lings may decrease as a result of soil acidification (Myrold 1990). Rates of
respiration by fungi are not affected much by pH levels in the range of 5 to 8,
although pH can impact these microorganisms by affecting environmental
factors such as solubility of nutrients (Griffin 1972). Actinomycetes are the
most acid intolerant of the microorganisms examined; their optimum pH is
approximately 8.5 (Thimanr 1963).

Based on the above information, the effects of pH on levels of micro-
organisms in soil observed in this study are not surprising; i.e., in long-term
0.1IN HNQ, treatments, some bacteria were killed off, but the remaining acid-
tolerant bacteria were able to repopulate the treatment slurry; fungi generally
fared better than the other microorganisms; and the actinomvcetes were
extremely sensitive to the presence of acid. The bacteria and fungi recovered
on plated media from the 0.1N HNO, treatments were not identified 10 genus
and species lcvel 1 determine changes in diversity over time. However, based
on colony morphology. very few species were recovered (D. Gunmson, unpub-
; lished observation), although the numbers of microorganisms of a given
i species were quite high. This is & typical response 10 a severe environmental
} stress (Lynch and Poole 1979).

Contact with 1.0N HNO, and both undiluted and diluted LP may have
caused osmotic shock in the microorganisms as a result of high solute concen-
trations. That is, the concentration of dissolved componcnts was so high that
water was forced 1o leave the microbial cells to dilute the high concentration
of solute outside the cell; this caused cells to desiccate and dic (plasmolysis).
The opposite would occur if chemicals enter the cells rapidly. Water would
enter, attempting to dilute the chemicals; this occurence would cause the cells
to swell and burst {osmolysis). The pH effect and the osmotic shock acting in
concert may help to explain why 1.0N HNO, and undiluted and diluted LP had
such lethal impacts on the soil microorganisms in comparison to HNO,.
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The literature scarch located very little relevant literature. However, a bricf
discussion of findings is given in Attachment 2.

Conclusions

Similar results were observed for all contact tests with undiluted LP and
1.0N HNO,. Each of these substances sterilized the soil within the first hour
of contact; no microorganisms were recovered after this. Similar results were
also observed for the initial effects of shornt-term contact with diluted LP and
0.1N HNO,; both of these substances decreased the numbers of microorgan-
isms present, but did not eliminate them. The long-term contact tests with the
dilutc LP and 0.1N HNO, showed some differences. All heterotrophic bacteria
and actinomycetes in the diluted and undiluted LP long-term contac: tests were
killed. By contrast, the numbers of heterotrophic bacteria in the 0.1N HNO,
long-term contact tests dropped by 2 to 3 orders of magnitude and then recov-
ered. The numbers of actinomycetes dropped below detection, and then
recovered nearly to initial levels.

The LP toxicity observed in this study is likely related to the low pH of the
LP, possibly in combination with osmotic shock to the microbes, and pzrhaps
to reactions between the HAN and the soil. These reactions resulted in a sig-
nificani pil diop and the iapid vxidaiion of readily oxidizabie soil, and per- poes
haps, microbial components. Because of the generally lethal effects of low
pH, measuremenit of soil pH at a spill sitc may be sufficient to indicate the o
severity of impacts on the soil microflora.

Removal or dilution of LP within the first 1 to 2 hr after the spill would
mitigate impacts on soil microflora. Therefore, watcr is an effective flushing
agent to quickly reduce LP concentrations in the soil. However, concentrations
remaining may be sufficient to cause an immediate toxic effect on soil
microbes. Resuits from short-term contact tests with diluted LP suggest that 5.
the soil microbes have the potential 10 rezover from these immediate impacts. i
For this reason, removal or dilution of the LP as soon after a spill as possible, )
rather than waiting for rainfall or snowmelt to dilute the LP, is important.

Spilled LP may be neutralized by adding a base. However, since the extent
of impact resulting from osmotic shock is not known, negative impacts from
the spill may already have occurred, rendering neutralization cfforts of litte
consequence.

Attachment 1: Dialog Databases Searched

Databases examined included Energy, Science, and Technology (1974-Aug
1993), Federal Register (Jan 1988 - Aug 1993), Chem Abstracts Search (1967-
1993), Biosis Previews (1969-1993), NTIS (1964-1993), Ei Compindex Plus R
(1970-1993), Oceanic Abstracts (1964-1993), Envirolinc (1970-1993), Pollution
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Abstracts (1970-1993}, Aquatic Science Abstracts (1979-1993), PAIS Inter-
national (1976-1993), CAB Abstracts (1972-1993), Geoarchive (1974-1993),
CRIS/ISDA (1993), Environmental Bibliography (1974-1993), EMBASE
(EXCERTPA MEDICA)(1974-1993), DIALOG Sourceone (Sm) Engincering,
Academic Index (1976-1993), Toxline (1965-1993), Newsecarch, Geobase
(1980-1993), Public Opinion Onlinc (1940-1993), PTS Newsletter Database
(1987-1993), BNA Daily News (1990-1993), Federal News Service (1991-
1993), and Environment:-' Bibliography (1974-1993).

Attachiment 2: Summary of Literature Reviewed

Mitrate is iieportant because of its impact on higher organisms. In mam-
mals, microbial reduction of nitrate to nitrite may result in nitrite poisoning
(Marzis et al. 1988). Nitrite is also a precursor in the formation of carci-
rogenic N-nitroso compound:: (Kunisaki and Hayashi 1979). Plants may be
burmed by concentrated niirate fertilizer. As a whole, addition of nitrate tends
to stimulate microbial growth. Nitrate serves as a source of nitrogen and can
also be used as an alternate electron acceptor under anaerobic conditions,
However, excessive nitrate inhibits nodulation of legumes by nitrogen-fixing
bacteria (Yoshioka and Maruyama 199C) and reducts N,O to N, by soii micro-
organisms (Blackmer and Bremner 1978). Ammonium nitrate may inhibit the
activity of denitrifying bacteria in soil (El-Shinnawi and Aboel-Naga 1981).
Synergistic bactericidal activity was more effective when equimolar solutions
of urea and ammonium nitrate were used against a variety of plant pathogenic
bacteria (Veverka, Kidela, and Oliberius 1988). Nitrite also reduces the cellu-
lolytic, xylanolytic, and total microbial populations in the rumen of cattle
(Marais et al. 1988).

Chaptur 4 Effects on Soil Microflora

103




References

Adran, D. D. (1970). “Infiltration induced scil instabilities,” Ground Water
8(1), 29-36.

Adrian, D. D., and Martel, C. J. (1989). “Hydraulic model of overland flow
on grass covered slopes.” Channel flow and catchment runoff: Proceed-
ings of the international conference for centennial of Manning's formula
and Kuichling's rational formula. Ben Chie Yen, ed. University of
Virginia, Charlottesville, 569-578.

Alexander, M. (1977). Iniroduction to scil microbiology. 2nd ed, Wiley,
New York.

American Public Health Association. (1989). Standard Methods for the
Examination of Water and Wastewater. 17th ed., Washington, DC.

American Society for Testing and Materials. (1992a). “‘Standard specifica-
tions for fly ash and raw or calcined natural pozzolan for use as a mineral
admixture in portland cement concrete,” Designation: C 618, Philadelphia,
PA.

. (1992b). “Standard specifications for portland cement,” Desig-
nation: C 150, Philadelphia, PA.

. (1992¢). “Standcrd specifications for viscosity graded asphalt
cement for use in pavement construction,” Designavion: D 3381,
Philadelphia, PA.

. (1992d). “Standard test method for chemical analysis of
hydraulic cement,” Designation: C 114, Philadelphia, PA.

. (1992¢). “Standard test method for kinematic viscosity of
asphalts (bitumens),” Designation: D 2170, Philadciphia, PA.

. (1992f). “Standard test mcthod for penctration of bituminous
materials,” Designation: D 5, Philadelphia, PA.

References




| American Society for Testing and Materials. (1992g). “Standard test mcthod
for campling and testing fly ash and natural pozzolans for use as a mineral
admixiure in poriland cement concrete,” Designation: C 311, Philadclphia,
PA.

= __. (1992h). *Standard test method for softening point of bitumen
(ring and ball apparatus),” Designation: D 36, Philadelphia, PA,

. (1992i). “Standard test method for viscosity of asphalts by
vacuum capillary viscometer,” Designation: D 2171, Philadelphia, PA.

Backof, E. (1989). “Selection criteria for metals and plastics on constiuction L
materials for long-term pressurc-testing ¢ ‘ratus on liquid propellants.”
Fourth Annual Conf: ‘ence on HAN-Based . uid Propellants, BRL-SP-77, '
Vol 1, Ballistic Rescarch Laboratory, Aberdeen Proving Ground, MD, 284-

308.

Blackmer, A. M., aud Bremner, J. M. (1978). “Inhibitory effect of nitrate on
reduction of N,O to N, by soil microorganisms,” Soil Biology and
Biochemistry 10, 187-191,

Brannon, J. M., and Patrick, W, H., Jr. (1985). “Fixation and mobilization of
antimony in sediments,” Environmental Pollution (Series B) 9, 107-126.

Bremner, J. M., Blackmer. A. M., and Waring, 5. A. (1980). “Formation of
nitrous oxide and dinitrogen by chemical decomposition of hydroxylamine D
in soils,” Soil Biol. Biochem. 12, 263-269. ‘

[N

E} Bridgman, P. W. (1931). Dimensional analysis. Yale University Press, New
Y Haven.

bi

51‘

Brusseau, M. L., and Rao, P. S. C. (1989). “Sorption nonideality during

; organic contaminant transport in porous media,” CRC Critical Reviews In .
3 Environmencal Control 19 (1), 33-99.

&

H Carslaw, H. S., and Jacger, J. C. (1963). Operational methods in applied

?? mathematics. Dover Publications, New York.

Clatke, L. M., Dilworth, M. 1., and Gizon, A. R. (1993). “Survival of

Rhizobium meliloti WSM419 in laboratory culture; Effect of combined pH
shock and carbon substrate stress,” Soil Biology and Biochemistry 25, 1289-
1291.

Al 1t

Curtis, G. P., Roberts, P. V., and Reinhard, M. (1986). “A natural gradient
oy experiment on solute transport in a sand aquifer, IV. sorptioa of organic
P solutes and its influence on mobility,” Water Resources Research 22, 2G59.

105

e Reforerces




)
s v
e fedn !

Day, P. R. (1956). “Report of the committee on physical analyses, 1954-

% o3t S

E— 1955, Soil Science Society of America.” Proceedings, Soil Science Society
¥ of America 20, 167-169.

De Bolt, D. C. (1974). “A high sample volume procedure for the colorimetric

deermination of soii organic matter,” Commum. Soil Sce. Plant Anal., 5,
o 131-137.

Rl k1

.. ,
Ry I

iy

DiToro, D. M., Zarba, C. S., Hansen, D. J., Berry, W. J,, Swartz, R. C,,
Cowan, C. E,, Paviloy, S. P, Allen, H. E,, Thomas, N. A., and Paquin,
P. R. (1991). “Technical basis for establishing scdiment quality criteria for
nonionic organic chemical using equil:»rium partitioning,” Environmental
Toxicology and Chemistry 10, 1541-15¢3.

Domenico, P. A., and Schwantz, F. W. (1990). Physical and chemical
hydrogeology. Wiley, New York.

El-Shinnawi, M. M., and Aboel-Naga, S. A. (1981). “Denitrification in soils
4 in relation to nitrate source,” Zentralblatt fiir Bakteriologie, Parasitenkunde,

f*i Infektionskrankheiten, und Hygiene 136, 95-105.

PR

K

Evans, J., Wallace, C., and Dobrowolski, N. (1993). “Interaction of soil type

and temperature on the survival of Rhizobium leguminosarum bv. viciae,”
Soil Biology and Biochemistry 25, 1153-1160.

*‘ﬁ"ﬁ “ o

(.3
n

: %?E; ]

’; Freeze, R. A., and Cherry, J. A. (1979). Groundwater. Prentice-Hall,
£ Englewood Cliffs, NJ.

Az

R F

Gaskell, J. F., Blackmer, A. M., and Bremner, J. M. (1981). “Comparison ¢
effects of nitrate, nitrite, and nitric oxide on reduction of nitrous oxide to

dinitrogen by soil microorganisms,” Journal of the Soil Science Society of
America 45, 1124-1127.

EPiL

by

£ Griffin, D. M. (1972). Ecology of Soil Fungi. Syracuse University Press,

b Syracuse.

E Hammer, D. E., and Kadlec, R. H. (1986). “A mode! for wetland surface

E;f water dynamics,” Water Resources Research 22(13), 1951-1958.

i‘; Hansen, R. (1988). “The influence of metal ions on the stability of liquid gun

48 WA

propellants containing HAN.” Fraunhofer-Institut fur Chemische
Technolcgie, Gemany.

dung, L. L., and Trappe, J. M. (1983). “Growth variation beiween and within

species of ectomycorrhizal fungi in response to pH in vitro,” Mycologia 75,
234-241.

S e ST R e I [T
. v . i
s

Relarences




Khan, S. U. (1980). “Physicochemical processes affecting pesticides in soil.”
Pesticides in the soil environmen:. Elscvier Scientific Publishing Co., New
York, 29-118. y

Kostiakov, A. N. (1932). “On the dynamics of the coefficicnt of water perco-
lation in soil and on the necessity of studying it from dynamic point of
view for purposes of ameiioration.” Transactions sixth committee interna-
tional society of soil science, Part A, (Printed in Russian), 17-21.

Kunisaki, N., and Hayashi, M. (1979). *“Formation of N-Nitrosamines from
secondary amines and nitrite by resting cells of Escherichia coli B,”
Applied and Environmental Microbiology 37, 279-282.

Lynch J. M., and N. J. Poole, Eds. (1979). Microbial ecology: A conceptual
approach. Wiley, New York, 45-63.

Marais, J. P., Therion, J. J., Mackie, R. L., Kistner, A., and Dennison, C.
(1988). “Efiect of nitrate and its reduction products on the growth and
activity of the rumen microbial population,” British Journal of Nutrition 59,
301-313. 2y

Mercer, J. W., Skipp, D. C,, and Giffin, D. (1990). “Basics of pump-and-treat i
ground-water remediation technology,” EPA/6(X)/8-90-003, Robert S. Kerr Je
Environmental Research Laboratory, U.S. Environmental Protection =
Agency, Ada, OK.

Millar, C. E., Turk, L. M., and Foth, H. D. (1958). Fundamentals of Svil
Science. 3d ed., Wiley, New York.

Myrold, D. D. (1990). “Effects of acidic deposition on soil organisms,”
Mechanisms of forest response to acidic deposition. A. A. Lucier, and
S. G. Haines, eds., Springer-Verlag, New York.

Nelson, D. W. (1978). “Transformations of hydroxylamine in soils,” Fro-
ceedings of the Indiana Academy of Sciences 87, 409-413.

Nelson, D. W, and Sommers, L. E. (1982). “Total carbon, organic carbon,
and organic matter.” Methods of soil analysis, part 2, chemical and
microbiological properties. 2d ed., Amcrican Society of Agronomy, Inc.,
Soil Science Society of America, Inc., Madison, WI.

Oxley, J. C., and Brower, K. R. (1988). “Themal decomposition of hydro-
xylaming nitrate,” SP/E 872 Propulsion, 63-70.

Paikin, T. B., Sexstone, A. J., and Tiedje, J. M. (1985). “Adaptation of

denitrifying populations to low soil pH.” Applied and Environmental
Microbiology 49, 1053-1056.

107

Raferences




Patrick, W. H., Ir. (1958). *“Modification of method of particle size analysis,”
Proceedings, soil science society of America. Madison, WI, 22, 366-332.

Plumb, R. H., Jr. (1981). “Procedures for handling and chemica: analysis of
sediments and water analysis,” EPA/CE-81-1, May 1981, U.S. Army Engi-
ncer Waterways Experiment Siation, Vicksburg, MS.

Rhoades, ]. D. (1982). “Soluble salts,” Methods of soil analysis, Part 2,
chemical and microbiological properties. 2d ed., American Socicty of
Agronomy, Inc., Soil Science Society of America, Inc., Madison, WI.

Sasse, R. (1990). “Analysis of hydroxylammonium nitrate based liquid
explosives,” Technical Report BRL -TR-3154, Ballistic Research Laboratory,
Aberdeen Proving Ground, MD.

Schmidt, W. (1990). “Hydroxylammonium nitrate compatibility tests with
various materials-a liquia propellant study,” BRL-CR-636, Ballistic
Research Laboratory, Aberdeen Proving Ground, MD.

Soil Conservation Service. (1964). “Soil survey of Warren County, Missis-
sippi.” U.S. Department of Agriculture, Washinston, DC.

. (1976). *Soil survey of Mormris Countv. New Jersey.”
U.S. Depariment of Agriculture, Washington, DC.

. (1988). “Soil swrvey of Socorro County Area, New Mexico.”
U.S. Department of Agriculture, Washington, DC.

. (1992). *Soil survey U.S. Army Yuma Proving Ground,
Arizona.” U.S. Depantmens of Agriculture, Washington, DC.

Streeier, V. L., and Wylic, E. B, (1979). Fluid mechanics. Tth ed., McCraw-
Hil, New York.

Tarig, A., and Dumford, D. S. (1993). “Analytical volume change model for
swelling clay soils,” Soil Science Society of America Journal, 57(5),
1183-1187.

Thibodeaux, L. J. (1979). Chemodynamics. Wilcy, New York.

Thimann, K. V. (1963). The life of bacteria. Macmillan, Necw York.

Thomann, R. V., and Mueller, J. A. (1987). Principles of surfacc water
quality modeling and control. Harper and Row, New York.

Travis, C. C., and Doty, C. B. (1¥90). “Can comtaminated aquifers and super-
fund sites be remediated.” Environmental Science and Technology 24(10),
1464-1460.

Raturences




U.S. Environmental Proicection Agency. (1982). Methods for chemical
analysis of water and wastes, EPA 600/4-79-020, March 1979 and EPA
600/4-82-055 December 1982. Environmental Monitoring arid Suppon
Laboratory, Cincinnati, OH.

. (1986). *“Method 9045, snil pH,” Methods for chemical analysis
of water and wastes. Vol 1C: “Laboratory manual physical/chcmical
methods, SW846. 3d ed., November 1986. USEPA Office of Solid Waste
and Emergency Responsc. Washington, DC.

. (1990). “Method 8330, Methods for chemical analysis of water
and wastes. SW-846. 3d ed., November 1990 revision, USEPA Office of
Solid Waste and Emergency Response, Washington, DC.

. (1991). “Sediment and soil adsorption isotherm.” 40 CFR
Ch. 1(7-1-91 Edition), paragraph 796.2750, Washington, DC.

U.S. Environmental Protection Agency/U.S. Army Corps of Engincers.
(1991). “Evaluation of dredged material proposed for ocean disposal,”
EPA-503/8-91/001, Washington, DC.

U.S. Amny Engineer Waterways Experiment Station. (1960). “The unified
soil classification system,” Technical Memorandum No. 3-357. Appen-
dix A, “Characteristics of 50il groups perniaining 10 embankments and foun-
dations, 1953; Appendix B, characteristics of soil groups pertaining to roads
and airfields, 1957,” Vicgsburg, MS.

van Genuchten, M. T, and Alves, W. J. (1982). *“Analytical solutions of the
one-dimensional convective-dispersive solute transpoit equation,” Technical
bulletin 1661, U.S. Dept. of Agriculiure, Agricaltural Rescarch Service,
Washington, DC.

Veverka, K., Kddela V., and Oliberius, J. (1988). “Sidc effccls of some
liquid fertilizers on pliytopathogenic bacteria,” Zentralblat: fiir
Mikrobiologie 143, 293-298.

Voice, T. C., and Weber, W. J,, Jr. (1983). “Somption of hydrophobic com-
pounds by sediments, soils and suspended solids. 1. theory and back-
ground,” Water Research 17, 1433-1441.

Waters Chromatography Division. (1950). *loa analysis notes,” 3(1), 11,
Millipore Corp., Bedford, MA.

Weber, W. 1., Jr. (1972). Physicochemical processes for water quality
control. Wiley-Interscicnce, Nevr York.

109

References




Wojciechowski, J. Q., and Leveritt, C. S. (1991). “Vulnerability testing of
liquid propellant LGP 1846,” Draft Report, U.S. Army Ballistics Research
Laboratory, Aberdeen Proving Ground, MD.

Yoshioka, K., and Maruyama, Y. (1990), “Characterization and symbiotic
nitrogen fixation of Rhizobium that nodulates Chinese milk vetch
(Astragalus sinicus L.),” Soil Science and Plant Nutrition 36, 83-90.

Yu, F. X. (1988). “Simulation of surface irrigation systems,” M. S. Thesis,
Louisiana State Univ., Baton Rouge, LA.

110

Reterencas




Appendix A

lon Chromatography of Liquid
Propellants Using an
Electrochemical Deiector:
Water Analysis’

Introduction .

Background

In order to characterize the environmental cffects of Liquid Propellant/LP
XM46 (LP), a method for reducing detection limits below levels currently
achievable with titrametric methods for the components of LP, hydioxylammo-
nium nitratc (HAN), and triethanolammonium nitrate (TEAN) in soil and water
matrices was needed.

Objective

The objective of this study was to develop methods for analyzing LP, a
homogeneous liquid composed of 60.8-percent HAN, 19.2-percent TEAN, and
20.0-percent water by weight having a density of 1.450 g/cc at 20 °C (Sasse
1990%). A method was needed that would scparate and quantify HAN and
TEAN in the presence of interfering ions such as nitrate.

' By Donald W. Rathburn and Ann B. Suong, U.S. Anny Engineer Waterways Experiment
Station.
2 See Reference at the end of the main text.
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Experimental Methods

lon chromatography

Ion chromatography (IC) was sclected because of its specificity and ability
to obtain low detection limits. The two major components of the IC sysiem
are the column and the detector. A new isocratic method using a cationic
column which simultancously analyzes monovalent/divalent cations and low
molecular weight amines and alkanolamines was adapted for use (Waters
Chromatography Division 1991). This column scparated the HAN and TEAN
components and eliminated the problem of high nitrate and other negative ions
in the samples.

Past chromatography analyses used colorimetric or conductivity detectors.
The problem with a colorimetric detector is that alkanclamines and HHAN have
no chromophores (¢chemical groups that produce color in compounds) in the
ultra-violet or visible regions. Derivatization with compounds containing ultra-
violet chromophores is possible, but the reagerts available for derivatization
are unreliable and prone io interferences. Chemically, HAN is a very reactive
compound, and derivatization may be possible using a chromophoric ketone to
form an oxime (Sasse 1990), but this would not work for TEAN.

Conductivity detectors are the most commenly used detectors for IC and
applicable 1o compounds having ions with fairly high equivalent conductance.
Both hydroxyamine and triethanolamine are weak conductors and are not good
candidates for this type detection.

More recently, electrochemical detectors (ECD) using direct current or
pulsed current have been adapted for use by IC, and this seemed to be a viable
alternative to the traditional detectors for LP components. Interfering com- ¢
pounds which co-clute can be discriminated against through the proper sclec- N
tion of the cell potential. Because of the instability of alkanolamines at low
phH and hydroxyamine at hign pH, a method was developed that would accom- ,
modate the limitations of both compounds. A pulsed mode of operation was
selected that would allow detection of the jons of interest yet maintain the
integrity of the sample compounds.

Analytical system ".‘.'

The IC system employed for scparating and detecting HAN and TEAN
consisted of a Waters Model 510 pump, Waters Model 717 Autosampler,
Waters Post Column Reaction System, and the Waters Model 464 Pulsed
Electrochemical Detector. The basis for the separation was a Watcers IC-PAK
Cation Exchange Column (No. 36570). A data systcm using a NEC Power '
Mate 386/25 was used for operational control of the system and for data
storage and retrieval.
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The eluant for the chromatographic system contained 5-percent methanol,
0.1-mM ethylenediaminetetraacetic acid, and 3-mM ultrex nitric acid per liter
of sotution. The post-column eluant was 0.3-M sodium hydroxide using
carbon dioxide free watcr. Flow rates were 1.0 mL per minute for the
chromatographic column and 0.2 mL per minute for the post-column.

All water was purified using a Milli-Q PLUS Reagent Grade Water System
(Millipore Corporation, Bedford, MA). The mobile phase and post-column
elution phase were vacuum filtered through a Millipore Type GV filter to
remove particulates and to degas the solution.

The ECD system contained a gold electrode as the working electrode. The
reference electrode was a 400-mM sodium hydroxide saturated sodium
chloride/silver chloride electrode. The gold electrode was selected because of
its resistance to electrolytic corrosion.

The following ECD settings were used:

E1 100 mv T1 20 cycles 0.333 sec
E2 880 m / T2 20 cycles 0.333 sec
E3 -520 mv T3 10 cycles 0.333 sec

I Range 0 - 10 microamps Total pulse - 0.999 sec

Ei, EZ, and E3 are the voitages applied 1o the eluant as it passed through
the electrode cell. El is the voltage controlling the reduction of the analyte;
E2 and E3 arc voltages applied to maintain the clectrode in a staic of prepared-
ness. T1, T2, and T3 are the times applied to the cells at E1, E2, and E3. 1
refers to the current range. Peak areas associated with each component were
made automatically using the data station.

Detector linearity

The linearity of the detector can be observed in Figures Al anc A2. Solu-
tions containing 3-, 6-, 15-, 20-, and 34-ppm hydroxylammonium nitratc and
1-, 2-, 5-, 8-, and 10-ppm inicthanclammonium nitratc were used for this study.
The measured arcas of the peaks are shown in Tables Al and A2. A 25-uL
sample was injected.

A typical chromatogram of hydroxyaminc and tricthanolamine is shown in
Figure Al. Retention times for hydroxyamine and tricthanolamine were
3.33 min and 6.42 min, respectively. Retention time is sensitive to the pH of
the cluant, and slight variations have an effect. The reienuun times of both
compounds decrease as pH decreascs.
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Table A1
Peak Areas of Hydroxylammonium Nitrate
Concentration, ppm Area, uVSec
3 588,670
6 969,370
15 2,390,000
24 3,704,000
30 4,618,000
[
Table A2
Peak Areas of Trlethanolammonium Nitrate
i COnc:mntlon. ppm Arep, uVSec
1 100,000
2 179,300
5 516,500
6 826,490
10 1,042,000 K5

Limit of detection

The limits of detection weie estimated by comparing peak height to the
noise level. Tie peak height from a 120-ppb HAN solution was compared
with the noisc level at this concentration. Using three times the noise level as
the limit of detection, a value of 20 ppb was determined for HAN. Using a
4(0- ppb solution for TEAN, the detection limit was 220 ppb.

Reproduciblilty

The reproducibility of HAN and TEAN mcasuremens was evaluated by

measuring the peak areas from a repeated number of analyses at the same L0
concentration. Results are presented in Table A3.
Callbration stendards K

Nc standand analytical reference material is available for HAN and TEAN.
The calibration siandards were prepared from a previously analyzed LP sample
as a reference source (Figure A3). Standards were prepared in plastic vials to
minimize sources of positive ions that can damage the analytical column.
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Table A3
Reproducibllity Data for Hydroxylammonium Nitrate and

Triethanolammonium Nitrate

Component, ppm No. of Injections Average Arue, uVSac 4~RSD ]
HAN 3.0 19 976,797 + 26,265 269
HAN 5.0 20 2,093,082 + 37,306 1.78
TEAN 1.0 19 209,421 £ 14,04 6.71
TEAN 5.0 20 465,403 + 20,490 4.50

Quality assurance/quality control (QA/QC)

The QA/QC for this study consisted of running samples in duplicates, pre-
paring matrix spikes and matrix spike duplicates, and using a separate LP
sample as a reference source. Matrix spikes were prepared from the reference
sample.

conciusions

Ion chromatography using a cation column for separation coupled with an
electrochernical detector was effective in analyzing HAN ang TEAN. The
system responds well to both hydroxyamine and triethanolamine with low
levels of detection. Good separation of ions was achieved with no major
chemical interferences.
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Appendix B

lon Chromatography of Liquid
Propellant Using an
Electrochemica’ Detector: Soil
Analysis'

Introduction

Backaround

Liquid propellant (ILP) contains three major ions: the hydroxylammonium
cation, the triethanolammonium cation, and the nitrate anion. As an analytical
indicator in soils, neither the nitrate ion no1 the bydroxylammonium ion are
good choices because both nitrate and ammonia are natural soil compo:ents
and the hydroxylammonium ion is rapidty degraded in most soils. Thus, the
triethanolammonium ion represents the best choice for analyticaily expressing
the concentration of LP in soils.

Previous methods for the determination of hydroxylanimonium nitrate
(HAN) and triethanolammonium nitrate (TEAN) in water were develeped
using ion chromaiographic separation and clectrochemical detecton of the two
major cations (Appendix A). This procedure is an exiension of that
methodology.

Objective

The objective of this study was to develop a method of analysis for LP
components in soiis.

! By Donald W. Rathburn and Ann B. Strong, U.5. Ammy Enpincer Waterways Experiment
Station.
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Experimental Methods

Soll extraction
The following extraction proceduscs were investigated.
a. Neuwra exiraciion with 5-percent methanol.
b. Acid extractionn with hydrochloric acid.
¢. Soxhlei extraction with hexane and sodium sulfute.
d. Basic extraction with sodium hydroxide in 5-pecent meihanol.

Only the basic cxtraction procedure yielded acgenitable recovery values of
80-percent o1 better for the triethanolammonium ion componeni of TEAN.
The extracting liquid is a basic sclution of S-percent methanol in waicr (v/v)
and is compatiblz with the Ligwid chromaiography elusni, thus eliminating the
nced for solvent change. The concentration of sodium hygooxide is minimized
to decrease the possibility of damage to the ion exchange column in the ion
chromatograph (IC) sysiem.

Chemicsals

The L2 was employed in the carly phases of this project for preparing
standards and spiking solutions. However, the purity of thie propellant,
especially the HAM component, became suspect as the ratic of HAN to TEAN
began to fluctuate over time. Thus, the use of analytical grade tricthanolamine
and hydroxyiamine hydrochloride replaced LF as calibration standards for the
caticns of TEAN and HAN, Mono=tharolamine, diethanolamine, and rigtha-
nolamine were purchased fron Aldrich Chemical Company (Milwaukee, WI.
The hydroxyluaine hydrochlonde was purchased from J. T. Baker, Inc.
(PhillipsLurg, W), Ammon.um nitrate was from Fisher Scientific Company
(Prucshurgn, PA).

All water way purificd using a Milli-) PLUS Reagent Grade Water System
(Miliipere Corporation, Eedford, MA).

Preparation of standards

All solutions were prepared by diluting compounds of interest to 10 mL:
hydroxylaminc hydrochlonde - 0.54 g/10 mi; ammonium nitrate -
0.91 g/10 mL; monocthanoiamine and dicthanolamine - 20 ¢/i0 mL; and
triethanclamine - 2.01 g/10 mL.
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The above solutions were used for preparing standard curves and spikiag
soil samples. Standard curves were prepared with lower limits of 1 pprm for
HAN and TEAN, and 0.1 ppm for ammonia, monocthanolamine, and dictha-
nolamine. Upper limits varicd from 10 to 50 ppm for HAN and TEAN,
depending upon the concentration range of interest in the environmental
studies.

lon chromatography

The IC system consisted of a Waters Model 510 pump, Waters Model 717
Autosampler, Waters Post Column Reactor System, and the Waters Model 464
Pulsed Elecirochemical Detector (ECD). The basis for the separation was a
Waters IC-PAK Cation Exchange Columin (No. 36570). A data system using a
NEC Power Mate 386/25 was used for operational control of the system and
for data storage and retrieval.

The eluamt for the chromatographic system contained S-percent methanol,
0.1-mM ethylenediaminetetraacetic acid, and 3-mM ultrex nitric acid per liter
of solution. The pnst-column eluant was 0.3-M sodium hydroxide using
carbon dioxije free water. Flow rates were 1.0 mL per minute for the chro-
matographic .;olumn and 0.2-mL per minute for the post-column cluant. Injec-
tion volume was normally 25 pL.

The ECD system contained a gold electrode as thic working electrode. The
reference electrode was a 400-mM sodium hydroxide saturated sodium
chloride/silver chloride electrode equipped with a Teflon frit.

The following ECD settings were used: El = 100 mv, T1 = 20 cycles

0.333 sec, E2 = 880 mv, T2 = 20 cycles 0.333 sec, E3 =-520 mv, T3 =
20 cycles 0.333 sec, Total pulse = 0.999 sec and I range = 0 - 10 microamps.

Extraction procedure

The ratio of extracting solvent to soil was 6:1 (mL/g). Plastic centrifuge
tubes with caps were used for extraction. Extraction steps were as follows:

a. A soil sampie weighing between 500 to 1,000 mg was placed into a
plastic centrifuge tube.

b. An appropriate volume (6:1 mL/g) cxtracting liquid was added to the
snil sample in the tube.

¢. The soil and extraction liquid were thoroughly mixed on a
voriex-mixer.

d. The NaOH (100 pL of 0.3 N) was addcd to the tube and the compo-
nenis vornex-mixed.
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e. The pH was checked using indicator strips. If the pH were less than
11, an additional 100 uL. of NaOH was added and the vortex-mixing
repeated. This procedure was repeated until the pH remained 11 or
above.

f. The tubes were placed on a mechanical shaker and agitated for 1 hr.

g. The tubes were removed and placed in a table-top centrifuge for 5 min.
at maximum revolutions per minute.

h. The supernatant was filtered through a 5.0-p and 0.45-p filter using a
10-cc plastic syringe.

i. The samples were diluted, if necessary, at this poini.

J. The samples were analyzed using IC-ECD. Injection volume was
normally 25 pL.

k. Chromatographic run times were 15 min to cnsure clution of all ions
from the column.

Results

Multple samples of several soil types were spiked at various concentrations
cf hydroxylamine and triecthanolamine proportioned as in LP. Tabic B1 pres-
¢7': the recoveries of triethanolammonium cation (as TEAN).

study of detection limits was made using the WES Reference soil. The
Ti% N peak height was compared with the baseline noise, assurning the detec-
ticr limit to be 10 times the baseline noise. The limit of detection by peak
heit 1t was 4 mg/kg. However, because of negative peaks and drifting bascline
pro' lems, 100 mg/kg probably represents a werking detection limit under these
con itions.

Dis cussion

Figure B1 is a chromatogram of the five cations used or anticipated tv be
found in this study. Although the monoethanolammonium and dicthanolamm-
onium cations were anticipated, they were never obscrved in large amounts.
The ammonium ion was always present, even in the unspiked samples, proba-
bly as a contaminant in the soil or laboratory water. Comparisons of
Figures B2, B3, B4, and B5 showed very little ammoniutn from Cement 157
and Picatinny B; while with Socorro P and WES Reference, the ammonium
ion increased.
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Table B1
TEAN Recovery 1 Standard Error
[ Sol! Spike Amount, ug i Recovered, ug Recovery, % ]

Yuma 2A 85 8216 97
Picatinny A 85 8114 95
BRL-SAS A 85 ARR 84
China Lake A 95 75t 1 79
Cement 157 95 891 94
Cement 158 F S5 S1+1 96
WES Retfsrence 95 93+ 1 98
BRL-SAS B 95 97 + 1 102
Socoiro P g5 76+ 4 83
Picatnny B 95 87+ 1 92
Yuma 2A 8,500 8,880 t 720 104
Picatinny A ] 8,500 8,420 + 800 g9
BRL-S£S A 8,500 65,910 + 450 81

The faslure to routinely extract HAN cannot be clearly explained. The
HAN is probably reacting with a soil constituent. Centain soils do not com-
pletely degrade HAN (Figurc B2). In other cases, HAN is almost totally
absent (Figures B3, B4, and BS).

During the IC analysis of soils, strong negative peaks appeared often in the
chromatograms. Figurc B2 has a large negative peak at approximately
8.7 min. This peak was frequent, but repreducibility for all negative peaks
was poor, probably becausc of the heterogeneous nature of the soil.
Occasionally, a broad negative peak was observed from 1.5 to 6 min. (Fig-
ure B5). Thus, the time for analysis was ¢xtended to 15 min, 10 min normally
being adequate for water samples (Appendix A). No effort was made to iden-
tify these ncgative peaks.
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Figure B4. Chromatogram of LP comiponents extracted trom Socorro P £oil
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Appendix C
Notations

Abbreviations

%0C Percent organic carbon

2, 4-DNT 2, 4-dinitrotoluene

2, 6-DNT 2, 6-dinitrotoluene

4 ADNT 4-amino-2, 6-dinitrotolucne
Al Aluminum

AODC Acridine orange direct count
ATK Attenuated total intemal refiectance
Ca Calcium

CEC Cation exchange capacity
CFU Colony forming unit

CO Carbon monoxide

CO, Carbon dioxide

DAPI diamidino-2-phenyl-indole
DNB 1, 3-dinitrobenzene

Fe Iron

FTIR Fourier Transform Infrared Spectrscopy
GA Glycerol agar

GLC Gas Liquid Chroimatography
HA Hydroxylaminc

HAN Hydroxylammonium nitrate
HMX 1, 3. 5, 7-tetranitrooctahydro-1, 3, 5, 7-tetrazoline
HNO, Nitric acid

IRE Intenal reflectance clement
LP Liquid popellany/LP XM46
Mn Manganese

NO;-N Nitrate nitrogcn
NO/NQ,-N Nitrate/nitrite nitrogen
NO,-N Nitrite nitrogen

NH,-N Ammonia nitrogen

N,O Nitrous oxide

NO, Nitrogen dioxide

NO Nitric oxide
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N, Nitrogen

0, Oxygen i
ODW Oven dry weight 2
ON Organic nitrogen .
PBS Phosphate-buffered soils .
PDA Potato dextrosc agar
PTYG Peptone-tryptone-yeast extract glucose agar -
RDX 1, 3, 5- trinitro -1, 3-, 5- hexahydrotriazine ;
STP Standard Temperature and pressure (1-10)

TEA Triethanolamine

TEAN Triethanolammonium nitrate

TKN Total Kjeldahl nitrogen

TOC Total crganic carbon

TNB 1, 3, 5-trinitrobenzene

TNT 2, 4, 6-trinitrotoluene

RO Reverse osmosis i
Symbols v

a dimensionless constant

A pore area, cm’

b i.angmuir constant related to entropy, L/mg
B depth of flow, cm

c constant, area/time

C equilibrium solution concentration

Cp drag coefficient, dimensionless

C(LT) concentration at location (L), time (T), mg/L

C, input concentration, mg/L

d soil particle size, cm

d, mean particle size, cm

D dispersion coefficient, cr¥s ’
ERFC complementary error function of ..
EXP exponential function of "
fOC fraction of organic carbon

g acceleration of gravity, cm/s®

G grass density, stalks per unit arca

hydraulic gradient, dimensionless

first order reaction rate, s

constant, arca/time

cocfficient of hydraulic conductivity, cm/s
proportionality coefficient, dimensionless
adsorption distiibution coefficient, cm’/g
adsorption cocfficient for Freundlich equation
mg(n-l) x Ll/n/kg

bulk modulus of expansion, dimensionless
distance, cm

P

a

R L

X

ce
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L'/vi? difference between measured runoff function value,
dimensionless

dimensionless constant

mass input, mg

Freundlich characteristic constant

porosity, dimensionless

number of revolutions of centrifuge per minute
Reynolds number, dimensioniess

monolayer sorption capacity (mg/kg)

solid phase concentration, mg/kg

correlation cocfficient, dimensionless

Pearson Product-Moment Correlation Cocfficient,
dimensionless

distance from centrifuge spindle to deposition surface of
centrifuge

distance from centrifuge spindle to deposition surface of
centrifuge

retardation coefficient, dimensionless

application time of the fluid, s

centrifuge time, min

time, s

pore volumes eluted, dimensionless

average velacity of flow, cm/s

average pore water veiocity, cm/s

volume of fluid applied to soil, cm’

distance wetting front is below ground surface, cm
vertical distance from soil surface to deepest wetting front,
cm

volume of water infiltrated per unit length, cm’/cm
fluid density, g/cm®

fluid viscosity, g/cm-s

the slope of the ground surface, radians

hydraulic friction law, m'*/day

hydraulic friction law exponent

slope of the water

constant for the equation Cp, = 1/Ng,

time since start of flooding, s

soil expansivity, dimensionless

bulk density, g/cm’

surface tension of the fluid, g/s’

any function
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