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EXECUTIVE SUMMARY

This study was conducted to investigate the persistence of 2,4,6-
trinitrotoluene (TNT) and hexahydro-1,3,5-trinitro-1,3,7-triazine

« GRS S 4. % 9.

(RDX) in waste disposal lagoons at Louisiana Army Ammunition Plant.

i The waste disposal lagoons are complex environments due to a hetero-

. geneous distribution of solid TNT and RDX munitions on the lagoon
sediment surface. These solids serve as a constant input source of
munitions to the lagoon waters through dissolution. Flux rates for
the dissolution of munitions were measured at 1.08 x 10™% cm sec™ ! for

TNT and 7.75 x 1072 cm sec ! for RDX at 25°C in the lagoon.

The major loss processes for the transformation of TNT were

B A AR B Sl U . . b

phototransformation and biotransformation. A first-order, depth-
independent rate constant for the lndirect photolysis of TNT in mid-
March was measured at 4.3 cm d~! which yields an estimated half-life

I of eight days in a body of water 50 cm deep. A major stable TNT

. phototransformation product was 2-amino-4,6-dinitrobenzoic acid. Bio-
. transformation occurred {n the lagoon with a pseudo-first-order rate

: constant of 0.010d"! and a second-order rate constant of 8.95 x 10~ ?

' ml cell”! 471, The half-11fe of TNT resulting from biotransformation
: was calculated to be 69 days. The major hiotransformation products

were 2-amino-4,6-dinitrotoluene and 4~-amino-2,6-dinitrotoluene.

The major transformaiion process for RDX was found to be pho-
I tolysis. RDX transformed with first-order rate constants ranging from
0.016 cm d~! in winter to 0.076 cm d~! in summer. The half-life of
RDX was estimated to range from over 2000 days in winter to 456 days

in summer in a lagoon 50 cm deep.

Although photolysis was found to be the major transformation pro-
' cess for TNT and RDX, the rate of transformation was slowed due to the

high absorptivity of the lagoon waters, whose absorbances ranged from
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3.0 in winter to 9.0 in summer. These high absorbances allow lictle
light to penetrate for a significant dlstance below the lagoon sur-
face. The light absorption, however, heats the lagoon water, thus
accelerating the dissolution process of solid TNT and RDX on the
lagoon sediment surface. Thus, TNT and RDX concentrations in the
lagoon water were found to increase from the winter to the summer

moaths.

A computer model was constructed to simulate the lagoon environ-
ment. Using the laboratory-developed transformation and dissolution
rate constants, the persistence of TNT and RDX can be estimated as a
function of time from initial inputs of lagoon depth and aqueous and

sediment~-surface munition concentrations.
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I. INTRODUCTION

The U.S. Army i{s currently involved in assessing the overall
hazard of munitions-related warer pollutants to aquatic and mammalian
systems. Part of this assessment involves the loss and movement
(fate) of militarily unique chemicals when they are discharged into
various aquatic environments. Munitions have been produced and
handled for many years with minimal pollution-abatement controls, but
it has now become important to estimate the environmental persistence

of selected chemicals used in present and past military operations.

Environmental persistence can be estimated through the use of
computer modeling, in which the loss and movement processes as well as
critical environmental parameters can be described by mathematical
equations and approximations. 1In most environmental situationy or in
cases of low chemical concentrations, simple firet-order or ypseudo-
first~order rate expressions and equilibrium constants adequately
deacribe the loss and movement processes. Once the rate and equi-
librium constants are known for tne dominant processes, envircnments
can be simulated under any number of specified conditions. Thus, it
becomes possible to estimate the concentration of a chemical as a
function of tine when the chemical {s subjected to various environ-
mental stresses. In a previous study (Spanggord et al., 1981), we
applied the modeling concept to munitions-related chemicals in the
Holston River and generated concentration- time-dependent profiles
that allowed the prrdiction of chemical concentrations 20 km from the
discharge point. Actual data on samples taken from the river verified

the applicability of the modeling concept.

On the basis of that expetrience, this study was undertaken to
estimate the persistence of 2,4,6-trinitrotoluene (TNT) and hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX) {n disposal lagoon environments.

The lagoon dispnsal of munitions wastes has been practiced for many

1
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years and the Army would like to dispose of these lagocns in a safe
manner. The studies reported herein describe the major transport and
transformation processes that affect the persistence of TNT and RDX in
lagoons. We also developed a computerized simulation model to des-
cribe the loss and movement of these chemicals as a function of time,

concentration, and location in the lagoon.
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II. SITE DESCRIPTION

This investigation covered evaluation of the persistence of TNT
and RDX in the waste disposal lagoons at Louisjiana Army Ammunition
Plant (LAAP) in Minden, Louisiana. LAAP is a load, assemble, and pack
facility that generates munitions wastewaters during shell-washout
operations in the loading/unloading process. The wastewaters are
transported by truck to disposal lagoons, where natural evaporation

concentrates the residues.

We conducted a field study at LAAP on December 7-11, 1981. At
that time, no wastes had been transported to the lagoons since May and
a new carbon-column waste-treatment facility was to be installed prior

to further waste disposal.

The lagoon disposal area at LAAP 1is outlined in Figure 1. Lagoon
No. 9 was selected for our investigations mainly because it is one of
the larger lagoons and because previous reports had indicated that TNT
and RDX were still being found in the lagoon waters and sediments
(Wentzel, et al., 1981).

Lagoon No. 9 1s a nearly square, flat-bottomed reservoir mea-
suring 56.7 m x 52.1 m (186 ft x 171 ft). During the week of December
7-11, 1981, 1t was filled to a depth of 60 cm (2.0 ft) with a dark
tea-colored water. Water input into the lagoon is from seasonal
rains, and water output is due to seepage and evaporation. Trees and
shrubbery line the lagoon enbankments, but no plant or aquatic life

was evident in the lagooan water,

To bcgin our field study, a tow line was secured across the
middle of the lagoon and the center position was tagged. We used an
inflatable raft to transport monitoring and sampling equipment to the
center of the lagoon for sample collection and monitoring measure-

ments.
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Water samples were collected with a variable-water—depth sample
collector in 50-ml amber glass jars with Teflen-lined caps. We
analyzed these samples on site, using a high-pressure liquid chro-
matograph (HPLC). We collected other water samples in 4-liter amber
glass bottles and transported them by air overnight to SRI for total
microbial counts. Sediment samples, removed from the lagoon with a
hand corer, were collected at various locations and transported to SRI
for analysis. These samples indicated a heavy clay bottom that was
difficult to penetrate. Except for sorption properties, we did not

evaluate the morphological characteristics of the sediment.

To determine the ability of light to penetrate into the lagoon
water, we placed photochemical “"trees” at various depths in the
lagoon. These trees consisted of aluminum rods, cross bars, and flo-
tation supports and were equipped with sealed PNA/PYR* actinometer
solutions attached to the ends of the crossbars. After selected time
intervals, the PNA/PYR tubes were removed from the apparatus, wrapped

in aluminum foil, and transported to SRI for analysis.

Meteorological conditions that were measured periodically at the
site were temperature, pressure, wet and dry bulb temperatures (rela-
tive humidity), and wind velocity. 1In the lagoon water, we measured
temperature, pH, and dissolved oxygen. LAAP personnel obtained a
water sample in March 1982. During a second visit to the site on
May 25, 1982, we collected water and sediment samples. In addition,
sample bottles were left with plant personnel to collect samples at
two-week intervals and to mail them to SRI. Depth at the center of
the lagoon was measured during the December visit and again on July
24, 1982, to estimate water loss over an 8-month period. The lagoon

was completely dry in late August.

*
PNA/PYR, p-nitroacetophenone/pyridine, sunlight actinometer developed
at SRI.




The yearly meteorological conditions for the lagoon site were
estimated from daily data collected by the Red River experimental
N~ weather station at Restin, LA, approximately 30 miles east of LAAP.
The data collected at this site include daily maximum and minimum air
and soil temperatures, 24-hour pan-evaporation, and 24-hour precip-
itation. We averaged the data collected from this station for three
years (1979 through 1981) to estimate water balances within the lagoon
at LAAP.

A graphic sketch of Lagoon No. 9 is shown in Figure 2. A
concrete ramp in the southeast corner of the lagoon serves as an
access point for vehicles to dump liquid and solid wastes. Analysis
of sediment samples (Appendix A) collected on May 25, 1982, from a
5 x 5 sectioned matrix of the lagoon showed very high concentrations
of munitions that decreased as a function of distance from the dump
ramp (Figure 2). When the lagoon dried up in late August 1982, pure
nunitions compounds were visible on the sediment surface near the
ramp. These solids serve as the primary input source of munitions to

the lagoon waters. The concentration of munitions algo decreased as a

function of depth in the sediment. The distribution of munitions 1in
small sediment cores taken from various locations in the lagoon is

described in Section V.A.4.

Because the lagoon is a highly colored body of water, it absorbs
much of the sunlight energy and converts it to heat, thus establishing
a thermocline in the lagoon water. Temperature fluctuations during
the course of a day are shown in Table 1 for the bottom, middle, and

surface of the lagoon. Over the nine-month course of this study, the 1

lagoon temperatures ranged from 10°C in December to 35°C in May and
o 41.5°C in August. This temperature change affects rates of
dissolution, diffusion, and microbial activity as well as solubility. ;

g, The lagoor waters appeared to be well mixed in a vertical

divection, as evidenced by similar concentrations of TNT, RDX, and

dissolved oxygen measured at the gurface and at depths cof 25 and 50
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cm. Horizontal mixing, however, was not complete; concentrations of

TNT and RDX were higher in the south bank waters than those in the
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center of the lagoon (Table 2). The higher concentrations near the
edge of the lagoon may be the result of the water there being warmer,
which increases the rates of dissolution and diffusion of munitions
from the near-shore sediments relative to bulk diffusion rates in the

main lagoon.
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Table 1

LAGOON WATER TEMPERATURES (°C) FOR THE BOTTOM, MIDDLE,
AND SURFACE ON DECEMBER 9, 1981

LOCKRA  \ranrany N

Time Bottom (50 cm) Middle (25 cm) Surface (0 cm)
0820 11.6 11.8 11.9
0925 11.6 11.9 12.1

- 1020 11.8 12.0 14.0

‘ 1120 11.7 12.0 13.5

3 1240 11.7 11.7 14.0

.3, 1350 12.0 12.0 16.5

" 1440 12.0 12.3 17.0

E 1550 12.0 13.8 16.0

‘ Table 2

> CONCENTRATIONS OF TNT AND RDX IN WATER AT LAGOON

s CENTER AND SOUTHEAST EDGE AS A FUNCTION OF TIME OF DAY

. INT__(ppm) RDX (ppm)

;: Time of Day Edge Center Edge Center
0800 8.34 4.81 12,7 12.9
- 0900 7.11 4.35 13.2 12.5
i 1000 7.00 4,95 13.6 12.9
. 1100 7.62 5.02 13.0 13.4
J 1200 6.80 4.88 12.7 12.6
5 1300 6.54 4.78 12.9 13.2
4 1400 7.27 4.99 12.8 12.9
. 1500 7.28 4,71 12.8 13.2
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III. CHEMICALS IDENTIFIED IN LAGOON NO. 9

Water samples were collected from the lagoon during site visits
in December 1981, May 1982, and July 1982. In addition, samples were
sent to SRI by LAAP personnel at two-week intervals from June 1982
until the lagoon became dry in late August 1982.

The samples were analyzed by HPLC, using direct aqueous injection
of the sample after the addition of an internal standard (3,5-dinitro-

toluene).
The following conditions were employed:

Instrument: Spectra-Physics Model 3500B Liquid Chromatograph

Column: Waters Assoc C18 Radial-Pak A

Solvent: 302 B in A to 80X B in A. A = H,0;
. B = methanol/acetonitrile (50/50)

Flow Rate: 2.0 ml min~}

NDetection: UV @ 254 mm

A typical HPLC profile appears in Figure 3. The chemicals
identified in this profile and confirmed by probe-mass spectrometry
were octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), RDX,
1,3,5-trinitrobenzene (TNB), 3,5-dinitroaniline (DNA), TNT, 2-amino-
4,6-din{trotoluene (2-A-4,6-DNT), and 4-amino=-2,6-dinitrotoluene
(4~A-2,6-DNT). Concentrations of each chemical in water samples at

various dates are shown in Table 3.

Investigations were also conducted to identify stable munitions-
related chemicals in the lagoon water. A 400-ml sample of lagoon
water was extracted with benzene (2 x 400 wl) (benzene fraction) and
ether (2 x 200 ml) (ether 1 fraction); then the water was acidified to
pH 1 with HCl and re-extracted with ether (2 x 200 ml) (ether I1

. fraction). Each fraction was dried over anhydrous sodium sulfate and

rotary-evaporated to dryness. The residues were dissolved in a small

.y amount of ether for chromatographic analysis.

10

T T i i e o e e e e e P e U ol S et e o iyt e B st e e



(prepuels (rwsalcy) L

uamo10)3uQg-G'g 7891

INL 9261
$331108| BUANOLONNIPOVIWY 10" HL

suiueoINg-S'E ¥8°01
suazuaqoNIuL) |y, 6

X0y L8

uelg

LA-7934-30

HPLC PROFILE OF LAGOON WATER

(SAMPLED 7/22/82)

FIGURE 3

11




et AR, LT

' R

AR DY AFENENNNLE  YIVEVIRENW ST o SR PR UL DR

s ¢ s S s JEmRL B A"

Table 3

CONCENTRATIONS (ppm) OF MUNITIONS FOUND
IN WATER SAMPLES ON VARIOUS DATES

sgiﬁied Day HMX RDX TNB 4-A-2,6-DNT 2-A-4,6-DNT TNT DNA

12/08/81 0 -- 13.2 0.33 1.10 1.50 6.98 1.0
3/15/82 74 2.87 10.9 0.58 - 1.01 5.49 <0.10
5/25/82 145 3.15 18.3 0.65 0.91 1.33 19.8 0.5
6/09/82 160 4.31 22.4 0.91 2.35 1.33 11.5 0.54
6/23/82 174 4,40 20.9 0.75 2.31 1.39 5.65 0.68
7/07/82 188 5.71 28.9 0.84 0.83 1.48 6.31 0.99
7/22/82 203 4.03 17.1 0.20 0.42 0.77 2.81 0.73
8/04/82 216 6.36 42.1 4.17 0.58 1.37 12.3 0.87
8/20/82 232 6.03 12.6 2.06 0.65 0.83 0.50 0.34
9/03/82 246 5.07 5.6 <0.10 - 1.16 0.20 <0.10

We identified TNT, 2-amino-4,6-dinitrotoluene, 4-amino-2,6-
dinitrotoluene, RDX, and trace amounts of 1,3,5-trinitrobenzene and
2,4,6-trinitrobenzyl alcoho) by thin-layer chromatographic (TLC)
analysis on silica gel, using benzene as a solvent and an
ethylenediamine/DMSO spray reagent. In the ether I fraction, only one
spot migrated, which coincided with RDX. In the ether II1 fractionm,
several spots were observed close to the origin but could not be
identifed by cochromatography with standards or color development with

the spray reagent.

The ether II fraction was treated with diazomethane and subjected
to HPLC analysis under the following conditions:

Column: Water's C18 Radial Pak A

Solvent: 0-99% methanol in water with a 10 min delay and a
50 min linear gradient

Flow rate: 2.0 ml min-l

Detection: UV @ 254 nm




A typical HPLC chromatograw appears in Figure 4. Couponents from

the HPLC profile in Figure 4 were collected and evaluated by probe

- mass spectrometry. The fraction 57.34 component was identified as the
methyl ether of 3,5-dinftrophenol. Fraction 54.31 was tentatively
{dentified as methyl 2-hydroxy-4,6-dinitrobenzoic acid, methyl ether
and methyl ester, but could not be confirmed due to the lack of a
reference standard. Fraction 54.31 also contained a component that
was identified as methyl 2-amino-4,6-dinitrobenzoic acid, methyl
ester, and was confirmed by the synthesls of a reference standard in
our laboratory. The other component could nct be identified due to
multicomponent spectra and elevated background signals. Fraction .

43.50 was identified as methyl 2,4-dinitrobenzoic acid, methyl ester.

Thus, the majority of chemicals 'n the LAAP lagoon water are
related to the photochemical transformation of TNT with the exception
of 2-amino-4,6-dinitrotoluene and 4-awmino-2,6-dinitrotoluene, which

arise from microbial sources. Based on the work of Kaplan et al.

(1975), who showed that many of the identified compuuents are the

'. result of photochemical processes, Scheme I indicates the probable
e route of formation of the identified products.
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HPLC PROFILE OF THE METHYLATED ETHER !l FRACTION
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A key step in this scheme 1s the series of oxidative-reductive

disproportionations leading to 2-amino-4,6-dinitrobenzoic acid, as

u_ . shown 1in Scheme II.
RS cu,on
; Q- @r“ @"“"" > @
hv
0,H CO,H COOH
O;N NO; OpN @r"”o“ dispropor. °2“\©r“°
pcaliak
NO, NO,
dlsp(opor
o, CO.H
ii! O,N NH,  OyN NO
. 2 2 2
.::-:; +
)
O NO, NO,
L Scheme II

All the chemicals identified in the lagoon water were also found

in the sediment. 1In additiom, the explosive, tetryl, was found in the

. sediment.

AN Because 2-amino-4,6-dinitrobenzoic acid appeaced to be a major

transformatfon product in the lagoon water, we developed an HPLC

s procedure to monitor this compound. The following conditions were
employed:
T Column: 250 mm X 4.6 mm Alltech C18 10 pm
I Solvent: 40% B 1in A + 507 B in A in 10 min after a
e 5-min hold, A = 0.1M phosphate buffer (pH 7)
‘0 with 0.05 M tributylammonium phosphate (TBAP);
- B = 0.005 M (TBAP) in methanol.
: Flow rate: 1.8 ml min~
o Detector: UV @ 254 nm
o Retention time: 3.62 min
9
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A typical chromatographic profile of lagoon water appears in
Figure 5. Lagoon waters that were collected throughout this study
were analyzed for 2-amino-4,6-dinitrobenzoic acid. The results (Table
4) suggest that 2-amino-4,6-dinitrobenzoic acid is a major trans-

formation product in lagoon waters.

The lagoon waters were found to be nearly saturated with

oxygen. Measurements taken with a dissolved oxygen probe during the
December field trip indicated 9.0 ppm 0, at the surface and 8.8 ppnm
near the bottom gediment (50 cm deep). In such a highly aerated
environment, nitrite is readily oxidized. 1In fact, when the lagoon
water collected in December 1981 was analyzed for nitrite and nitrate
according to the method of Thayer (1979), only nitrate was found (16.7
ppm); the pH of the lagoon waters ranged from 7.3 to 7.8, and the

total dissolved solids concentration was 540 ppm.

Absorbance measurements were obtained at 290 and 400 nm as indi- :
cators of the light-absorbing properties of the lagoon water as a i
function of time of year. These values, reported in Table 5 along ;
with the measured water volume at the sampling date, indicate that the 1
UV-absorbing materials are concentrated as the lagoon waters |
evaporate, as evidenced by a 3-fold increase in the absorbance between
December and August with the concurrent decrease in volume by a factor
of three over the same perfod. This has the effect of reducing the
penetrability of light into the lagoon water in the summer months

compared to winter.
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Table 4

LEVELS OF 2-AMINO-4,6-DINLTROBENZOIC ACID OBSERVED IN
LAGOON NO. 9 ON VARIOUS SAMPLING DATES

Lt el '
- . l < s"&’%"- D
*

r

o

i~ Date of 2-Anino—-4,6-Dinitrobenzoic Acid
. Sample (mg 1-1)
i§ 12/18/81 28.9
-3 03/15/82 24.3
i 03/15/82 24.3
. 05/25/82 30.7
2 06/09/82 35.2
N 06/23/82 43.9
N 07/07/82 45.5
5 08/04 /82 49.9
§f 08/20/82 45.7
5

‘ ) Table 5

ABSORBANCE VALUES OF LAGOON NO.9 WATER AT
- 290 AND 400 mm AT VARIOUS TIMES OF THE YEAR

s

! Date Absorbance (l=-cm cell) Lagoon Volume,
-t of Sample 290 nm 400 no w?
s 12/08/81 3.19 1.41 1772
B 03/15/82 3.21 1.38

i 06/09/82 4.68 2.01 1270
7 06/23/82 5.28 2.25

s 07/07/82 6.09 2.56

- 08/04/82 9.78 4.27 532
® 08/20/82 8.62 3.74

Ei 09/03/82 9,44 4.21

N
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IV. SITE EVALUATION

On the basis of on-site observations and analysis of the lagoon
waters, transformation products, and sediments, we conclude that the
lagoon is a complex environment governed by chemical inputs that are
dependent on lagoon water temperature and transformation rates, which
in turn are dependent on time of year, natural sensitizers, and depth

at which measurements are made.

Near the dump ramp we found levels of TNT and RDX in the sediment
(15 and 8%, respectively) that were significantly greater than amounts
that would result from sorption alone. This suggested that
particulate munitions were present; in fact, when the lagoon surface
became visible, chunks of pure TNT appeared on the surface sediment.
The percent of munitions in the sediment decreased as a function o€
distance from the dump ramp. Therefore, chemical input to the lagoon
is8 controlled by diffusion of chemical through the sediment and
dissolution of pure chemicals from the sediment surface to the bulk-
water phase. Because the bottom sediment is a heterogeneous system,
we could only estimate chemical inputs based on limited laboratory

investigations.

Transformation products found in the lagoon suggested that both
biological and photochemical transformations were occurring in the
lagoon (see above). Most of the light is absorbed in the first few
millimeters of the lagoon; consequently, good vertical mixing is
required to renew depleted chemicals as rapidly as they are
transformed. If good wmixing is achieved, then a photochemical rate
constant can be estimated as a function of depth. Moreover, because
absorption of the sunlight by the lagoon produces radiant heat, lagoon
vater temperature varies widely throughout the year; for example, it
was 10°C in December, 41.5°C in July. This increase in temperature

could have a large impact on microbial populations and hence on

19
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biotransformation rates; in addition, it could accelerate diffusion

and dissolution rates of chemicals from the bottom sediment.

Estimation of the concentration of a chemical at any particular
time is further complicated by the water balance within the lagoon.
Water enters the lagoon through precipitation and is lost through
evaporation and seepage. Therefore, an understanding of water input

and output rates 1is an integral part of this fate assessment.

On the basis of the above evaluations, we perceived a number of
processes that were affecting the concentration of chemicals in the
lagoon environment. Processes that would increase concentration of a
chemical in the lagoon water include 1) water evaporation and seepage,
2) dissolution of a pure chemical from the sediment surface, and 3)
diffusion of munitions from the sediment. Processes that would
decrease the concentration in the water include 1) precipitation, 2)
photochenical transformation, and 3) biological transformation. We
therefore performed laboratory investigations of these processes to
provide rate and equilibrium constants that are applicable to the
lagoon environment. From these data, we constructed a computer model
to simulate the processes in the lagoon and compared the simulation

data with actual data obtained for the lagoon.
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Snt: V. TRANSPORT AND TRANSFORMATION STUUIES
R
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}:2 ’ A. Physical Transport

1. Water Balarce

\J
o9
§?] The volume of water in the lagoon iIs controlled primarily by pre-
:{j cipitation, evaporation, and vertical seepage. Surface runoff or
oN horizontal geepage was considered to have little impact on the net
‘. volume changes due to the flat bottom and banking of the lagoon.
)
e We created a water-volume balance expression using:
o av _ _ _
= at " Rp "Ry TRy )
i« where Rp = rpA
RO
- Roy ™ Fevh
{ -
2N Ry roA
2%
'ﬁ} and rp represents precipitation, r,, represents evaporation, ry repre-

. sents leaching (all in cm day-l), and A represents the surface area of

- the lagoon. Average values of Toy and rp vere obtained from three
o

jtf years of weather data (1979-1981) collected by the Red River weather
'féf station near LAAP; these are shown in Table 6. Similar data for 1982
r;i through August are presented in Table 7.

,:f Leaching 1is usually estimated by a difference determination of
gi volumes when the volume loss from evaporation is known. During the
_?i December field study we calculated the leaching rate to be 0.17 cm
.J:: day-l. However, we used this parameter as a variable in the model to
'}§ adjust the overall water balance to approximate that observed in the
§§ lagoon.

o
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) Table 6
i; AVERAGE MONTHLY PRECIPITATION AND EVAPORATION DATA FROM 1979
R THROUGH 1981 AT RED RIVER WEATHER STATION, RESTIN, LA
S
Precipitation Evaporation
s Month (cm/day) (cm/day)
e 1 0.28 0.13
Il 2 0.30 0.20
- 3 0.46 0.35
o 4 0.34 0.45
o 5 0.61 0.52
~ 6 0.28 0.67
~; 7 0.39 0.69
-4 8 0.12 0.66
o 9 0.18 0.50
) 10 0.44 0.38
- 11 0.25 0.20
E; 12 0.16 0.17
Table 7

X - I

e MONTHLY PRECIPITATION AND EVAPORATION DATA FROM JANUARY 1982
o3 THROUGH AUGUST 1982 AT RED RIVER WEATHER STATION, RESTIN, LA
Ez Precipitation Evaporation

!' Month (cm/day) (cm/day)

N Jan 0.31 0.13

“ Feb 0.26 0.15

= Mar 0.19 0.29

- Apr 0.27 0.34

5 May 0.17 0.59

o June 0.22 0.61

i July 0.25 0.62

iE ) Aug 0.17 0.62

o 22
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Using the data in Tables 6 and 7, we plotted the depth of the
lagoon as a function of time of year for various scepage rates (Figure

6). Firom depth measurements taken at various time polnts in the

LM 8
L]

lagoon we found that a seepage rate of 0.12 c¢m day-l gave the best

approximation to the actual depths. This seepage rate projected the
lagoon to go dry on Day 234 (August 22); the lagoon actually went dry
during the following week. We therefore used the depth profile

defined by the 0.12 cnm clay-l seepage rate curve to determine the water

. ‘. LN
slele e R0

volume on any particular day and to define the depth that was critical
in estimating the magnitude of the photochemical rate constant at any

particular time.

s

a’a’a a'alal

2. TNT and RDX Solubility

I A

The aqueous solubilities of TNT and RDX were determined
separately at 10, 20, and 30°C and simultaneously at 20°C by the
method of May et al. (1978). Briefly, glass beads were coated with
TINT or RDX and packed into a column. Then water was percolated
through the column. After an equilibration period, the concentration
of TNT or RDX was measured in the column effluent. As a check on this
method, the solubilities of TNT and RDX were measured at 20°C by the
method of Campbell (1930), in which the solids are equilibrated with
water in a thermostated bath and filtered. The solubilities using the

GO RIS BCCIRILAD - &

two methods are shown in Table 8.

\;

N Table 8

" SOLUBILITY OF TNT AND RDX IN WATER AT 10, 20, AND 30°C

Y _ . _INT (mg/liter) _ RDX (mg/liter)

§ Method 10°C 20°c_ _30°C__ _ 10°C 20°C 30°C

May et al. 67 £+ 1 104 £ 2 165 + 2 21.9 £ 0.3 38.4 £ 0.4 67.0 £ 0.8

- Campbell 113 + 8 39 %2
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Solubilities were measured by the May method first at 10°, then

. 20°, then 30°C, and finally again at 10°C. No signiffcant differences
I . were noted between the two measurements at 10°C. The similarity of

the measurements at 10°C demonstrates the repeatability of the method
o after equilibrating the column and showed that the column was not
exhausted. Concentration versus flow-rate measurements were made to
check that the saturation capacity of the column had rot been
exceeded. Finally, a column containing both RDX and TNT was used to
meagsure the solubility of one compound in the presence of a saturated
golution of the other compound. Solubilities obtained for RDX and TNT

independently were in agreement within the standard error of the

f ¥ A SEEESS e & F | 4 . A *

values for RDX and INT in the presence of the other compound.

The results of the two methods are in agreement within the error
of each measurement. The Campbell solubility values show a greater
error than those using the May method, perhaps because the Campbell

method requires more handling of the samples.

Because the temperature of the lagoon water ranged from 10° to

41°C, we developed mathematical expressions to use in the computer

- W . e e S SRS e .

modeling to correlate solubility with temperature. These expressions

' are shown in Equations 2 and 3:

Vi [o]
-3860 K -1
STNT = 5.567 x 10 exp (———?———) ug ml H (2)
7 [o]
. =4795 K -1
SRDX = 4.974 x 10 exp (—_——ir-—) pg ml . 3)

The rmeasured and calculated solubility values for TNT and RDX at
10°, 20°, and 30°C (283, 293, and 303°K) are shown in Table 9.
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Table 9

MEASURED AND CALCULATED SOLUBILITIES (mg liter l)
OF TNT AND RDX AT 283, 293, AND 303°K

Water Temperature TNT RDX
(°K) Meagsured Calculated Measured Calculated
28} 67 66.4 21.9 21.8
293 104 105.7 38.4 38.9
303 165 163.3 67 66.7

3. Sediment Sorption

It 1s generally accepted that adsorption of organics on soils and

sediments usually fits the =mpirical Freundlich isotherm (Equation 4):

C_ = KC , (%)

where C; 1is the equilibrium concentration on the sediment (ug g_l), Cy
is the equilibrium concentration in the aqueous phase (pg m~! = Hg
g-l). and K and n are constants. Thus, & plot of the logarithms of Cg
versus Cw has a slope of n and an intercept of K. If n is equal to 1,
the adsorption {sotherm is linear and X 1s equal to Ko 1f pure TNT
and RDX are present, as in the LAAP lagoon, C, 13 the saturated
concentration regardless of Cs and the Freundlich isotherm may not

hold.

We performed several isotherm measurements and fitted the data to
both the linear (Cs = KPCw p + nlog Cw)
cases. Very high values of K_ were obtained from the nonlinear

P
equation and were rejected in favor of more reasonable values obtained

) and nonlinear (log Cg = log K

from the linear equation. These Kp values, along with the calculated
K, values (based on a measured organic carbon content of 1.52),

appear in Table 10.
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Table 10

SORPTION PARTITION COEFFICIENTS FOR TNT AND
RDX IN LAAP LAGOON NO. 9 SEDIMENT

Y

3

.\

\ Cheuical K, Koe

l INT 712 470 + 130
o RDX 47 270 + 470
-

Pd

'
-

4, Distribution of TNT and RDX in Sediment Cores

[
Py

Several zore ssmples were taken throughout the lagoon during the
December 1982 visit to determine the hcrizontal and vertical distri-
butfon of RDX and INT in the iagoon sediment. A Sl-cm core sediment
sample from the southcast corner of the lagoon was cut into 5-cm seg-
ments. Each segment was analyzed for percent TNT, RDX, and dry

sediment. The results are presented in Table 11.

Table 11

SEDIMENT CORE SAMPLE DRY WEIGHT AND PERCENT
TNT AND RDX WEIGHTS

O agedy  SOFSETERNLREY T SSTEPRSRSN

Core Segnent

;E (cm from top) % Dry Weight % TNT2 % rDX3
. 5 71.5 9.34 12.6
5- 10 76.8 2.74 1.28
- 10 - 15 79.4 2.38 0.83
15 - 20 80.3 1.25 0.39
g_' 20 - 25 83.2 0.14 0.004
g 25 - 31 82.8 0.010 0.005
31 - 36 82.3 0.0052  0.0065
A 36 ~ 41 82.3 0.0052 0.0065
. 41 - 46 83.2 0.023 0.029
2 46 - 51 74.2 0.04 0.04
8

5 8Based on dry weight of sediment.

s -

.
-
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Saturated sediment is represented by a concentration of >0.60%
for TNT and >0.033% for RDX. Although the TNT and RDX zoncentrations
in the sediment decrease with depth, the data suggest that the amounts
exceed the absorption capacity for TNT and RDX at depths less than
25 cm and greater than 50 cm, respectively. The high amounts of TNT
and RDX in the surface sediments suggest that the sediment is a source

of these munitions in the lagoon water.

To determine the horizontal distribution of TNT and RDX, we took
another set of core samples--three from the southecast (SE) corner and
one each from the northwest (NW), southwest (SW), and northeast (NE)
corners of the lagoon. The cores were about 12 cm in depth and were
cut into l-cm segments, which were extracted and analyzed by HPLC for

their RDX and TNT content. The results are presented in Table 12.

Only the top and bottom thcee sections of each core were
analyzed. Concentrations of TNT and RDX were highest in the SE cores,
which are near the dump ramp, and they rapidly decrease with depth, as
shown by comparing the top three sections with the bottom three. The
TNT and RDX concentrations in the NW, NE, and SW cores are low and

uniform throughout the core as compared with the SE cores.

5. Mass Transfer Rate From Sediment

The presence of sorbed and solid wunitions chemicals in the LAAP
sediment presents a complex problem in establishing the mass transfer
rate of chemicals to the hulk-water phase. The processes that may be
occurring in a sediment pore, described pictorially in Figure 7,
include diffusion, seenage, sorption—-desorption equilibria,
transformation, and dissolution of solid munitions. These proceses
can be described mathematically and their sum can be used to compute

the overall mass transfer rate.

Diffusion is generally accepted as a second-order differential
expression relating changes in the chemical concentration in the
sediment (C_ ) with respect to depth (z) times a diffusion constant

D Seepage 1s a first-order differential expression relating

1.
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concentration to depth times a seepage velocity tactor, v. The

sorption-desorption equation was defined in Equation 4.

The only

transformation process believed to be occurring in the sediment is

Table 12

TNT AND RDX IN SECTIONED CORES FROM LAAP LAGOON NO. 9

Section Identification

Sample

No.?2 SE-A SE-B SE-C____NW _ SW NE
INT (ug g™))

12 0.05

11 501 6.4 367 0.04 0.55 0.03

10 525 71 38 0.05 0.23 0.1°

9 -— 109 280 0.02 0.08 =---

3 9 0.4 5.5 0.14 0.16 0.009

2 27 1.2 2.9 0.09 0.28 0.03

1 26 0.7 1.4 0.06 0.13 0.05
RDX (ug g 1)

12 0.10

11 89 3.0 88 0.01 0.01 0.02

10 48 22 226 0.02 0.02 0.01

9 -- 51 88 0.01 0.01 ~---

3 4.7 0.2 2.1  0.05 0.05 0.001

2 1.3 0.3 0.8 0.05 0.05 0.02

1 1.3 0.3 0.9 0.0l 0.01 0.04

8sample 12 is at surface, sample 1 1s lowest below surface.
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v,

biotransformation. Because of the high concentrations of munitions in

P ]

«

.
*

the gediment, biotransforuation is believed to be a zero-order process

(ko) for TNT (see Biotransformation, Section V.C).

K To account for the dissolution, we envision solid TNT/RDX dis-

persed homogeneously throughout the sediment. The dissolution rate of

. any solid TNT or RDX, g—:, can be written as Equation 5:
R o -c) (5)
- de r sat i '

. 0
‘a‘.‘.

where kr is an experimentally determined dissolution coefficient, C,,

is the saturation concentration of the dissolving species in the

o
" .

liquid phase, and Cy 18 the actual concentration of the dissolving
' species at the solid/liquid interface.* I1f diffusion from the
d interface into the surrounding liquid is fast compared to dissolution,
then C; is approximately equal to the concentration of the dissolved
species in the surrounding liquid. In this limit,

‘I dw
I dat kr(csat Csw) * (6)

8

7 Therefore, in the sediment, the change in chemical concentration with
- ac_.,

i time (at ) is equal to the sum of the dissolution rate (Equation 6),
azcsw OCW

" diffusion rate (D1 — —), and seepage rate ( ) minus the bio-
2 dz oz

ftj transformation rate (k,, zero-order process in the sediment) and the
é n-1 acsw

5 amount of chemical that 1s sorbed to the sediment (Kpncsw 3¢ ) or
!.

- *Thig is a standard “concentration driving force” model that has been
- adopted by many workers (Wurster and Kildsig, 1965).
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acsw 0 Csw aCsw n-1 aCsw
3t - Ka1slCear ~ Coul t D1 a22 vz ke T Kp"csw at ‘
o~
<~ )
o
Rearranging Equation 7 yields Fquation 8:
2
1 + K nc™h) __acsw_k [c. ~-¢C 1+Dac°"+-acs"-k
P sw dt dis'“sat sw 1,2 MY o °
(8)

where C__ = chemical concentration in the sediment/water phase

K_ = gediment partition coefficient (C_ =K c" )
8 p sw

e P

s

-\

S

:ﬁ; t = time

Y

ii D, = diffusion coefficient in the sediment/water phase
‘..I .

., v = geepage velocity

:i? z = distance from the sediment

!! k = zero-order rate constant for blotransformation in
o sediment.

Similarly, for the free-water phase, the change in concentration

o of a chemical with time can be described by
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an azcw acw
at kdis[Csat - Cw] + D2 az2 + dz zkicw ’
9)
where Cw = concentration of chemical in the free-water phase

t = time
Dy = diffusion coefficient in the free—water phase

v = geepage velocity

™
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first-order rate expression for the transformation

process.

Solutions to these equations and the assumptions that are used to
arrive at solutions appear in Appendix B. However, laboratory studies
were necegsary to determine kdis so that a flux from the lagoon sedi-

ment could be computed.

6. Determination of TNT and RDX Flux Values
for Sediment from LAAP Lagoon MNo. 9

From the sediment analyses and the visual observations of pure
TINT and RDX on the sediment surface, we recognized that the bottom
sediment was the predominant input source of TNT and RDX to the lagoon
waters during the period of our study. Therefore, we designed experi-
ments to determine the flux of these chemicals to the bulk-water

phase.

To determine the fluxes, 460 g of LAAP Lagoon No. 9 sediment
containing 122 TNT and 9% RDX was placed in a 1000-ml beaker (surface
area, 780 cm) equipped with a water-inlet port directly above the
sediment and a water—outlet port near the top of the beaker. The
beaker was wrapped in aluminum foil. Water was pumped into the beaker
from a Milton-Roy precision pump at various flow rates and stirred
slowly with an overhead stirrer. The effluent was collected to verify

total water volumes passing through the beaker. TNT and RDX in the
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fff; effluent were monitored until equilibrium values were obtained

(usually in 3 to 4 days). We calculated the flux, N, from Equation
( - c 10:

‘A C

N (10)

RA ~ ‘.\.'

5
i where C = concentration of chemical at equilibrium

.jﬁj Q = flow rate through the beaker
.;Ii A = gurface area of the sediment.

. -:\j'

X;;' Values for the fluxes of TNT and RDX at various flow rates are
;j shown in Table 13. We would expect that as the flow rate increased,
;§; the concentration of chemical would decrease and the flux would
e
oy increase. The changes in concentration between runs A and B for TNT
R and B and C for RDX do not follow the proper concentration trend.

A
f}: Also, the changes in flux between runs D and E for TNT and RDX do not
jff follow the proper flux trend. These observations cannot be explained
DA

by any mass transfer model; however, we cannot be certain whether any

MR P4

of the data points are more or less valid than others and must
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allow for the imprecision of the data in our interpretations. A plot

of TNT and RDX flux versus concentration appears in Figure 8.

From this plot and linear least-squares analysis (Appendix B) we
calculated the TNT flux to be 1.08 x 10™% cm sec™! and the RDX flux to
be 7.75 x 10 "5 cm sec”! in the lagoon. The first—-order dissolution
rate constants were calculated to be 1.18 x 1073 cm sec”™! for TNT and
1.16 x 1073 cm sec” ! for RDX (see Appendix B).

B. Photochemistry

Photochemical transformation of INT in the lagoon environment was
evident from the identification of photolytic transformation products
and the deep orange-red color of the water that 1is reminiscent of the
"pink water"” at TNT production facilities. Because lagoon water
absorbs all UV light near the surface, the photochemical rate constant
has a depth dependence of the form k; = kp/D. Moreover, the value of
kp/D also is subject to variations owing to changes in light intensity

with changes in cloud cover and sgeason.

1. TNT Photnchemical Rate Constant-—General Remarks

Usually, photochemical kinetic studies are perforwed using
solutions that absorb less than 5% of the incident light. The amount
of light absorbed at wavelength A by a solution 1s given by the Beer-
Lambert Law (Equations 11 and 12):

1, =1 (1 -1078
4]

A ) , 11)

A= eACI + aki , Q12)
where Io and IK are the incident and absorbed light intensities,
respectively, A is the absorbance, R is the path length of light in

solution, C is the concentration of chemical, £y is the molar absor-

ption coefficient of a chemical at wavelength A, and ay is the
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absorbance of solution without added chemical at wavelength A in a
l-cm cell. The a, term is useful for characterizing a natural water
. because the molar concenc.iation of humic acids and their €, values in
water are difficult to determine. Because I, is a function of path-
length £, the value for I, can be calculated for any pathlength in

solution.

If the solution absorbs less than 2% of the incident light (A <
0.02), Equation 11 takes the form of Equation 13:

IA = 2.3I°A ’ (13)

and the rate constant for photolysis, k_ , is given by Equation 14:

p)

kp = 2.3¢exlol » (14)

where ¢ i{s the photolysis reaction quantum yield (Mabey ~t al., 1982).

However, 1if the solution absorbs a significant amount of light
due to some combination of long pathlength and/or large &C or ay
values, then the photolysis rate constant will show a dependence on
pathlength due to attenuation of 1, with increased absorbance, and the

resulting equation for kp is more complicated.

The solar photolysis rate constant k for chemicals in aquatic

. pE
et systems in optically thin solutions (i.e., near the surface) can be
o calculated from Equation 15:
\ ka = bQZE)\I)‘ . (15)
!G where b is a unit conversion factor and g,I, values for each
:;f wavelength interval are summed over the entire solar spectral
ﬂﬁl- reglon. If the water has a large axl value, Equation 15 becomesg more
2
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complex because the @, values decrease as wavelengths become longer,
and therefore longer wavelength light penetrates natural waters to

. greater depths than does sherter (more energetic) wavelength light.

Table 14 shows the (ax + exC) values at selected wavelengths for
the LAAP water collected in December 1981 and the depths at which 9927
of incident 1ight at each wavelength is absorbed. These data clearly
show that light of wavelengths below 500 nm will not penetrate below
the top few centimeters of LAAP water. The absorbance of the water is
almost entirely due to substances other than TNT (aA > exc);
absorbance of 6 ppm TNT in a 1.0-cm cell is 0.02 AU at 320 nm (¢y =
850 M1 cm l), which is negligible compared to the 2.60 AU measured

for the water at 320 nm.

Table 14

DEPTH FOR 99% ABSORPTION OF LIGHT
OF SPECIFIC WAVELENGTHS FOR LAAP WATER

Wavelength, (ay + st)a

A, (nm) (enly D2 oA

- —_— —(em)
300 3.32 0.60
320 2.60 0.77
340 2.32 0.86
360 2.10 0.95
380 1.93 1.04
400 1.74 1.15
420 1.47 1,36
440 1.23 1.62
460 0.95 2.11
480 0.74 2.71
505 0.58 3.45
585 0.28 7.04
655 0.07 27.00

8Absorbance measured in 1.0-cm cell; light
absorg fon 18 entirely due to substances other
than TNT in the water (see text).
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The TINT photolysis rate constant for use Iin modeling the fate of
TNT in LAAP water must account for the loss of TNT in the entire vol-
ume of the lagoon. Although the mass of TNT undergoing photolytic
transformation per unit time is dependent only on light intensity and
spectral distribution entering the water, the rate of change of TNT

concentration is dependent on volume. For photolysis of TNT in solu-

tion out of the photic zone, the rate constant must then be an inverse
function of depth. The theory and validation of the procedure for

egtimating the photolysis rate constant in LAAP wster where the photic
zone is shallow compared to the total depth of the water are developed

and discussed in the next section.

2. Effect of Depth on Photolysis Rate Consgtant of TNT
in LAAP Water

To estimate a rate constant for TNT in LAAP water, we have
developed an expressior that relates the TNT photolysis rate constant
to lagoon depth (D). This expression is valid only if vertical mixing
in the lagoon is substantially faster than the photolysis rate of TNT
near the surface so that the TNT concentration is the same throughout
the lagoon. The expression algso assumes that TNT decomposes by
indirect photolysis; the data in Table 14 clearly show that substances
other than TNT account for the major absorption of light, and our pre-
vious studies have demonstrated that indirect photolysis of TINT in
natural waters is more rapid than direct photolysis (Spanggord et al.,
1981). Light energy 1is absorbed by substances present in LAAP water
(huoic and fulvic acids, TNT reaction products, and other chemical
contaminants in the lagoon water) and is then transferred to or
induces reaction of TNT. TNT reacts even though it does not absorb
light directly.

The proposed mechanism for TNT photolysis 1s described by

Equations 16 to 19 below:




*
S+h +5 , (16)
v
x K2

S > S , (17)

* k3 *
S + TNT » S + TNT , (18)

x Ku

TNT + (f) (products) + (1 - f) (TNT) . (19)

where S is the sensitizer, S* and TNT* are excited states, and f is
the fraction of TNT converted to products. The rate of photo-

absorption, R (Equavion 16), per unit volume 1is shown in Equation 20:

: R=1AN=~1/0 |, (20)

PIAT DR

*) o e e
A .
.

(3
[ N

where 1, is the incident light intensity (Einstein's per unit area per

v'f

second), A is the exposed surface area, V 1s the volume of the

L

}2 container, and D i{s the average depth.

X,

.’ The quantum yield, ¢, for TNT loss is defined in Equation 21:
A

I\. .

¢ = ¢S*k3[TNT]f/(k3[TNT] + kz) ) (21)
where bsx {s the quantum yield for production of S*. In dilute

}5 solutions of TNT, where k2 >> k,y [TNT],

b = ¢S*k3[TNT]f/k2 . (22)
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The loss rate of TNT can be defined as the TNT quantum yield
times the rate of light absorption of the water body. Then,

d[TNT]/dt = ¢R = I 0o,k [TNT]/k,D (23)
d[TNT)/(TNT] = £I_dcky/k,D . (24)

On rearrangement and integration,

ln([TNT]O/[‘I‘NT]t) = ro(k3/k2)¢st/D = kpt (25)

and

1, and D depend on sky conditions and lagoon gecmetry, respectively.

D can be calculated for water in a container with vertical sides and a

horizontal bottom.

By making the substitution k;) - Iof(k3/k2,‘¢s* irto Equation 26,
we obtain Equation 27, which states that kp will vary inversely with

depth:

e

P
'
s
3
'
L.

WA k .= k'/D . 27
Cen P vy @7
'[I:fj: For containers of depth D, and D,, respectlvely, relative photolysis
’:.; rate constants can be calculated from Zquation 28:

b oo, P2

o 5 . (28)
r_.m pDz 1
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Using Equation 28, we can calculate the TNT photolysis rate constant
in the lagoon from the sunlight photolysis rate constant measured for
TNT in LAAP water in a shallow container. This is the only practical

way to measure k_ because TNT in LAAP lagoon water photolyses too

P
slowly in the lagoon or in containers of the same depth for conveniert

measurenent.

3. Experimental Verification of Equation 27

To demonstrate the validity of Equation 27, we first photolyzed
LAAP water with a constant intensity source in a merry-go-round
apparatus (MGR) to determine the TNT concentretion-time dependence of
Equation 25. If Equation 25 holds, then a first-order plot (1ln[TNT]
versus time) will be linear. For these experiments, LAAP water con-~
taining 5 ppm TNT was irradiated in 13 x 100-mm borosilicate tubes

with monochromatic light at 313 or 366 nm at room temperature.

The data for these experiments are summarized in Table 15 along
with data for the same solution in tubes exposed to sunlight on
January 22, 1982,

Table 15

PHOTOLYSIS OF 4.97 ppm TNT IN LAAP
WATER IN AN MGR APPARATUS AND IN SUNLIGHT

Duration of Final TNT
Experiment Concentration
Light Source (ain) (ppm) 10 &, (nin”l)
313 nm 110 3.29 4.30 £+ 0,07
366 mm 240 2.34 3.17 £ 0.11
Sunlight 80 2.49 8,51 £ 0.23

(Jan. 22)

First-order treatment of these data gave linear plots, as
expected. Similar first-order behavior was observed in all other

experiments.




W2 then verified Equations 27 and 28 by irradiating LAAP water in
cylinders of different depths using a solar simulator light source-—an
) intensity-regulated, 300-watt xenon lamp. Radiation from the lamp was
filtered through water to remove infrared wavelengths and then through
borosilicate glass to remove high-energy UV light. Cylinders were
filled to depths of 2.0, 4.2, and 7.0 cm and irradiated from above.
The sides and bottoms of the cylinders were blackened to reduce
reflection and to prevent light from entering through the sides. Data

from these experiments are shown in Table 16.

The observed photolysis rate constants are in the ratio
4.05:1.75:1.0; the expected values are 3.5:2.1:1.0, Stirring had no
~ffect on the photolysis rate constant: when the stirrer was turned
off after 240 min of irradiation of the dish containing 4.2 cm LAAP
water, the rate constant did not change. We conclude that natural
mixing of the LAAP water in our experiments was sufficiently fast to
keep the mixture homogeneous and not allow depletion of TNT in the

upper irradiated layers, which would slow down the reaction.
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Table 16

PHOTOLYIS OF 4.97 ppm TNT IN LAAP WATER
AS A FUNCTION OF DEPTH USING A XENON LAMP2

Duration of Water Final TNT
Experiment Depth  Concentration —1eb
(min) (cm) (ppm) 103 kp (min 1)
236 2.0 1.81 4,21 + 0,09
542 4.2 1.81 1.82 £ 0.02
1075 7.0 1.33 1.04 + 0.03

8300-W controlled-current lamp.
br2 & 0,99,

Finally, we exposed LAAP water to sunlight to measure INT Tate
constants that could be adjusted for depth. Actfiometer solutions of
PNA/PYR were exposad tc¢ sunlight ia parallel studlee g0 v.hat cor-
rections for gky conditiors could be made (discugied in the next
section). These data permit calculation cf rhe TNT photolysis rate
constant in the LAAP 1lagoon for any water depth.

To measure the depth-independenc phatolysis rate constaant k' for
TNT exposed to sunlight, LAAP water filteved through a 0.45-micron
filter was placed in opaque glasgs cylinders whose tops were exposed to
sunlight on March 12 and 15, 1982. On the first day the container was
filled to a 4.2 cm depth and on the other day the depth was 3.5 cm.
The experimental conditions and results are given in Tahle 17,

uncorrected for sky conditions.

If we assume that an insignificant amount of THT photolysis
occurred before the experiment began and after the experiment was
ended on each day, the measured rate conatant kp (in m'l) can be

readily converted into a 24-hour day-averaged rate constant kp (in
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a by multiplying the observed rate constant by the fraction of a
24-hour day that the irradiation period represented. Multiplication
of the latter by the depth value then gives a value of 3.0 cm d~ !,
which is the depth~independent rate constant, k;, used in Equation 26
for photolysis of TNT in LAAP water under weather conditions of mid-
March. To obtain a rate constant for a specific depth, k; 18 divided
by the lagoon depth. We must also correct k; for sky conditions

during the experiments.

Table 17

SUNLIGHT PHOTOLYSIS OF 4.97 ppm TNT
IN LAAP WATER®:® AND ACTINOMETERS

Date 3-12-82 3-15-82

Time £:45-16:00 9:40-15:30

Sky Conditions bright, sunny w/ cloudy + hazy,
low clouds windy

Depth, cm 4.2 3.5

Time, min 435 350

kp X 103, o7} 1.67 + 0,045 2.51 % 0.041

kp d"! (day averaged)® 0.72 0.89

ki cm a! 3.02 3.12

ké cm d71, 4.14 4,27

clear sky conditions

8Photolyses monitored using PNA/PYR actinometer [PYR) =
1.25 x 1073 M; k, (PNA) = 4.8 x 1077 ol

bAll rate constants are uncorrected for sky conditions.

ckp (day averaged) was calculated by multiplying the observed

photolysis rate constant expressed in units of d-1 by the
fraction of a 24-hour day that the irradiation represented.
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4, Correction of Measured Rate Constants for Weather Conditions

Sunlight photolysis rate constants are dependent on weather con-
ditions as well as the diurnal and seasonal light intensity and spec-
tral variation. Diurnal and seasonal variations in light intensity
(in terms of photon flux) and distribution are included in procedures
to calculate direct photolysis rate constants of chemicals in opti-
cally thin solutions (Mill et al., 1982). These rate constants are
estimated for clear-sky conditions and can be calculated as a 24-hour
day-averaged rate constant. Corrections for weather conditions (over-
cast or cloudy cover) must be made using field data; they were per-

formed as follows.

During the LAAP field study and in our outdoor studies at SRI, we
exposed PNA/PYR actinometer solutions to sunlight simultaneously with
our LAAP water/TNT experiments. The photolysis rate constants for
this actinometer are available for clear-sky conditions as a function
of season (Dulin and Mill, 1982). Rate constants calculated for
PNA/PYR, with (PYR} = 1.25 : 1073 M , were 4.3 x 10”3 n~! for January
and 9.6 x 1073 "l for late April {winter and spring season dates,
regpectively, using the solar program of Zepp and Cline (1977)]. By
interpolation, we estimate that an average rate constant of about 6.6
x 1073 7! would then be expected for photolysis of PNA/PYR in
mid-March. Because the actual rate constant measured for photolysis
of PNA/PYR on both days was 4.8 x 1073 m™1, or 0.73 of that expected
for clear-sky condition, we conclude that 73% of the clear-sky irrad-

jance wag available during our experiments with LAAP water.

The measured rate constant, k;, should therefore be divided by
0.73 to obtain the clear-sky rate constant. The depth-dependent rate
congtant for photolysis of TNT {n LAAP water in mid-March under clear-
sky conditions 1s 3.1/0.73 = 4.3 cm d"!. For LAAP water of 50-cm
depth, the rate constant of 8.6 x 1072 d”! corresponds to a half-l1ife
of 8 days.
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The above calculations assume that the 0.73 weather correction

factor, £ , obtained from the actinometer experiment, applies to light

that 1ndu:es photolysis of TNT in LAAP water. Although we know that
this assumption is not strictly correct, it is sufficiently accurate
for estimating environmental photolysis rate constants of chemicals
that absorb in the same region of the spectrum. The assumption may
not hold in the case of LAAP water where light absorption by products

occurs into the visible region.

S. Effect of Time of Year on Photochemical Rate Constant
of TNT in LAAP Water

Because concentrations of TNT were found to persist in the LAAP
water at all times of year, in part due to dissolution of TNT out of
the sediments (see Section V.A.5), modeling of the fate of TNT in the
pond water required information on how the photolysis rate congtant of
TNT in the water will vary with the time of year (i.e., seasonal rate
constants are needed). Equation 25 ghows that the photolysis rate
constant of TNT 18 seen to be a function of the incident light inten-
sity and the reaction quantum yield, ¢. Although we have no infor-
mation on the rate of photolysis of TNT in LAAP water as a function of
season, the relative rate constants for different times of the year
can be calculated if we assume that Lk values of Mabey et al. (1982)

are useful approximations of I,. Then

kg (1)/k o (2) = ﬁ , (29)
where 1 and 2 denote different times of the year. This expression
assumes that the quantum yield for photolysis of TNT in LAAP water {is
the same at all seasons. Use of L) values to estimate the I, values
for this calculation 1s not strictly correct because LX values are
day~averaged photon flux values for light passing through optically

thin water, and therefore they are corrected for path length and the
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refractive index of water. The actual flux values that should be used
in the calculation are the flux values incident on the surface of the
water with no path length correction because all light f{s absorbed by
the water. This flux {s referred to as W, by Zepp and Cline (1977),
However, since the day-averaged analogs of W, are not known, we have

used the L, values as approximations of the I, values needed for the

N ~

calculation; comparison of W, and Z, values listed by Zepp and Cline

’, l'_

for the season dates at 40° latitude indicates that the flux values

o .8 4.

corrected for path length are larger than the uncorrected values by

AR
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10-20% over a wide wavelength range.

)

The calculation of the relative photolysis rates of TNT in LAAP

i)

water also requires the knowledge or an assumption that the absorption

o
S

L)
u
.
o~
f

of light above a certain wavelength will not photolyze TNT due to
cnergy limitations. Therefore, we used several wavelength-cutoff reg-
fons to calculate the ratio in Equation 28 for the summer and winter
solstices and the ratio for the September and March dates during which
outdoor experiments were performed (Table 18). The data in the table
show that photolysis of TNT in LAAP water will vary by a factor of
about 3 between winter and summer seasons if only sunlight variations
are considered; as discussed in other sections, the depth of the
water, weather conditions, and possible changes in the nature of the
lagoon water itself (absorbance and sensitizing abilities) will also
affect the photolysis rates of TINT in the LAAP water throughout the

year.
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N
. VARIATION IN TNT PHOTOLYSIS RATES
o IN LAAP WATER AS A FUNCTION OF TIME OF YEAR?
e
o fa.L. /Ta L
s NN R WV g
a Wavelengthb Surmer season September
. Cutoff Winter season March
ool
._'j
- 500 nm 2.9 1.8
o
R 600 nm 2.8 1.8
-7
" 8Calculated using a, values for LAAP wvater
collected in July.
]
e b

a) and L, values above this wavelength

=< not used in calculation of rate constant ratio.

L °L, value used for summer and winter solstices
at 40° latitude.

:5 dLA values used were interpolated between

. season dates.
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As discussed above, the photic zone of the December LAAP water

was thin (1-2 cm) compared to the total depth of the water (~60 cm)

UV-Visible Spectra of LAAP Water

measured during the December site visit. 1In subsequent trips in May

and July we found that the water depth was decreasing; therefore the

absorption spectrum of the water was measured before use in our

experiments.

Figure 9,

The UV gpectrum of LAAP water in December is shown in

The spectrum of the May LAAP water was nearly the same as

that of the December water, whereas the absorption coefficlents of

July water were 1.7 to 1.5 times greater than those of the December

water (Table 19). From the information and analyses obtained in our

field and laboratory studies, it is impossible to determine how the

constituents of the water affecting the UV spectra changed as a fun-

ction of the time of year, although it is clear that the factor of

1.5-1.7 shown in Table 19 {3 less than a 3-fold increase expected from

a simple concentration effect, considering that the water depth of ~60

cm in December decreased to approximately 18 cm in July.

Table 19

ABSORPTION COEFFICIENT2® OF DECEMBER AND JULY

LAAP WATERS AT SELECTED WAVELENGTHS

a, com”? ay (July)
A rm Dec LAAP July LAAP ay (Dec)
300 3.38 5.82 1.72
400 1.76 3.02 1.72
500 0.66 1.06 1.62
600 0.22 0.34 1.53

8Absorbance of the natural water in a 1.0-cm cell.
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7. Experimental Studies of the Photolysis of TNT in LAAP Water

The photolysis of TNT was studied in different LAAP water samples
collected during the field trips in December 1981, May 1982, and July
1982; no additional TNT was added to tese samples for our experi-
ments. The finding that the character of the lagoon itself and the
LAAP water were different on each visit (see Section IV) required that
photolysis of TNT be studied in each water so as to obtain the most
relevant rate constant data that could be used in the lagoon-modeling
efforts. The results from the several studies are summarized in Table
20. The studies are listed in the chronological order in which they

were performed.

The rationale for the sequence is as follows. The studies in
March (Expts. 2-4) using the December LAAP water were conducted after
the effect of depth on the photolysis rate constant was found to be
important (see Section V.B.3). In the late summer, Experiments 6 and
7 were conducted simultaneously using the December and July waters
after it was found that the TNT rate coanstant measured in the July
LAAP water in Septerber (Expt. 5) was nearly the same as that measured
in March (Expt. 3), which was unexpected because photolysis rates are
more rapid in summer than in spring (see Section V.B.5). When these
experiments showed that the photolysis rates of TNT were different in
the two waters at the same time of year, Experiments 8-10 were
conducted in which the absorbances of December, May, and July waters
were made the game by dilution; the intent of these experiments was to
determine whether the absorbances of waters were somehow responsible
for the different rate constants observed, or whether the ability of
the individual waters to promote TNT photolysis were indeed different
among the water samples after allowing for the different
absorbances. Unfortunately, the error in the measured rate constants

1s too large to clearly distinguish between the two effects.

From the data presented in Table 20, several conclusions can be
offered that are important in estimating the photolysis rate constants

of TNT in LAAP water. On the bagis of the results of Experiments
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8-10, the ability of the LAAP water to promore photolysis of TNT
appears to be the same per unit absorbance of the water, although
because of the error in the rate constant data, we cannot entirely
rule out the possibility that the difference in the rate constants 1in
Experiments 6 and 7 18 not due to a slight effect of the concentration

of natural substances, as would be observed by their absorbances.
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The data in Table 20 also show that the photolysis rate constant for
TNT in the LAAP waters is independent of TNT concentration, as would
be expected if the photolysis of TNT were a first-order process
(Equation 26). However, we have insufficient daca with which to
evaluate the effect of changes in the properties of the lagson water

on the photolysis rate constant.

8. RDX Photolysis Rate Constant

Concurrent with the TNT studies, we perfuormed calculations to

estimate the RDX photolysis rate constant. The rate of RDX photolysis

can be described by Equation 30 for wavelength A:

of (1 -107¢% * ‘AC)I) e.C
- d—c. = oA\ A 30
dt D(a)\ + c)\C) ’ (30)

where D = depth (cm)
Iok = incident light intensity

&\ = absorpt¥¥ity of the water

€\ = molar absorptivity coefficient for RDX at A
2 = solution path length

In LAAP water, a, > eKC. Therefore, Equation 30 above reduces
to Equation 31:

-a, R
_dc . ¢on(1 - 10 "\ )exc

de Dak : 31

Since the exponential function 10"“x1 is also very small compared to 1

in waters vhere a, 1s large, Equation 31 reduces to Equation 32:

AT
Tt T Toa, (2)
A
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Integration of Equation 32 gives a first-order rate expression where

kp i8 equal to the expression shrwm below at wavelength A:

e s
pA - Da . (33)
A
The environmental rate constant can now be summed over all wavelengths
in the solar spectral region and the photochemical rate constant can

be described as shown in Equation 34:

- 0RKIOX
P (36

k

Using the molar absorptivity values measured for RDX from 299 nm
(e = 164) to 400 mm (¢ = 0.02), the absorptivity of the LAAP water
(a)) over the same spectral range, and the quantum yield (¢ = 0.16),
we calculated the photochemical rate constant (kpz) at various depths
of the LAAP water using a modified version (GC SOLAR) of the computer
program developed by Zepp and Cline (1977) for calculating the inten-
sity of ultra-violet radiation (297.5-380 nm) reaching the earth's
surface as a function of time of day, longitude, latitude, and sea-
son. These data are shown in Table 21 for the four seasons. Also
shown are the depth independent rate constants for RDX compuced for
LAAP waters collected in December and July. From the rate constants
shown 1in parentheses, a comparison of the seasonal effects on photo-
lysis can be made; however, these values are not environmentally
revelant due to changes in the water's composition as a function of

time of year.
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N -
:2\3 PHOTOCHEMICAL RATE CONSTANTS FOR RDX

-.;d IN LAAP WATERS AS A FUNCTION OF SEASON AND DEPTH

f‘; Rate Constant (x103 a71) in
o July LAAP Water
b Depth (cm) Fall Winter Spring Summer
- Surface® 390 200 7:0 930
':t:_‘ 15 2.0 100 308 500
o 3¢ 1.0 0.52 1.9 2.5
I‘j{j 60 0.51 0.26 0.95 1.3
90 0.34 0.17 0.63 0.83
P L) Depth Independent Rate (30) (16) (56) 76
R Constant (cm d7!) in July LAAP  --- - --- ---
A Water? — -— - -—-
Y Depth Indepcndent Rate (39) 19 (75) (101)
Conetant (cm d'l) in December -—— —-— —— -—
{ LAAP water? --- - --- ---
L 8Rate constant at surface not used

[}
DRate constants in ( ) are for comparigson of seasonal

4‘ effects on photolysis and are not environmentally relevant.
‘:f::
'o
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The above calculations showed that the Light intensity for a par-
ticular LAAP water changed by é factor of five going from winter to
summer months. The depth-independent trate constant, however, changed
by only a factor of three due to the greater absorptivity of the LAAP
water in the summer (a, = 9.0 at 300 nz) than in the winter (ay, = 3.0
at 300 om).

To determine how well the calculated depth~independent rate con-
stant compared to a measured value, we performed an KDX sunlight
photolysis experiment in a 19 x 3-cm wide crystallizing dish (darkened
on sides and bottom) over a seven-day period (starting 9,/18/82) using
lagoon water collected on 24 July 1982 and fiitered through a 0.25-um
filter. A plot of 1n RDX versus time gave a straight line, rirom which
a first-order rate constant (slope) was calculated tc be 4.77 x 1075
min~!. In the same experiment, TNT photolyzed with a pseudo-iirst-
order rate constant of 2.4 + 0.3 x 10™3 min~!, or approximately 50
times faster than RDX. The depth independent rate constant was cal-

culated to be 0.20 cm day !.

This value 1is about three times larger than the calculated value
for July LAAP water. Using the GC SOLAR program, we calculuted the
RDX photolysis rate ronstant in pure water to be 2.0 cm 4ay” ! during
the summer, which 1s in good agreement with an experimental value of
2.2 cm day”! measured in the summer. Therefore, the differences in
the measured and calculated photolysis rate constants for LAAP water
could be due to sensitization reactions that are not understood at
this time. For the modeling study, we used the measured rate constant
in LAAP water corrected by the light intensity factory for the various

3easons.

c. Biotransformation

1. Bacterial Count

The identification of aminodinitrotoluenes in the lagoon water

suggested that blotransformation was occurring in the lagoon water and
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sediment. To obtain an indication of aerobic and anerobic microbial
populations in the lagoon and sediment, bacterial plate counts were
performed on waters and sediment collected during the December field
study. In the lagoon water (Table 22), the aerobic bacterial counts
averaged 1.7 x 10% CFU ml1™! and the anaerobic bacteria averaged 1.7 x
103 cFU m1”!. 1In the sediment (Table 23), the averages were 1.1 x 10’
CFU m1™! for the aerobic bacteria and 1.5 x 105 CPU ml™! for the anae-

robic bacteri&.

Table 22

TOTAL AEROBIC AND ANEROBIC BACTERIA
IN LAGOON 9 WATER COLLECTED IN DECEMBER

Sample Aerobic Basferia Anaerobic Bgf:eria
Site (CFU ml %) (CFU ml )
1 1.6 x 106 2.9 x 103
2 1.8 x 106 1.1 x 103
3 1.7 x 108 0.48 x 103
4 1.7 x 108 2.2 x 103
Table 23

TOTAL AEROBIC AND ANAEROBIC BACTERIA
IN LAGOON 9 SEDIMENT COLLECTED IN DECEMBER

Sample Aerobic Bacteria Anaerobic Bacteria
Site (CFU m17}) ___(crum1™h

1 0.51 x 107 1.4 x 10°

P 1.4 x 107 1.9 x 105

3 0.76 x 107 0.71 x 105

4 1.9 x 107 2.0 x 105

The tea-colored water and ~~3{ment contalned unexpectedly high
numbers of aerobic bacteria. The numbers of anaerobic bacteris were

substantially smaller, reflecting the high dissoived-oxygen coatent (7
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to 8 ppm) of the water in the winter. Total aerobic bacteria in a
vater sample collected on 25 May 1982 averaged 1.9 x 106 CFU ml~!l.

A lagoon water sample collected on 24 July 1982 was also
evaluated for viable cells by bacterial plate counting. Because the
lagoon water temperature had risen above 35°C, plates were incubated
at 37°C and 25°C. The number of bacterial colonies formed at each
temperature is shown in Table 24. These results indicate that more
bacteria will grow at 25°C than at 37°C. However, the bacteria that
do not grow at 37°C are still viable.

Table 24

BACTERIAL PLATE COUNT OF LAA¥ LAGOON WATER
COLLECTED IN JULY

Incubation Average Colonies Formed
Temperature (cru m17l)

25°C 2.60 x 106

37°C 1.19 x 108

These counts do not differ significantly from those found in
December 1981 and May 1982, thus suggesting that the microbial pop-
ulation within the lagoon remains fairly constant although populations

of specific organisms may change.

2. Biotransformatrion Screening Tests

Because of the presence of substantial microbial populations in
the water, we initiated screening tests for the biotransformation of

TNT and RDX in lagoon water under aerobic and anaerobic conditions.

Lagoon waters from the four sites (north, south, east and west
quadrants) were mixed in equal parts and three preparations of 2-liter

sumples were each placed in 4-1liter bottles. The three preparations
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were 1) water alone, 2) water plus 50 ppm sterile yeast extract, and

3) water plus 1% dry weight of bottom sediment. For the anaerobic

incubation, 1 liter of each of the above solutions was placed in a 1-

liter Erlenmeyer flask, which was flushed with N2 gas and sealed with
N a rubber stopper. Flushing with N2 gas was repeated after each sam-

. pling. The samples were analyzed periodically for total organic car-
N bon (TOC), TINT, and RDX. The initial concentrations were 75 ppm TOC,
2 5.0 ppm TNT, and 13.0 ppm RDX. No additional TNT or RDX was added to

the water.

a. Aerobic TNT Biotransformation

After 1 day of incubation, the bacterial population in the lagoon

water under aerobic conditions increased slightly to 3 x 10° CFU ml'l,

then gradually decreased to 1.2 x 106 CFU 17! after 16 days of incu-
bation, and remained constant at 1.1 x 16 CFU m1”! from 34 days to
70 days. The TOC remained constant (75 ppm) over this period.

In the lagoon water alone, the TNT concentration slowly decreased
from 5 ppm to 2 ppm over 90 days of incubation (Figure 10). The

trangformation followed first-order kinetics. The pseudo-first-order

o rate constant was calculated to be 4.1 x 10™* hr™!, and the second-
Ii order rate constant was calculated to be 3.7 x 10710 ml cel1™! hr-l,
based on microbial counts of 1.1 x 10 CFU ml1~l.

The addition of yeast extract to the lagoon water accelerated the

transformation rate by increasing the microbial population. The

si microbial count increased from 0.3 to 1.6 x 107 CFU ml™! after one day %
X of incubation. However, it decreased rapidly to 1.6 x 106 CFU m1”!

v,

tk after 16 days, and the traasformation rate also decreased. The rate }
ﬁ. accelerated again when yeaat extract was added at Day 41 (Figure 10). |
] In the lagoon water with added sediment, the total concentration

of TNT increased to 74 ppm because the bottom sediment contained large
amounts of solid TNT. Total TNT in thiy water decreased from 74 ppm
to 59 ppn during the 90 days of incubation in a similar fashion to
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that observed in lagoon water alome. Bacterial counts averaged 3 x
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106 CFU m1~! in the water-sediment mixture.
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b. Anaerobic TNT Biotransformation

T
o‘o‘/‘l‘
o e

Under anaerobic conditions in the lagoon water alone, TNT was

transformed at a slower rate than under aerobic conditions (Figure

P

s

11). This may be a result of a lower population of anaerobic micro-
organisms. The pseudo-first-order rate constant was calculated to be
1.6 x 107% hr-l.

PN
algaa s

K

The addition of yeast extract to the water also accelerated the

Sj disappearance of TNT. Yeast extract was added at Day 0, Day 41, and
iif Day 76; there was a significant drop in TNT concentration after each
i‘j' addition.

t;

28
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In the sediment-added lagoon water, TNT decreased from 74 ppm to
57 ppm during 76 days of incubation. Therefore, it appears that ana-
erobic biotransformations in anaerobic waters are similar to the aer-

obic blotransformation of TNT.

c. Aerobic TNT Biotransformation at High and Low
Concentrations of TNT

The biotransformation of TNT was investigated at high and low
concentrations of TNT and in the presence of a high microbial pop-
ulation. The lagoon water (stored at < 10°C) was exposed to room
temperature for one week, centrifuged, and resuspended in one-tenth of
the volume of lagoon water in two bottles. Pure TNT was added to one
bottle to bring the aqueous concentration to ~50 ppm without changing
the other chemical components of the lagoon water. The other bottle ¢
contained the original TNT concentration of lagoon water (4.2 ppm).
The average bacterial counts in these waters were originally 7.8 x 106
CFU ml™!, but they decreased to 4.0 x 10% CFU m1~! after 25 days of

incubation.

The TNT in the water with a low concentration of TNT transformed
with a pseudo-first-order rate constant of 1.9 x 1073 hr™l (4.6 x 1072
day-l; correlation coefficient, rZ = 0.98). The second-order rate
constant was calculated to be 3.2 x 10719 a1 cell”! hr™! (7.7 x 1079
ml cell™! day™!), based on a median bacterial count of 6.0 x 108 CFU
m1~l. This rate constant is close to that observed in the original
water (3.7 x 10710 g1 cel1™! nr™l).

The TNT in the water with a high concentration of TNT decreased

0
\:: from 48 ppm to 33 ppm in 25 days. If the data are treated as pseudo-
ﬁﬁg first-order, the rate constant, calculated by a least-squares method,
jﬁb 18 6.3 x 107" hr™! (1.5 x 1072 day™}; r? = 0.95). This rate constant
,;; is only one~third of that observed in the water with a low TNT con-
- centration. If the data are treated as following zero-order kinetics,
. which 1s expected for high chemical substrate biotransformation, the
B zero-order rate constant is 2.5 x 1072 ppm hr~! (6.0 x 107! ppm day”!;
L
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rl = 0.96). Because the correlation coefficients are nearly equal,
more data points are required to prove the zero-order kinetic
behavior. However, since the calculated pseudo-first-order rate
congstant is much lower than that observed in the low-TNT-concentration
experiment, a zero-order kinetic process may better describe the
transformation rate at high TNT concentrations (such as water in the
sediment). The calculated rate constant for 6 x 106 cell ml™! is 4.1
x 1072 ppm cell™! hr™! (9.8 x 1072 ppm cell™! day~l).

d. TNT Metabolities

During the laboratory biotransformation study of TINT in lagoon
water, we observed that the concentrations of 2-amino-4,6~dinitro-
toluene (2-A-4,6-DNT) and 4-amino-2,6-dinitrotoluene (4-A-2,6-DNT)
remained nearly constant throughout the study. To investigate whether
2-A-4,6-DNT and 4-A-2,6-DNT are products of lagoon water biotrans-
formation, we centrifuged lagoon water and resuspended the pre-~
cipitate-containing microorganisms in 1/20th the volume of lagoon
water. Ring-labeled '“C-TNT (1.0 pCi in 50 ml) and unlabeled TNT
(final concentration 40 ppm) were added to the water and the water was
incubated in the dark.

After 3 days and 19 days of incubation, the water was extracted
with ethyl acetate, then acidified to pH 2, and re-extracted with
ethyl acetate. In the 3~day sample, more than 90% of the radio-
activity was found in the neutral fraction. The extracts were dried,
concentrated, and chromatographed by TLC using silicia gel plates and
chloroform as the developing solvent. The plates were analyzed by
radioautography. Most of the activity was assoclated with TNT;
however, radioactive 2-A-4,6-DNT and 4-A-2,6-DNT were produced and
identified by their yellow color and by co-chromatography against

authentic standards.

In the 19-day sample, the distribution of the radioactivity among

the neutral, the acid extract, and the remaining aqueous phase wasg
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80%, 16%, and 4%, respectively. The radioautograph-TLC plate deve~
loped in chloroform, in benzene:ethyl acetate:acetic acid (6:3:1), and
in chloroform:methanol (6:1) solvent systems showed the major activity
at spots with Rf values corresponding to TNT, 4-amino-2,6-dinitro-
toluene, and 2-amino-4,6-dinitrotoluene (Figure 12). The activity at
spots corresponding to 2,4-diamino-6-nitrotoluene and 2,6-diamino-4-
nitrotoluene were insignificant. Several minor spots with weak
activity had Rg values similar to those for trinitrobenzyl alcohol and
trinitrobenzaldehyde. However, further identification 1is needed. The

acid extract showed several radioactive components with low R values.
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FIGURE 12 RADIOAUTOGRAPH OF THIN-LAYER CHROMATOGRAM OF TNT
METABOLITES IN LAGOON WATER AFTER 19 DAYS OF INCUBATION

Samples: N = neutral extract; A = acidic extract; r = reference chemicals,

Compounds: 1 = TNT; 2 = 2,2°,6.8'-tetranitro-4-azoxytoluene; 3 = 4-amino-
2 6-dinitrotoluene; 4 = 2-amino-4,6-dinitrotoluene; 5 = 2,6-

g dinitroaniline; 6 = 2 4~dinitroaniline; 7 = trinitrobenzy!

- alcohol; 8 = *rinitrobenzaldehyde; 9 = 1,3,5-trinitrobenzene;

Q 10 = picric acid.
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The extracts were streaked on preparative TLC plates. Several
ﬂ unknown compound spots were scraped from the piate and subjected to
probe mass spectrometric analysis; however, they could not be iden-
tified because of large amounts of interfering phthalates and binders
from the TLC plates.

) On the basis of this study, we conclude that the formation of
;;\7 aminodinitrotoluenes in lagoon watetr i{s the result of microbilal

processes.

e. Bivlogical Oxygen Demand of the Lagoon Water

The bilological oxygen demand of the LAAP lagoon water was mea-
sured as an indicator of the oxygen-utilization rate of the mic-
:51 robes. The refrigerated lagoon water was left at room temperature
‘\y overnight, then shaken to saturate the water with air, and poured into
5%; four blologlical oxygen demand (BOD) test bottles, which were then
T incubated at 20°C in the dark. The dissolved oxygen (DO) concen-
L tration was monitored with a DO meter after 0, 3, 5, 7, and 10 days of
( incubation. The DO decreased at each sampling point, ylelding a
b first-order rate constant of 9.6 x 107Z day !. We therefore expect
that in the LAAP lagoon (DO = 8 ppm) the microbes will use oxygen at a
rate of 0.77 ppm day~l.

f. RDX Aerobic Biotransformation

The original concentrat{on of RDX ir the lagoon water was 13
ppm. No loss of RDX was observed during the aerobic experiment--
whether RDX was in the lagoon water alone, with added ycast extract,
}:: or with 1% of bottom sediment (Figure 10). Therefore, it appears that
RDX 1s bilologically persistent in the lagoon water undsr aerobic con-

ditions.
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Under anaerobic conditions, no change in RDX concentration was
observed in the lagoon water slone or in water plus sediment. RDX (13
ppo) in lagoon water with 50 ppm of added yeast extract did not show
any loss of RDX after 46 days. An additional 50 ppm of yeast extract
was added on Day 46 and 100 ppm on Day 76. After 83 days of incu-
bation, the RDX concentration remained at 13 ppm and then dropped to
2.9 ppm at Day 90 and 1.4 ppm at Day 92. 1 ~rhaps the repeated

addition of yeast extract acclimated RDX-utilizing organisms.

On Day 92, rhe microorganisms in the lagoon water were inoculated
into basal salts medium (BSM) plus 500 ppm of yeast extract and 9.1
ppm of RDX. The RDX concentration decreased to 0.6 ppm after 5 days
of anaerobic incubation. The organisms were transferred to a second
flagk containing BSM, 50 ppm yeast extract, and 9.4 ppm of RDX; the
RDX was transformed to 3.4 ppm after 4 days of incubation.

The RDX~acclimated organisms were then inoculated into two
flasks: one contained BSM plus 50 ppm yeast extract and 8.0 ppm RDX,
the other contained lagoon water (12.9 ppm RDX) and 50 ppm of yeast

extract. The results of the anaerobic incubation are shown in Table
25.

Table 25

RDX CONCENTRATION ON DIFFERENT DAYS AFTER
ANAEROBIC INCUCATION IN LAAP LAGOON WATER

RDX

Day (ppm)
0 12.4

5 9.8

10 5.8
17 2.5
20 <0.1
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When the above organisms were inoculated into BSM with 8.0 ppm RDX and
50 ppm of yeast extract, the RDX was transformed to nondetectable
levels (<0.01 ppm) within 5 days.

In a second experiment, the above organisms were inoculated into
samples of lagoon water with 50 ppm or 300 ppm yeast extract. A third
flask was inoculated with RDX-transforming organisms [obtained from
the HMX waste-line sediment at Holstor Army Ammunition Plant (HAAP)],
lagoon water, and 50 ppm of yeast extract. The RDX conceatration was
monitored over a 20-day period. The results (Table 26) indicate that
the anaerobic biotransformatfon of RDX can be accelerated by extra

organic nutrients (300 ppm yeast extract) or by a differeant source of

RDX-transforming organisms.

Table 26

ANAEROBIC TRANSFORMATION OF RDX WITH SELECTED
ORGANISMS AND YEAST EXTRACT CONCENTRATIONS

Source of Yeast Extract RDX Concentration (ppm) at Day
Organisms (ppm) 0 7 13 17 20
LAAP Lagoon Water 50 13.0 11.3 7.0 5.3 3.6
LAAP Lagoon Water 300 12.7 11.1 8.4 7.8 <K0.1
HAAP Sediment 50 12.6 11.2 4.8 1.0 <0.1

For comparison, RDX-tranforming organisms from the .AAP water and
the HAAP sediment were each inoculated into flasks containing BSM with
9.0 ppm RDX and 50 ppm yeast extract; the RDX disappeared within three
days. This result and the data in Table 26 show that the anaerobic
biotransformation of RDX 18 much slower in lagoon water than in BSM
even in the presence of large yeast extract concentrations (300 ppm)
or with an alternate source of RDX-transforming organisms. These data

suggest that lagoon water components have an inhibitory effect on RDX
biotranafornation.
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To test the possibility that the slow RDX anaerobic biotrans-
formation in lagoon water was due to the lack of mineral nutrients
rather than to inhibition by some chemical present in the lagoon
water, we investigated the biotransformation of RDX in lagoon water
with yeast extract and BSM components. The results showed that the
addition of mineral salts to lagoon water collected efther in December
or May did not significantly accelerate the RDX blotransformation,
suggesting that the lack of salts Is not responsible for the inhibi-

tory effect of RDX anaerobic biotransformation in lagoon water.

3. Detailed Blotransformation Rate Study

The blotransformation of TNT depends on enzymes resulting from
microorganisms utilizing organic nutrients other than TNT for
growth. Under these conditions, the biotransformation rate will
follow Michaelis-Menton kinetics at different concentrations of TNT.
The transformation rate, %%, can be represented as shown in Equation
35.

—_— -y = VmC/(Km + C) ’ (335

where C 1s the TNT concentration, V 18 the maximum transformation
rate at a given enzyme concentration or microbial population, and Km
1s the Michaelis constant, which is the TNT concentration that yields

half the maximum transformation rate.

When the TNT concentration is very low, Km 18 much greater than C

and the transformation rate expression reduces to Equation 36:

v e
dC o .
Fra S S (36)

which is the pseudo-first-order transformation rate expression.




s

P SV By )

- .
".“.u
A LY

»
LIRS
.

N
a8, 4, 4 4

S 4
.
.

- '4/-

o’
.

IR A AN
lf:/

I

U .l.
»

A

e e

Y .
-

L
- ’J ..l Cd

YyYyrrvw
""' .‘

. '.gq /,)._

oo

- -
",

A
"-

L - R
L .
e &

ne- o« .
g
PR Tt

v
”
<.

In environments where the TNT concentration 1s high, such as near
the sediment in the LAAP lagoon, C is much greater than Ko and
Equation 35 reduces to Equation 37:

at o ’ 37

which 1s a zero-order rate expression with respect to TNT. When Vm is
divided by the bacterial concentration, the maximum rate per organism

can be obtained.

Equation 35 can be rewritten as shown in Equation 38, which is
the Lineweaver-Burke equation. A plot of 1/vu versus 1/C yields a
straight line, from which the values Km/vm (slope) and 1/Vm (y-inter-

cept) can be determined.

~
|5

1.
v

<|f-'

C+
m m

. (38)

<

To determine K, and V_ , we incubated LAAP lagoon water with 100
ppm of yeast extract for two daye to generate a high cell popu-
lation, The water was dispensed into five flasks and TNT was added to
give concentrations ranging from 2.39 to 37.7 ppm. TNT was monitored
for 24 hr and the transformation rates were determined. These data

are shown 1in Table 27.
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Table 27

TRANSFORMATION RATES DETERMINED FOR
VARIOUS TNT CONCENTRATIONS

Initial TNT

Concentration Transformation Rate,
(ppm) _ (ppw day 1)
2.3 0.37
5.5 0.75
10.0 1.19
18.7 1.55

Using the Lineweaver-Burke method, we plotted the above data
(Figure 13) and calculated K, and V. Linear regression of the plot
gave values of K = 19.3 ppn and V_ = 3.5 ppm day !. The initfal
microbial population was 1.0 x 108 CFU m1™! and, therefore, the
maximum rate per organlem will be 3.5 x 1078 ppm cell™! day™! (1.5 x
1072 ppmn cell™! hr™1). The value 1s slightly lower than the 9.8 x
1078 ppm ce11”! day™! obtained with centrifuged lagoon water mico-
organisms and 50 ppm TNT determined in a previous experiment. This
may be the result of a modification of the mixed culture population

when grown on yeast extract.

The above results indicate that the biotransformation of TNT will
follow pseudo-first-order kinetics at TNT concentrations less than 19

ppon and zero-order kinetics at TNT concentrations greater than 19 ppm.

A second experiment was conducted with lagoon water
microorganisms incubated without the addition of yeast extract. From
the lagoon water collected in May, we prepared high cell populstions
by incubating the water at 20° to 25°C in the dark over a three-week
period, centrituging the microorganisms, and resuspending the cells in
1/35th of the volume of lagoon water. This water, contairing 2.1 x
107 cFU m17}, was dispensed into flasks and TNT was addei to give

concentrations ranging from 8 to 47 ppm.
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The biotransformation of TNT was followed over five days. The initial

TNT concentrations and blotransformation rates are shown in Table 28.

Table 28

INITIAL TNT CONCENTRATIONS AND BIOTRANSFORMATION
RATES OVER 5 DAYS

Initial TNT Concentration Biotransformation Rate
(ppm) (ppn_day~1)
8.04 0.33
10.7 0.40
16.3 0.51
21.3 0.55
34.7 0.61
47.3 1.02

Using the Lineweaver~Burke plotting method, we calculiated Km (the
Michaelis Constant) to be 19.1 ppm and Vo (rhe maximum transformation
rate at a given enzyme concentration or microbial population) to be
1.1 ppm day_l. The maximum rate per organism {s 5.3 x 1078 ppm cell™}

day™! (2.2 x 1079 ppm cell™! hr™!l), which 18 close tc the value

obtained for the yeast extract—generated lagoon waier organlisms.
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VI. DEVELOPMENT OF THE SIMULATION MODEL

A. General Equations

A simulation model was developed based on a mathematical des-
cription of material balance. The basic equation for material balance

is shown in Equation 39:

o.

M
-— = FI -0 , (39)
t oyt g
where M = total amount of chemical in the system
I; = total input of chemical to the lagoon

Oj = total removal of chemical from the lagoon.

The change in total mass, dM/dt, can also be related to the chemical

concentration, C, and volume, V, of the lagoon as shown in Equation
40:

dM _ 4V dc

e

dt dt © 'dt y (40)

Thus, from Equations 39 and 40, Equation 41 can be formulated:

de dqv
Vot f I, § 05 Cat . (41)

Becaus® no munitions wastes have been dumped since early in 1981,
the only 1input source of munitions arises from the diffusion of accum~-
ulated chemicals in the sediment layer (Ddif) and the dissolution of
solid chemicals lying on the bottom sediment surface (Ddis)' There-

fore, the chemical input can be described as shown in Equation 42:
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t;; - Because the bottom sediment and surface are heterogeneous with
LAY

respect to the amounts of TNT and RDX present, the bottom sediment was
divided into 25 compartments (30' x 30') from which the diffusion flux
and dissolution rate were calculated individually (1 = 1 to 25).

Chemicals are removed from the lagoon through transformation
processes (photolysis and blotransformation) and seepage. The seepage
transport process has been accounted for in the calculation of net
diffusfon flux (Ddif); therefore the total removal of chemical can be
expressed as Equation 43:

£ 0o, = Lk CV , (43)
TR

é?i where kg represents the transformation rate constants.

L".:-q

ﬁfj Equation 41 can now be written as Equation 44:

iii

dc _ 23 dv

> — -+ - - . .

Vae = T Dgge + Dgyq ) Tk OV - Cgp (44)

1=1 SO |

N

:ﬁz A numerical integration scheme, using Euller's prediction and

correction method, was used to integrate Equation 44 over selected
f:k time intervals to provide simulation results.
;} B. Program Structure

A flow chart of the computer program is shown in Figure 1l4.

LA - I X}
[}

System parameters, trancfurmation rate constants, weather data, lagoon

o descriptions, and initfal conditions are read in when the program is
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initiated. The main program is linked to a number of subroutines such
as VOLUME and SURFACE, which calculate the depth above each sediment
compartment and the number of compartments covered by water. This
number and the corresponding locations of sediment covered by water
are then used separately in FLUX and FLUX 1 subroutines to calculate
the diffusion flux and dissolution rate of chemicals from the bottom
sediment, respectively. Material balance is performed in the sub-
routine COMPS when Euller's prediction and correction method 1is
employed to predict the chemical concentration in the lagoon. The
above procedures are repeated at every time step until the simulation
period is complete or the lagoon goes dry. The status of the lagoon
i8 obtained at specified print-out time intervals, and a plotting
subroutine GRAPH 4 i{s used to plot the simulation results. The
program interactions are shown in Figure 15, and a complete listing of

the program appears in Appendix C.

C. Simulaticn Results

l. Simulation of the Water Surface

The effect of seepage rate on the lagoon depth was discussed in
Section V.A.l; an estimated rate of 0.12 cm day-1 gave good agreement
with measured values. Changes in the water surface were also simu-
lated, as shown in FPigure 16. As the lagoon dries, the southeast cor-
ner i{s the first to dry out and the lagoon recedes to the northwest
corner. Observations of the water remaining in the lagoon in July and

August were in good agreement with the model simulation.
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2. TNT Simulation

a. Case 1: Complete Mixing

Five scenarios were investigated in which the assumption was made
that the lagoon is a completely mixed reactor. Figure 17A shows the
TNT concentration as a function of time using inputs from diffusion
flux and dissolution, a photolysis rate constant of 0.78 cum day'l, and
a biotransformatinn rate constant of 0.012 day'l. The results indi-
cate that the TNT concentration will increase until Day 200, with the
peak concentration being 17.5 ppm. After Day 200, TNT concentration
decreases due to decreases in the lagoon depth, which increases the

magnitude of the photolysis rate constant.

To test the impact of the photolysis rate constant, a simulation
was run under conditions identical to those above except that the
photolysis rate constant was reduced by half--to 0.39 cam dayl.
Figure 17B shows the simulation result. In this case, the TNT con-
centration builds up faster than in the previous case and reaches a
maximum of 23 ppm on Day 200. After Day 200, the TNT concentration

decreases at a slower rate than before.

The photolysis rate constant 18 also seasonally dependent due to
high light intensity in the summer months relative to that in the
winter months. The magnftude of the intensity change 1is usually
between a factor of 2 to 3. In Figure 17C, we adjusted the photo-
chemical rate constant by a factor of 2, starting in June, and
observed an accrlerated decrease in TNT concentration in the late
summer months. The overall effect appears to be a lowering of the

maximum TNT concentration buildup followed by a rapid loss of TNT.

We performed a simulation in which the biotransformation rate
constant was doubled for every 10°C rise in lagoon temperature, based
on a nuuber of assumptions involving the enzymatic reduction of a TNT
nitro group. The result is plotted in Figure 18. 1In the early part

of the simulatfion, the INT concentration rises above that observed in

Figure 17A due to the low biotransformation rate constant. However,
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SIMULATED TNT CONCENTRATION WITH RESPECT TO TIME OF YEAR
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Curve C: k, =0.78 cm day™! plus radiant correction; k) =0.12 day™; input from
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the effect of biotransformation becomes evident between Days 150 and
200. 1In the latter phase of the simulation, photolysis becomes the

dominant transformation process.

Finally, we considered a case in which dissolution was the only
input source of TNT (Figure 19). The simulation results show TNT
concentration decreasing in the early stage of simulation and then
increasing in May, reaching a maximum at Day 200 and then decreasing

as the lagoon dries out.

The concentration-time-dependent profile measured in the lagoon
for TNT appears in Figure 20. None of the above scenarios exactly
match the measured data. The low concentration observed in March (Day
74) does not appear in any simulation except in the case of the sole
input arising from dissolution (Figure 19). The maximum TNT
concentration was observed in May (Day 145), whereas the simulation
tesults predicted that the maximum would occur in July. To reach a
maximum in May, a large input from the bottom sediment would be
expected. The present model probably overestimates the diffusion and
dissolution processes in the latter months. Also, the lagoon begins
to dry out at the end of June; this process should concentrate chem-
icals due to volume reduction and concentrate the TNT in July unless
the transformation processes are greatly accelerated. Both the
photolysis and biotransformation of TNT in lagoon water collected in
July give no suggestion of dramatic rate increases compared to other

experimental data.

The discrepancy between the observed data and the simulations may
be explained by the samplirng technique and the lagoon location from
which the samples were taken. Because the plant personnel did not
have access to the center of the lagoon to collect samples, all sam—
pling done by them was performed at the southeast edge near the dump
ramp, where high levels of TNT were found in the sediment. As the
lagoun dried, sawples were Laken progressively closer to the center of
the lagoon approaching the northwest corner. Poor mixing of the

lagoon water may therefore obscure the simulation results.
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b. Case II: Zero Mixing

If the sampling locations become critical, the assumption of com—
plete mixing may not be a valid representation of the distribution of
chemicals fn the lagoon. Although the data on dissolved oxygen
obtained in December indicated that the lagoon was well-mixed in the
vertical dire-tion, discrepancies in TNT concentrations at the edge of
the lagoon relative to the center were noted. This suggests that the
horizontal mixing of lagoon water may not be complete and may

intensify as the lagoon becomes shallow.

We performed simulations for the case of zero-mixing for com-
partments 1 (dump site) and 13 (center). In the case of zero-mixing,
the lagoon waters do not interact with neighboring compartments--only
with the bottom sediment directly below the water. The simulation
results are shown in Figure 21. 1In compartment 1, the TNT concen-
tration continuously increases until maximum solubility is reached.

In compartment 13, the TNT concentration continually decreases due to
low TINT levels in the sediment and transformation rates that surpass
those of diffusion and dissolution fluxes. 1In the real environment,
partial mixing probably occurs that dissipates the TNT from compart-
ments 1 to other compartments in the lagoon. These results do imply,
however, that sampling from the southeast corner and following the
water—coverage profile (Figure 16) for further samples may give skewed
versions of the TNT concentration profile that are difficult to

model. In this respect, the model simulation may be adequately
predicting the loss and movement of TNT in the dissolution-input-only
case (Figure 19), when compared to the actual data, that may be higher
than in a completely mixed reactor (Figure 20). An overlay of the
latter profiles appears in Figure 22,
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3. RDX Simulation

The laboratory studies showed that there would be little bio-
trangsformation of RDX in the lagoon and that photolysis, although
slow, probably would be the dominant transformation process. Knowing
the range of the depth-independent photochemical rate constant for the
winter through summer seasons, we derived a linear expression relating

the rate constant, kp, to the day of the year, D:

=k -2 .2 =1
Kp = (3,0 x 10 ¢m day ) (D) + 1.6 x 10 cn day .

(45)

Thus, at Day 0 (January 1) the winter rate constant, 0.016 cm day-l,
is applied to the model and linearly increases to Day 200 (July 19),
where the summer rate constant 1is applied. At each simulation inter-
val, the rate constant is adjusted according to the depth of the

lagoon for that time period.

Three scenarios were simulated representing the observed rate
constants and rate conastants representing 75% and 50% of the observed
rate constants. The latter rate constants provide a sensitivity
analysis of the impact of the photochemical rate constant on RDX loss
in the lagoon. The simulation results are plotted in Figure 23. In
each case, the simulated resulits indicate that the removal of RDX is
balanced by the diffusion and digsolution input over the first 150
days. As the water gets warmer, the concentration increases up to Day
225; then the effect of photolysis is noted only when the lagoon is
very shallow. Also, halving the photolysis rate constant (Curve C)

does not have a large effect on the RDX-loss profile.

Superimposed on these curves are the actual measured values for
RDX in the lagoon. Considering the problem of partial mixing, the
simulation results and the actual values are comparable except for one

data point where a very high level (42.1 ppm) of RDX was observed.
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The remaining data are, however, inconsistent with this point. A
curve for the profile of RDX can be approximated (dotted 1line) that
shows a peak in RDX concentration in late July and a decrease in late
August. These results suggest that the diffusion/dissolution pro-
ceggses become faster than predicted by the model in May and June (Days
145 to 175) and that the loss rate is faster thau predicted in late
August (Day 245). This is probably a result of (a) warmer waters near
the edge of the lagoon where the samples were taken, which could give
high concentrations in May-June, and (b) the low water level and the
recession of the water's edge from the munitions-enriched sediment
area, which could give low conceantrations in late August. If complete

mixing were to occur, the simulation results might be fairly accurate.
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VII. DISCUSSION

- The results of this study show that the lagoons at LAAP are
highly complex environments in which the fate of TNT is controlled by

L ohotolysis and blotransformation and the fate of RDX probably is con-

K2 trolled by photolysis. 1If there were no chemical inputs to the

o lagoon, we would estimate a TNT half-life ranging from 8 days in the

winter months to <4 days in the summer and an RDX half-life ranging

from 173 days in the summer to >1000 days in the winter in a lagoon 50

N K

cm deep. However, there are chemical inputs to the lagoon from solid
and sorbed munitions in the bottom sediment and on the bottom sur-
face. Thus, both diffusion and dissolution kinetics play important
roles in the input of chemicals to the lagoon. These procesgssgses are
complicated by 1) a heterogeneous distribution of munitions in and on
the sediment and 2) a temperature~dependence that increases chemical

inputs as the lagoon warms. Thus, chemical input {8 not a constant

R ARARKAN - D

process, but one that can change dramatically, depending on the time

e
.

of year and the portion of the lagoon that is covered by water.

vr

s o
"-" '-

Furthermore, each transformation process has additional com-
plications. 1In the case of biotrensformation, the enzymatic reduction
of the nitro group should he temperature~dependent, and therefore the
biotransformation rate constant could vary by a factor of 8 or more
(assuming a doublirg of the rate constant for every 10° rige in tem-

perature) between the winter and summer months. Also, we cannot be

ji. sure that the population of organisms at 10°C {s the same as that at
-~

o 40°C. The temperature effect couid have an impact on the number and
-:: type of microorganisms that ave available to transform TNT. To

average this effect, we used a rate constant determined at 25°C as an

average value in one example and doubled the rate constant for every

:i 10°C rise in temperature in another example. The results of these
"

v
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examples indicated that changes in the biotransformation rate constant
did not have a major impact on the loss profile of TNT because the

photochemical transformation process overwhelmed any such changes.

There 1s also a high degree of uncertainty in the photochemical
rate constant ags a function of the time of year. Photochemical rate
constants measured in lagoon water collected in December showed an
inverse relationship with depth, which allows the prediction of a rate
constant at any depth, provided that the absorptivity of the water is
the same. However, as the lagoon waters evaporate, much of the UV-
absorbing materials become concentrated, reducing the ability of light
to penetrate into the water. The effect of the more concentrated
waters will be to lower the photochemical rate constant, but sim—
ultaneously the shallower depth will tend to increase it. Because the
photochemical transformation of TNT occurs by indirect mechanisms and
i{s governed by unknown sensitizers (both humic materials and TNT
transformation products) in the waters, it is difficult to correlate
the photochemical rate constant dependences on the absorptivity and
depth of the lagoon water from the experiments that were performed

during this study.

Sampling was a problem because of poor access to a center
location for the bulk water and because the sites from which the
samples were collected changed as the lagoon dried. Finally, the

lagoon dried up in late August.

In spite of these difficulties, we were able to develop a
simulation model that describes the loss profile of TNT and RDX as a
function of time of year. Of primary importance in this model 1s the
dissolution rate of pure chemicals from the bottom sediment. This
process 1s temperature-dependent and therefore we expect the
concentrations of TNT and RDX to rise as the lagoon warms in the
spring and summer months. In the absence of transformation,
dissolution will continue until the solubility limit for each chemical

{8 reached.
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A concentration buildup in the lagnon 18 counteracted by the
photochemical and biological transformation of TNT and the photo-
chemical transformation of RDX. The rate of photochemical trans-
formation of TNT and RDX follows pseudo-first-order kinetics and
first-order kinetics, respectively. Thus, for a given depth, TNT will
photolyze approximately 50 times faster than RDX. The rate constant
is dependent on the solar radiance; therefore, rates will be two to
three times faster In the summer than in the winter months for TINT and

up to five times faster for RDX.

The photochemical rate constant is inversely proportional to
depth; hence, rates of transformation will increase as water 1s lost
to evaporation and seepage. Usually, the lagoon is shallower in
sumner than in winter; therefore, rates of photochemical trans-
formation are predicted to be greater in the summer. The bio-
transformation rate coanstant for TNT is an order of magnitude smaller
than the photochemical rate constant; so a comparison of the dis-
solution flux and photochemical rate constant will indicate whether
the TNT or RDX concentration will increase or decrease over any par-
ticular time period. Furthermore, {f the input source 1s eliminated
(as was observed when portions of the lagoon dried out), the TNT and
RDX will transform at rates defined by the depth and mitigated by the
abgorptivity of the water. Thus, an overall profile of munitions in
the lagoon will show a buildup of munitfons when the lagoon is full,
periods of aquilibrium when the dissolution and transformation fluxes
are equal, and periods when transformation flux exceeds that of dis-

solution--usually in the summer months.

The above theme has a number of variations that can be postulated
and for which modeling can serve as a tool to predict chemical
behavior. For example, i{f TNT and RDX were uniformly distributed in
the bottom sediment, as was observed at the dump ramp, they would
reach thefir solubility limits in the lagoon water. Similarly, if the
sediment had a uniform distribution, as was found at the center of the
lagoon, the transformation of TNT and RDX could be predicted from the

transformation rate constants developed in this study.
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In conclusion, the persistence of TNT and RDX in LAAP lagoons is

controlled by dissolution and photochemical processes, with dis-

R solution being complicated by a heterogeneous distribution of solid ?
N ;
w3 munitions on the bottom surface and photolysis being complicated by i
t; changes in absorptivity of the water that affects the photochemical %
e rate constant as a function of time of year. This effect could not be i
R investigated in detail because of project time and money contraints. %
.:i A simulation model was developed to describe a first approximation of j
Sl f
" the loss and movement of TNT and RDX in the lagoon water, but vigorous !
validation could not be achieved due to sampling and mixing con- i
L straints within the lagoon. 1
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Appendix A

ANALYSIS OF LAAP LAGOON NO. 9 SEDIMENT

L

Sediment Preparation

Twenty-four sediment samples scraped from the bottom surface of

2

atale et
A AR

v
s

Lagoon No. 9 were sleved through a large mesh screen to remove twigs,
leaves, and large pebbles. Each sample was homogenized with a mortar

and pestle until an even consistency was obtained.

ha i e ars
I
>

R Moisture Determination

A known weight (~20 g) of sediment was placed in a tared beaker
and allowed to dry at 75°C for 48 hr. The percent moisture in the
sample was calculated as the dry weight minus the wet weight, divided

by the wet weight times 100.

acidified by adding 5 ml of 2N HCl and re-extracted with ethyl acetate

N

§&: Extraction of Sediment

A

F%S A sample of wet sediment (10-20 g) was placed in a 50-ml

) pcrew—cap centrifuge tube and 20 ml of neutral ethyl acetate was
;;i added. The tube was vigorously shaken for 2-3 min and then cen-
ES; trifuged at 2000 rpm for 10 min. The ethyl acetate was removed by
:;E pipet. This process was repeated twice. The sediment was then
K

(3 x 20 m1). The combined extracts were dried over anhydrous sodium

\-
L

H
A
PR

sulfate, filtered, and rotary-evaporated to dryness. The residue was

dissolved in methanol, and an in:iernal standard was added for HPLC

analysis.
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HPLC Analysis
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The HPLC analyses of the sediment extracts were performed under

the following conditions:

[/ Ay —~ M)

Instrument: Spectra-Physics Model 3500B Liquid j
. Chromatograph
i Column: 250 om x 4.6 mm Altex RP600-C,, @ 50°C
n Solvent: A - water, B - 50X methanol: 50% i
;ﬂ acetonitrile
E Program: 30% B in A to 50% B 1in A in 15 min; linear '

gradient
Flow rate: 2.0 m1 min~!
Detection: UV @ 254 mm

Retention times: 5.68 min, HMX
6.65 min, RDX
10.55 min, 3,5-dinitroaniline
12.40 min, TNT
13.77 min, aminodinitrotoluenes
15.65 min, 3,5-dinitrotoluene (internal
standard)

]
i
E

LR Dl
(IR I

A typical chromatographic profile of the sediment extract appears ‘
in FPigure A-l.
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Results

N A

The results of duplicate analyses of the 24 sediment extracts are
presented in Table A-1 (also see Figure 2 in main text). Table A-2

shows the percent water in the sediment samples.
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Table A-1

PSRCENT COMPOSLITION OF MUNITION COMPONENTS
IN LAAP LAGOON NO. 9 SEDIMENT

Sample TNT RDX HMX ADNTS? 3,5-DNA
A-5  27.5 8.7 2.1 6 x 1073 _—
A4 29,7 6.6 8.9 x 107! 5.9 x 1072 ---
A3 1.5 8.9 x 10! 3.- 107! 9.7 x10%2  ---

A-2 4.2 1072 1.0 x 1073 8.7 x 1072 8.3 x 1072 5.0 x 1072

Al 1.8 x1073 4.7 x 1073 1.5 x 1072 9.2 x 103 6.0 x 1073
B-5 1.4 4.7 8.4 x 107! 8.0 x 1072 8.0 x 1073
B-4 1.4 x 107} 1.7 3.5 x 107" 3.0 x 1072 ---

-2

B-3 4.0 x 10 2.9 x 107! 1.1 x 107! 3.0 x 1072 3.3 x 1072
B-2 8.2 x 107% 7.9 x 10”3 3.4 x 1073 1.3 x 1072 9.0 x 1074
B-1 1.4 x 1072 3.2 x 1074 1.5 x 1072 2.1 x 1072 1.5 x 1073
c-5 1.7 x 1072 1.0 2.4 x 107! 4.2 x 1072 4.0 x 1073
c-4 2.1 x10°3 3.6 x103 3.0x10"% 5.9 x1073 4.0 x 107
c-3 4.4 x 1070 2.2 x107% 1.8 x 1072 3.1 x 1072 3.1 x 1073
-2 1.5 x1073 2.0x 1074 1.2 x 1072 9.1 x 1073 2.0 x 107
c-1 5.7 x107% 7.0 x 1073 1.5 x 1072 2.1 x 1073 6.0 x 1074
D-5 4.9 x 1073 1.7 x 1072 6.6 x 1072 3.3 x 1072 3.4 x 1073
p~4 1.2 x10"2 1.6 x 107! 9.0 x 1072 8.2 x 1073 1.0 x 1073
p-3 7.3 x 1074 3.8 x 1072 8.0 x 1073 1.3 x 1072 1.8 x 1073
D-2 1.1 x1073 1.0 x 1074 1.3 x 102 1.0 x 1072 8.5 x 1074
0-1 1.2 x 1073 9.0 x 1075 9.1 x 1073 1.4 x 1072 1.2 x 1073
E-4 1.9 x 1073 1.3 x 1073 5.0 x 1073 8.6 x 1073 1.2 x 1073
E-3 1.1 x 1073 4.9 x 1074 1.4 x 102 1.6 x 1072 2.6 x 1073
Pe2 1.1 x1073 7.5 x 1074 1.6 x 1072 1.5 x 1072 9.4 x 1074
E-. 2.2 x107% 6.0 x 1075 4.0 x 1074 3.1 x 107* 6.0 x 107°

JADNTS = aminodinitrotoluenes.
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Table A-2

. PERCENT WATER IN LAGOON NO. 9 SEDIMENT SAMPLES

S Sample No. Percent Water

. A-5 51.6

5 A4 33.6

N A-3 3.1 |

o A-2 43.3 %

h A-1 48.5

P B-5 41.6 1
B-4 32.4

B-3 31.0

-

~ ;

ﬁ B-2 33.9 ;

o |
A}

~

B-1 42.1
o c-5 13.3
8 c-4 18.6 |
' c-3 30.2 !
o c-2 32.9
< c-1 58,2 |
L D=5 35.3 |
1

|

|

|

‘ D-4 48.1

D-3 38.0
.\1: D-2 39.2
7 D-1 43.3
% E~4 32.2
E-3 29.5
I E-2 30.1
£-1 45.7

e
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Appendix B

MASS TRANSFER PROBLEMS--ASSUMPTIONS AND SOLUTIONS ?

Description of Mass Transfer Problems

R9A

B i
f:{ A body of water containing some concentration of one or more con- i
1.\.. ‘
\t} taminants 18 in contact with a porous sediment (Figure B-1). Water

e residing in the pores of the sediment (interstitial water) also con- i
:;: tains some concentration of one or more contaminants. The sediment '
KA i
F ) solids may contain the same contaminants, presumed to be at equi- ‘
-

N v

1ibrium with the interstitial water concentration of contaminants.

Contaminants will diffuse through the water both in the free-water

QIEI'JE'_,ﬁ

phase and the sediment/water phase. In addition, chemical reactions

k#ﬁ (photolysis, biodegradation, hydrolysis) may occur, and contaminants
WA
?ﬁ{ may be transported by bulk convection (seepage of water into the
; sediment).
(b? Par from the water/sediment interface, one expects the con-
;1} centraticns of contaminants to reach a constant (known) value. Also, |
b‘\v. i

-

~
‘s

on the free-water side of the interface, a region should exist where

the macroscale mixing processes of the pond are negligible. With

these ideas in mind, one can pose a set of simultaneous differential

R
‘.“.

equations for the concentration profile of a contaminant in the water

LAA
e

TS

p,,

and sediment/water phases.

oC

e The change in concentration of chemical with time < b:w is equal ‘
M
ﬁsj azc v acsw
V?‘ to the sum of the diffusion and seepage rates Dl-—ig—-and M v
N 0z ;
N 1
:,; respective1;> minus the biotransformation rate (ko) and the amount of

L}
| chemical that is sorbed to the sediment: ;

|

1
e
}}\ 105
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FIGURE B-1 LAGOON WATER RESTS ON SEDIMENT

Pond and sediment are considered to be semi-infinite.
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(L

Rearrangement of Equation 1 yields

n-1 aCsw 62Csw aCsw
+ = D + -k
1 Kncsw At 1 2 M dz o '
dz
where csw = chemical concentration in the se { w

K = gediment partition coefficient (Cs u chw)
t a time
Dl = diffusion coefficlent in the sediment/water phase
v = geepage velocity
= distance from the sediment

ko = zero-order rate constant for bifotransformation in

sediment.

.
A

i - LRy

Similarly, for the free-water phase, the change in concentration
of a chemical with time can be described by

2

ac,, a%c,  ac,

S 3c P27 tve TG o 3)

o 0z

R where Cw = concentration of chemical in the free-water phase

- t = time

:;j Dy = diffusion coefficient in the free-water phase

;ﬁz v = geepage velocity

g Lk C, = first-order rate expression for transformation process.
A

The boundary conditions for these equations are that
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szw GCw
0Dl Bz DZ oz at z=0 ’ (4)

where ¢ 1s the sediment porosity (void volume fraction) and

Cop (O =C (0) , (3)
Coy (=) = Cy, = knom (6)
Cw (=) = Cw o * known , )

’ (8)

C (z) = known at time zero = C
w s

8 w,0

Cw (z) ® known at time zero = Cw,o . 9)
Because of Equations 5 and 6, Equations 2 and 3 must be solved
simultaneously and are not amenable to a closed-form analytical solu-
tion. The equation could be solved on a digital computer, but the
additional complexity would greatly increase the expense of running
the overall SRI pond simulation model. Therefore, we have made

several simplifying assumptions, described below.

Comparigon of Diffusion, Convection, Reaction Rates

Because there 1s a strong incentive to reach a closed-form,
analytical solution, the first assumption is that the concentration of
chemical is constant everywhere in the free-water phase. This assum-

ption allows Equation 3 to be eliminated.
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Further simplifications could be made if either the convective

3¢
term (vs;!)or the reaction term (k) could be neglected. By non-

dimensionalizing the equations, one can evaluate the relative lampor-
tance of diffusion, reaction, and convection. Unfortunately, even the
single differential equation cannot be solved analytically if there is
no boundary on the sediment phase. ThLerefore, to compare the impor-
tance of diffusion, reaction, and convection, we pose a problem where
the sediment phase has a boundary layer of finite thickness, &, near
the water/sediment interface (Figure B-2). Furthermore, we assume
steady-state conditions. This assumption leaves a simple differential
equation describing the concentration in the sediment-water phase. 1In

dimensionless form, this equation is

der, 9l
*2 + 50—__;'- YO =0 » (10)
dz dz

where 50 = ratio of convective transport rate to diffusive transport

rate

Yo * ratfo of chemical reaction rate to diffusive transport rate

with boundary conditions

C

¢t ) m ¥ ek
sw ©) C w nown (i1)
8w,®
and
* 1
Csw (-1) = . 12)
The dimensionless parameters are
C
* sw
Csw - C (13)
8wW,®
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FIGURE B-2 BOUNDARY LAYER APPROXIMATION IN SEDIMENT/WATER PHASE

Beyond a depth of £, the sediment is undisturbed by the mass transfer.
Hence, flux can be computed as if sediment/water phase extended only
to 2z = -L.




v
L0
L.
{ B 2 =2, (14)
1{{*
N0y v
> - e——
! g, > , (15)
1
: and
B : kolz
- LT . S—— (16)
. ° Csw,@ Dl
\t.\l
‘“ The parameter §, is a measure of the ratio of convective flux to
:::: diffusive flux, and Y  is a miasure of the ratic of the rate of
' reaction to the rate of diffusion. The flux, N, in dimensional form
K is
o aC
::: N 4Dy (bz z=0 ¢vcsw(o) ' 17)
.
‘ : Defining a dimensionless flux,
o
* N&
o N, = e ’ (18)
'_: 1 ochsw,o
*
f we find, by solving Equation 10 for csw and substituting into Equation
: 17, that
4 Y
* o o o
c + =2 - -2
- * %oCu Eo € %o &, Yo
Nl = 3 . (19)
o
o 1-e
\ To evaluate the relative importance of the various phenomena,
~ *
i Equation 8 was solved wi:h Yo " 0 (no chemical reaction, Nz), with
S Eo = 0 (no convection, N3), and with Yo " Eo = 0 (no chemical reaction
::-.'; and no convection). The dimensionless fluxes for each of these cases,
\‘: * * *
:{ Nz, N3, Na, are given as followe:
:. -
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x E1-Ce®
N, = (20)
g
e °_
* %
N3 = (1 - Cw) - YO/Z (21)
* %
Na = (1 - Cw) . (22)

* * K *
To conpare Nl to N2’ N3, and NA‘ we need to pose some reasonable
®
values of the parameters Cw, 50, and Yor SRI has taken data from

field samples of the waste disposal pond and found the following

numbers:
v = 2.2 x 1076 cp g} (23a)
k, = 1.2x107° pg o2 671 (for TNT) (23b)
D, = 3.05 x 107% cn? g7} (for TNT) (23¢)

. -3

Caw,w 50 pug cm (for TNT) (234)

*
C" = 0,1 (for TNT) (23e)

Because the boundary thickness, %, exists only in our model (not in
the real pond), reasonable estimates for £ must be made. Therefore,
in Table B-1, the results are presented for various boundary thick-
nesses. The table shows the dimenaionless flux iN:
neglecting chemical reaction (V ), convectton (N3), and reaction and
Lo N /N , and N /N

These ratios show how much difference it makes if the convection, the

) and flux values
*
convection (N ), along with the ratios N, /N

*
reaction, or both are neglected. It can be seen that Nz is not much

% * *
1 and that N3 is not much different from N4 .
Hence, the chemical reaction term can be neglected. 1In contrast, N

different from N

3
A *
can be much larger than Nl and NA 2° These

results imply that the convective term cannot be neglected. Hence,

can be much larger than N

the reaction can be neglected but convection must be congsidered. This
conclusion was expected from the magnitude of the dimensionless

numnbers [50 ~ 1 and Yo € 1 (Table B-1)].
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-,‘}' Unsteady Solution with Convection, Without Reaction

. . By neglecting the chemical reaction term, we can develop a
¢closed-form solution for flux without appeal to some arbitrary boun-
dary layer thickness, £. In this regard, the solution developed below
is the most realistic situation for which a closed-form solution can
be developed. The solution will apply to TNT and RDX because the RDX
was found not to react in the sediment/water phase (i.e., ko = 0 for
RDX).

Physically, we envision a situation like that in Figure B-1l. We
retai: the assumption that the concentration in the water phase 1is

constant and known. Por this situation, the following equations apply

in the sediment/water phase:

@ oC OZC acC

w3 n-1 8w
AP -
- 1 + Kn csw ot Dl 2 dz 4 (24)

with the following boundary conditions:

E.:’; Csw(- ®, t) = Csw’a = known . (25a)
:'.;'ii
h Csw(o’t) = Cw = known , (25b)
7
P\.’ C"’(z,O) - Csw,w = known . (25¢)
2 With n = 1 (linear isotherm assumption) and in dimensionless form,
these equations become
2 %
ac“ d csw ac“
o i %3 + BO y ’ (26)
’.i ot oz 0z
"
o where B = dimensionless ratio of convective transport rate to
o diffusive transport rate,
“ -
oM
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and

* *®
C,, (-=t) =0 (27a)
* * * 1 \
¢, 0,t) =c - (27b)
* *
Csv (z ,00) =0 ’ (27¢)

where the dimensionless varfables have been defined as follows:

* Csw ~ Csw,w
Cow = c (28a)
sw,™
. Dt
t el (28b)
z, (1¥)
%
z = z/zU (28¢)
z v
B = 3;‘ . (28d)

The quantity z, is an arbitrary length scale that, if reasonably
chosen, can give some idea of the relative importance of diffusion and

convection. (The final answer will not, of course, depend on zo.)

Equation 26, subject to the boundary conditions of Equations 27a-

27¢, can be solved by using LaPlace transformations. One finds

*
Ak (c,- D
Csw(z ,t )

{etfc(nl) + exp(-ﬂoz*>etfc(n2)} ,

(29a)
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where
* Bt*l/z
- 2 0
M = =575 = =5 (29b)
1 2t*1/2 2
and
1/2
* %
n, = —= o 2ot (29¢)
2 2t*1/2 2
The flux, N, is given by
<acew)
N=- ¢D1 "3z /z=0 ~ ov csw(o) ‘ (30)
In dimensionless form,
N OC*
A Zo / sw> lod
N =% c "~ l—% )« ~BECL . (31)
°Dl Csw,° \az z=0 ow

Differentiating Equation 28 and substituting into Equation 31, one
finds

« -
RS S N pe*'/?
N = exp( Y = 5=(L - C Yerfc(—=—-) -~ f C* -
(nex) 172 4 2 w ? o'w
(32)
Equation 32 can be cast in a forz that explicitly removes z_ fror: the

o
equation for the flux. 1If we define a new dimensionless flux,

~ N )
N =g , (33)
8w,
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and a new dimensionlesgs time,

2
~ v t
t SI?TIET ’ (34)
then Equation 32 becomes
* *
. @a-c) _ 1-C, -;1/2 R
N = 77 exp(- t/4) - (-i-wﬁ erfc( 3 ) - C, .
(nt)

@35)

Relationship To SRI Lagoon Model

Equation 32 is the basis for computing how much material
*
transfers into or out of the sediment during a given time interval.
If M is the total mass of material per unit area transported across

the water/sediment interface in a time interval, T,

then
*
~ T~~
M= [ Ndt , (36)
o
with
~ vM
M= (37)
°D1(1+K)csw,m

*Note that the z direction was chosen positive in Figure B-l.
Therefore N > 0 implies that material moves from the sediment into
the water.
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e 38)

Substituting Equation 35 into Equation 36, one finds

o= (1-c:) { ert (";/2) - -zt-:erfc (‘*:/2) + 1§1/}exp('t*/4)} - cror

(39)

*
The functions erf and erfc are well-known, tabulated integrals.
These functions are available on any computer that has the standard

IMSL math library aoftware.T

In the SRI lagoon model, one knows C: and C at the beginning

sw,®
of a time step (and, by implication, at time zero): During a time

step, one allows mass to transfer between the water and the sedi-

ment/water phases. The total amount of wmass transferred is given by
Equation 39. At the end of the time step, the new values of C: and
Cowr
mass in the water or sediment/water phases. Computations are repeated

® are computed based on the addition or depletion of contaminant

as desired with these new values of C: and C_, .
sw’'®

*Carslaw, H.S. and J.C. Jaeger (1959) Conduction of Heat in Solids.
Oxford-at-the-Clarendon, London.

Abramowitz, M. and I.A. Stegun (1964) Handbook of Mathematical
Functions, National Bureau of Standards, Applied Mathematics Series
55, June, 1964.
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Sample Calculation

The flux, N, and the total amount transformed, M, will be com-

puted for the particular parameters relevant to the TNT and RDX dis-

MM~ e

posal lagoon. The values of the parameters are given by Equations

.

M

23a, 23b, 23c, and 23d. 1In additfon, we must specify a value for K
and ¢. For TINT, K :-10; no data are available for RDX. Consequently,
the calculations below apply only to INT. The porosity, &, which has
! been measured by SRI, is 0.2.

With those values of the parameters, Tables B-2 and B-3 can be

generated from Equations 33 and 39. It is worthwhile to record the

Pt e -
R B

values of the groups of parameters appearing in Equations 33, 34, and

A
R )

37. Each group is a “"characteristic” value, and we define the

following parameters:

-2 -1
No ¢vcsw,w = 1.872 pg cm = day (40)

AR - .

001 (14KX) Cs

w,® -2
L 3 i— = 154.8 pg cm (41)

11v
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i . Table B-2

: FLUX CALCULATIONS FOR SAMPLE LAGOON PROBLEM

N Time Flux
l i_ t (hr) N N (pg co 2 day !)
. 0.01 19.8 4.57 8.55
: 0.04 79.3 2.01 3.77
0.09 178 1.18 2.21
| 0.16 n7 0.769 1.44
: 0.25 496 0.528 0.989
. 0.36 714 0.371 0.695
: 0.49 971 0.263 0.491
| 0.64 1269 0.184 0.344
: 1.00 1982 0.080 0.149
-
4
l . Table B-3

TOTAL MASS PER UNIT AREA TRANSFERRED DURING
A TIME INTERVAL FOR SAMPLE LAGOON PROBLEM

l Time Interval Masg Transferred
< t (hr M M (ug cm 2)
; 0.01 19.8 0.0961 14.88
; 0.04 79.3 0.182 28.14
| 0.09 178 0,257 39.86
' 0.16 317 0.324 50.10
. 0.25 496 0.381 58.95
: 0.36 714 0.429 66.48
: 0.49 971 0.470 72.78
0.64 1269 0.503 77.89

1.00 1982 0.548 84.86




“ D, (14K)

! . t, - -7— = 1982 hr (42)

?;ﬁ Equation 42 shows that a steady-state solution for the flux would

:?? be inadequate unless time scales of interest were much longer than

i 1982 hr (~ 83 days). Time steps taken in the SRI lagoon model are

2 variable; however, time steps shorter than 83 days necessitate the use
of an unsteady solution as developed herein. Equation 40 states that

. a characteristic value of the flux is approximately 2 ug cm 2 day l.

! Part of the significance of No» Mg, and t, is that any situation

}Qf with the same values of N, t_, and C, will be the same. M  1s not an

:ﬁ; independent characteristic value because

RN

-~ Mo = Yot : (43)
.

! . Addition of Dissolution to the Mass Transfer Problem

:‘_:::: The above solutions and assumptions were derived for the case
-:-'\ where the dissolution rate constant (kr) equals zero. We must also
ﬁ account for the case where kr # 0, which occurs when the lagoon is
full or when the lagoon waters cover the area near the dump ramp. As
j'.-::: previously developed, the dissolution rate of solid TNT or

:;'.\,: RDX, dv can be written as

_-:..- de’

!ﬂ dv _

dt kr(csat Ci) ’ (44)

where k. is an experimentally determined dissolution rate constant,
C“t i{s the saturation concentration of the dissolving species in the
liquid phase, and C, is the concentration of the dissolved species at

the solid/liquid interface. 1If diffusion from the interface to the

surrounding liquid is fast compared to dissolution, then Equation 44
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can be represented as shown 1n Equation 45:

dw
at kr(csat Cow? ’ (45)

sw

where C.. is the concentration of TNT or RDX in the sediment/water
phase at any depth in the sediment. Therefore, Equation 45 can be
incorporated into the transport equation developed in the previous

section, as shown in Equation 46:

acsw bzcsw acsw
\ - -
A+ =D o2 * Xg16lCear ~ Coul * V3 '
(46)
where
- (1=t
K= ( b )KeqFoc , 47)
and
K - Fkrsbetpba(l.‘b) 48
diB ¢ » ( )

and where Foc 1s the organic fraction of the sediment solids, sbet is
the surface area of soiid per unit mass of solid (typically determined

by the BET absorption method), 1g the mass density of the sediment

ol
bs
solids, ¢ is the vold fraction and F is the fraction of the solid sur-

face area that is covered by the dissolving species.

A linear isotherm has been assumed in deriving Equation 46, with
CS =K C R (49)

eq 8w

where C; is the concentration of TNT or RDX dissolved in the organic
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fraction of the sediment solids and Kegq 18 experimentally determined.

q

The lLoundary conditions for Equation 46 are:

Csw (-=,t) = known = Csw,w t>0 (50a)

Csw(o’t) = C" t >0 (50b)

Csw(z,O) = Csat , (50¢)

where Cw is the concentration of TNT or RDX in the bulk-water phase.

The flux, N, is given by

3C
8w
N 0Dl(ﬁz >2 =0t (1-¢)krp(csat Cw) Gy '

(51)

If Equation 46 can be solved subject to Equations 50a2-50c, then the
flux can be computed from Equation 51. Equation 46 will describe the
flux in the laboratory experiment and in the lagoon. With laboratory
data, w#e can find the value of k. and use it to predict the flux in

the lagoon.

Solution to Flux Equations for Laboratory Experiment

In the previous sections, Equation 46 was solved with kr =0
(i.e., no dissolution). In the laboratory experiment, however, v = O
and kr # 0 (1.e., there is no seepage but there is dissolution of

solid TNT and RDX). Alsc in the laboratory, C = C .
sW,=® sat

Consequently, the mass transfer equations become




.......

szw azcsw
1 +K ot = Dl 2 + kdis[Csat - Csw]
oz
with Csw(-w,t, = Csat N
Csw(O,t) = C" s
and Csw(z,O) - CSat .

The flux 1s given by

ac\
sw
N = -¢Dl< oz /jz " 0 + (-9 Fkt(csat - Cw)

(52)

(53a)

(53b)

(54)

(55)

At steady state, we can solve Equation 52 subject to the boundary

conditions 532 and 53b. We find

-C

sat w 1

The flux, N, is then given by

N *
Ty a-c)

1/2
pbs(I-O)) ’

with No - Csat (¢D1krFS

bet

(56)

(57

(58)
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.
L)

A 5 § 0

Fk_(1-4) /2

. By = ’ (59)
. * b sbet:pbsQD
-~
o
::: * Cu
and C_ = . (60)
e w C
i sat
= In Equations 58, 59, and 60, &, D, and C,, . are known. The surface

\
::f fraction, F, approximately equals the (known) mass fraction. The
;' product Sbetpbs can be estimated by assuming a reasonable particle
.' size for the sediment solids. 1If the particle diameter is dp, then
D betPbs dp ) (61)

Sediment that can be described as fine soil or clay has particle sizes

in the range of 10 to 100 pym. {(The square root dependence of the flux

T
LN

on S de-emphasizes the importance of a proper choice for d_.)

betpbs P

Because all parameters in Equations 58, 59, and 60 except k,  are

LY % Il
A4 -

known or can be reasonably estimated, the laboratory flux data can be
used to find a best value of k.. To make this procedure a bit more

transparent, we rearrange Equations 57 through 62, substitute Equation

BRAG]

.

4

61 for S pbs’ and obtain

di bet

’ (6D1) 1/2

5 N=(C_.- cw)) l¢(1-¢) T krpl + k _F(1-¢) .

S p

(62)
i

Z‘ In the flux experiments, N and C, are measured and a plot of N versus
ﬁ: Cgat~Cy w1ll have a slope equal to the bracketed expression in Equa-
!; ‘tion 17,

:i A least-squares fit of the data to the form y = mx ylelds the
ﬂ% following values for the bracketed expression in Equation 62:

i-_’l .

=
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TNT
6D1 1/2 " -1
o (1-6) T krF + krF(l-o) = 1,0776 x 10 cm sec
P
(63)
RDX
6Dl 1/2 I N
¢o(1-¢) (5——) krF + krF(1-¢) = 7,752 x 10 c sec .
P
(64)

The values of the known parameters in Equations 63 and 64 are
listed in Table B-4 for TNT and RDX. The diffusion coefficient is the
average result from Equations 8-34 and 8-36 of Reid and Sherwood.*

The void volume fraction, ¢, was calculated from the dry weight of
sediment solids, measured prior to the flux experiments. The sat-
uration concentrations are known from solubility data reported in
Section V.A., Physical Transport. The surface fraction, F, 1s assumed
equal to the mass fraction of TNT or RDX in the sediment solids, a
quantity measured prior to the flux experiments. The value of dp is
an egtimate.

From Equations 63 and 64 and the values of the parameters in
Table B-4, we find that the k. 1is 1.172 x 10”5 cm sec for TNT and
1.164 x 1075 cm sec”! for RDX.

*Reid, R.D. and T.K. Sherwood (1958) The Properties of Cases and
Liquids. McGraw-Hill, New York.
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- The flux derived from Equation 62 with these values of k.  has
been placed on Figure B-3 with the data points to show the goodness of

v

[
.

fit. One can see that Equation 62 is within a factor of 2 in pre-

.

dicting the flux over the range studied experimentally. This degree

of accuracy can be disturbing unless one allows for the inherent

difficulty of performing the flux measurements and of describing

analytically the mass transfer in a multicomponent, heterogeneous

system, One must also refrain from the temptation to fit the data in
Figure B-3 to a straight line of the form y = mx + b. The result of
this seeningly intuitive approach is a model that predicts negative
flux values, a physically impossible situation in the laboratory

experiment.

e s o VI e T V. L L By e ) LT

PR 5 2L
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Table B-4

LRSS e
.

tat.

PARAMETERS FOR ANALYZING FLUX DATA

-

Parameter TNT RDX
¢ 0.579 0.579

L T T
N Y
N DR e

-
—

A4

D, (25°C) 2.13 x 1077 cn? gec”! 2.24 x 107° em? sec”!
Caae (25°C) 131 pg cn™> 50.6 pg cm 3

F 0.156 0.078

re 3w
D RFAPR RPN

dp SO0 pm 50 um

.

PR TIE NN

"RR. VLN L

ALY Lt
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Appendix C

SRI COMPUTER PROGRAM FOR MODELING THE FATE OF TNT AND RDX
IN LAGOONS CONTAINING MUNITIONS WASTES

This appendix presents the computer program developed to simulate
TNT and RDX in a waste-lagoon environment. It encompasses a number of
subroutines to determine changes in volume, surface area, and depth of
the lagoon and the transport of munitions (flux) from the bottom sedi-
ment to the free-water phase. The subroutine COMPS performs the cal-
culation of munition concentration in the bulk-water phase and in the
suspended sediment. The data output can be conveniently displayed
graphically by the subroutine GRAPH 4.
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ovlov [INITD] PROGRAF POND
002ve voul 1HIS 1S & PRUGRAM TU SIMULATE TNf 1IN A WALURE
—— wudlu__0p03 C PUNC, 1T 1S5S SPECIFICALLY TU PMPHASLZEF THE :
! 004V0 0004 DIFFUSION OF INT FROM 1HE BOTTOM SEDIMENT i
* | V0500 V005 BACKRING TU 1THE FREE WATEK, THE PRUGRAM STARTS ‘
. ‘NT

(2]

001700 0vo?
T ovos
[VNLTH)) LUO9
vivoo V010
01100 oult
0i200 o012
0130 0013
01400 0014
Q1500 0015
Vio00 ovleé
01700 V017
01800 0018
U900 0019
VYL V020
02100 00213
02200 0022
02300 002)
12400 0024
02500 0U2%
04ov0 0026

AND ESTIMATE THE FLUX UF TNT TRANSPUR1InG
THRUUGH 1rt intertace IN EACH 11IME INTLRVAL, !

FLUX 1S ESTIMATED BASED UPON THE ASSUMPTION
OF REACTIUN 1ERMS ARL SMALLER IHAN EIIHER i
_CUNNECTIYE AND DRIFFUSAON 1ERM, !

TERMINOLOGY AND UNXT

T SIMULATION TIME

DT TIME INTERVAL |

YOL FREE wATER VOLUME, LITERS

Co  CuUNCENTRATION IN FREF mATER. MICROS

Csr CUNCENTRATION IN SEDIMENT wATER, MICROGKAM/LITER

CSS CONCENTRATION IN SUSPENDED SOLID,MICRUGRAM/LITEK

PC_ PARTITION

SD DENS11Y OF SEDIMENT

wkQO OXJVDATION KATE CONSIATHNT

mKP PHOTOLYS)S RATE CONSTAMNT

wkH Hi1DRULYS)S RATE CONSTANT .

WHY  VOLATILIZATION RATE CONSTANT

wKB AIODEGRATION RATE CONS1ANT :

PR PKECIPITIATION RATE, CM/DAY

EV EVAPORATION RATE, CM/DAY
EPAGE RATE, CM/DAY

DIF DIFFUSIV]ITY

POUEPTH OEPHTH AT THE LOUCATIUN CORRESPONDENTING TO SEDEMENT

02800 0024
02900 0029

031v0 oull
03200 0032

aninnahnopoanpaannohonaohonhnoponnhon

031300 0033 COMPARTMENT _

03400 0034 TMASS TOTAL TRANSPOKTATION RATE OF TNk ACRDSSING THE

03500 0035 INTERPHASE :
U300 0036 c NE NUMBERS Of SEDAMENT COMPARIMENTS 1

03700 0037 C Nw  NUMBERS Ur SEDIMENT COMPARTMENTS CUVERED wilTh fREE wATER :

0380y 0038 C PHl  VOID FHACTION j
——_034p2 0039 € = kK {§ equal to 2, only dis [\ ocess is consjdered |

03804 0040 ¢ rk 18 the dissolution rate constant

Visve 0041 < ts and st are the parameters tor calculating the solubility
_ulHyg 0942 € = ta is the $olubility -

v3iBlo0 0043 ~—DIMENSION Y(100),X(200),1T(3),)A(7)

0is5 0034 COMMON/PAKA/NS ,Nu ,DT,TIME,PRT,T,NT

_ COMMOUN/CONST/A.B

03800 0046 COMMUN/RATE/WKO ,WKP ,WKH,wKV ,WKB

03070 0047 COMMUN/PHYSL/NJ ,ALPKA,TMASS ,PC,D1F,PHI,SD,SCUUK,SETL

03e22 0048 =~ COMMON/GRAPH4/SCA, ANG,UX, VY,V ML, YM]  XMA,YMA

036u0 0049 COMMUIN/PHYS2/PR,EV,SP,VOL,PDEPTH(SV) ,8r€a,deptn(50)

038k} 00s0 COMMUN/CONCN/C ,T55,55P,C5W(50) ,CMT(50)

0318H3 0951 ~—(CHAKACTER®80 1T,1STR !

ETTY 0052 ae DATA 1T(1)/°SIMULATION TIPE'/

03ews 0053 «DATA 1T(2)/'DAYS’/,1T(3)/°rdx concentration, ppm’/

0310886 0054 ~—DATA 1A/0,0,0,0,1,0,4/

03867 0055 LUGICAL TPRINT

o3sue VuUSH OPEN(UN]11%5,HAMES’ RDX,DAT’,STATUSS‘OLD*)

031690 0ys7y DPEN(UN]TS6 ,NAMES’SSL.DAT’ ,STATUSE‘NEW®)
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29100 Ovul subfoutine tluxl
9BUL VL2 [ mass Lianstel Tale coetficlent §8 0,235 tor tnl 1s 15%
e _99uQ_. .. Quud . € _____ 3L._1is assumed thalt masSs tlansgtel coefticient 1S propoftional to. _
Jvuuy (VR ] < the tnt aeposition percentdae,
Jvl00 [V ) common/concn/c,Lss,88p,C¥(50),cmt(5V)
30110 quln AKA/NS DT, 2IME,PK]1, 1, M)
3u2vuo Voo7 COMMUN/PHYS2/PK,EV,SP,VUL,PUEPTR(5V ) ,ARLA,DEPTHLSV)
Jusuvy 0voy CURMUN/PRISI/UM(50) ,DMASS,TFASLSV)
Juily [iNNY] CUMMUNZWALER/KL(50)
Jvi20 volo CUMMON/PRYISLI/NJ ,ALPUA, THASS ,PC,DI1F,PH],S80,SCOUK,SE1IL
FIE Yy 0v1l common/solu/ta
Juizg 0012 coRmon/solul/rK,sm,t8
Juaoy vu13 DMASS®O,
30av2 vo14 1ttt .les 70,) go to 300
S Y17 Y7Y W 113 §- 1t(r g, 70 and,. t_.le, 130,) 90 to 350
3040 0016 1£(t ,9t. 130, .8nd, t ,le, 210) go to 40O
30408 0017 1t(t ,9t, 210,) 90 to 450
Jusug 0018 3100 temp=463, o
3osvl oU19 Qo to 500
Ju50y 0V20 3s0 tempE293,
0503 Qu21 go to S00
JuSV4e V022 400 temps303,
3050% 0u23 Qo to 500

30502 0025 SV0 tassm*10,**(8,)%exp(=ts/temp)

JosSve Ove go 100 3=1,n)

10840 0027 JEN((NSe])el)

30600 0028 om{j)srkecmt () eareasivoc,*(te*1000,°2)

dovlo 0029 < am()) §s An uQ per day
U706 _ 0030 __ 100 UMASS=DHASSDM(J) .

30710 (VR DY nhITL(6,200)DMASS

30720 V032 200 FORMAT (7H DMASSE,E12.4)

Joguo 0033 RETURN

30900 0034 END

\
1
{
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YLV DI p SURRLUTIHRE FLUX
—e- dd3uu_. o woud . L . 1rdd SubkvU1lkk 15 TU CALCULAIE THE ‘IWIAL AbAiDPUK]Y b
21duy 0004 [ ChbkMICAL 1nkUULGKH SEDIMEM 1N1EhEACE
27810 000s cCommON/para’/ns,nv,dt ,time,pre,t,wt
2% LA CUMMOM/PMISI/NJ ALPHALIMASS ,PC OLb, 001, SD,SCUUR.SETL
28UV 0007 COMMUN/CUNCH/C,T5S,5SP,C5n(50) ,CHT(DV)
PUTIYY 0vo8 CUMMON/PHYSI/DP(50) ,UMASS, THAS(50)
. ZmuSU._ Uu0y . COMMUM/PHYSZ/PRLEY,SP,YUL,PORPIHISU) area,0eDtN(50)
48055 go10 cosmon/edter/n(s0)
20u57 0011 common/solu/te
38070 0012 @000 write(s,iluluind
de0bY 291) 1000 format(Sn tlux,1%5)
28100 0014 THASSSO,
— _ _dizuy Q01§ 0000 0 DO 100 fis), Nl
28300 OUle JsN((NSe1)=4)
283190 Q017 <
—_— 2232u 0018  cees  teaperature adjultment on Solubliiily
48330 uu19 [
28330 004v tomte/cev())*3000,
2A450 QU221 1£(Conl)) .11, LA%I00Q.) tD=1.
29400 0022 conolsCc/(Csw())std)
2d0V0 0023 TOESPYe2 ,*DT/(DIF®(1,9ALPHAY)
28100 G024 _Aasl.=CONDL
28800 0025 pbsexp(+~1a/4,0)
28900 0026 asl,"ert(tass(0,5)72.)

027 0000 tmas{))si8a%bp/().1410%td)e(U,5)-p2/2,0%QeCONAd)

49010 vv2e <

29940 0029 Ccose ceta inh microgQram per squale centiseter pef aay
29010 0030 (5 —

291v0 w3l DETAZPNRI 6P ICEn () )SLDO10,00(])

29105 vo32 teas())zoetacstnas())

29300 Q033 IMASSATMASS¢IMAS(J)SAREA

29400 0034 100  COMNTINUE

29%00 0V3s RETURMN

29600 006 END
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[WEUTEY AN )

dodlu (DLY] S+TMass/vVOloCUS(TOPI=TOCVeTOSP)/VOLl)/ () .=LsSoPCoib, 00(el,))
40820 yusSYy : 1£(C +Qte Us) QO tO HUO
——— 4690 0000 caclsott(esunKkec .

20910 vuel S+LMABS/VOLloCo(TOpPr=I0eV=rosp)/vol)/ (), ~ts54pC10,22(=3,))
20912 VoL2 S90 1F(C .G1. O0,) GU 70 700

25913 Ounl 15401 LEUL 1.) G TO 700

46914 Vob4d 0TRDT/?,

20910 oveY PEIBPRT/ T,
26916 . _Uune _____ GU_TI0 600

20920 0087 700 CONTINUE

26930 0008 1fic ,Qt. tas1000,) catasiooy,

w0,

27090 VY70 SSPEC/1000,%pC

27190 0071 C SsP IN LG/G

<211ly W32 tmxc?vol

27¢V0 0073 RETURN

27400 vov4 EnD

.

PROGRAM SECTIONS

NARR Bytes _ Attfibutes
U SCULE | 688  PIC CUNM REL LCL ShR  EXE  RD NUWRT LONG
_1 SPUATA 156 PIC COx REL LCL _ShE_NUEXE KD NOWRT LONG
2 sLucab $2 PIC CUM REL LCL NUSHR NOEXE RD  wRT LONG
3 PARA 28  PIC OVR REL GBL SHR MUEXE RD  WRT LONG
¢ 4_RATL 20 _PIC OVk WEL GBL  SHE NOEXE _ RD  wH1 LONG
5 phisl 3b PIC OVR REL GBL  SHr HKOBXE RD  WRT LUNG
o PHIS2 420 pJC Ovk KEL GBL  SHR NUEXE RD  WRT LUNG
J_PHYS) 404___PIC OVR REL Gblh  Sug KOEXE RD _WRT LONG
8 COMCN 412 PIC OVk REL GBL  SHR MUEXE RD  WRT LUNG
9 MASS 4 P1C DVR REL GBL  SHK NUEXE RD  WRT LOUNG
10 RATE) - 8 _PIC OVK KEL GbL  SHh MNOEXE RP  WRT LONG
11 CONST ® PIC OVK REL GBL SHRk NUEXE RD  wRT LUNG
12 wALER 200 PIC OVh HEL GBL  SMR NOEXE RD  WRT LOUNG
13 aEAlH 12 PIC OVR REL GBL _SHR NUEXE RD _ WRT LONG
14 sOuu 4 PIC OVR REL GBL SHR MUEXE RD  WRT LUMG
15 COnlRL 12  P1C OVK REL GBlL  SHR NUEXE RD  WRT LUMG

lotal Space Allocated 24606

ENTRY PUINTS

e Address  Tvpe Name

L=0QVL0000 COMPS
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dvdvy wJul
é33uvy wWiv e .
254\0 vl . . subhullink CU*PS . [T e it IR E PR PPN
255v0 [IVIVEY < THiS SUBKLUTLINE 1S 1V CALCULATE 1HL CUNCENTRATIUN IN FkEE wATEK
25000  Lwus c © AND Oh SUSPRIDED SULLD
e A0AOO WU CONMUN/PARR/NSSNa,D1,11ME,PR1, 1,01
25huy vuu? CUMMUNZRATEZ/wKU ywhE owhH, WAV , WA
25900 voue CUMMUN/PHYS1/NJ ,ALPHA, THASS,PC, DIt ,PnL, 51, SCOUK, SETL
e —4OULL_ QU09. . CLMPUN/PUIS2/FE,EY 5P, VUL, POEPINLSU), a1 ea, geptn(50)
doUlY Vvl COMMOL/PHYS3I/DM(50) ,UMNASS, TMASLSU)
2010y uull COMRUN/CUNCHN/C,TSS,S5P,CSnl(50),CNI(50)
_2p105 NOL2 common/mass/Lm i
2011y Qo3 CUMSUN/RATEL/AWKP ,AnKE
20120 vuld CUMMON/CUNST/A,B
2pldn__0U1S. COMMOMN/RALERZN (S0)
20132 001lo common/wedth/LOpPY,T0V,T08D
20134 0037 common/solustd
2blin 0018 conmon/eontrl/ n, Kl .kn
20140 0019 4VhEVOlsjuss(3,)/areasny)
20160 V020 write{(b,400) avh,awkp .
24pl114 __QU2} 300 fornat(iSn_sverage oepths,ell.4,2bh da0justeq phololysis rates,
20180 VL2 seln 4)
20182 0023 if(amoa(t,S50,) .ne, L,) go to Y00
20184 Q024 1t ,Qr. 224,) basel
2ok 0029 nsnta
do1bd vu2e AWKDIwkb?2,%8 (D)
_2h189 QU217 de(k) .eq,.1) BekbEwkb
26150 V028 900 write(b,800) awkb
20192 0029 800 tornat(o6h awkbx,el2,.4)
408200 w030 SUMKSWKD+aAWKL+NAHawhY S AWKE
2040y 0ol cozc
¢« dodly 0v32 ¢
20444 0033 ches call _tor tilux)
20430 Vi34 4
20440 ov3s call tfluxi
—_— 20945 ___ w036 __ C
2v4d0 0037 [ XY} call tor tlux
20455 V038 c
———204532 VU39 < call tlux
20400 vo40 do 3u0 4=},nj
20402 0udl J=N{(NSel)el)
L0405 __ V042 ITEIMAS(VISAKEAIDM(Y)
2o407 V4l 1t(Kk ,eqQ. 2) ttsam(})
Zo4ol 0044 IF (AMUDL(T,?,) JNE, 0,) GU 10 300
40410 004§ wh11€(6,200) 39,717
20474 V046 200 FURMAT(20H DIFFUSIUN RATE FRUM,15,4H |5 ,E12,4)
20460 0047 300 CONTIMNUE
— ... 4b4BY vo4g TMASSS]MASS+DMASS
FIYY Y ovi49 1£(Kk ,eq, 2) trass=omass
20440 uoso wRITE(b,350)1MASS
20492 0051 .
20495 v0S2 350 FORMAT(4oH TUTAL DIFFUS1ON HATE THROUGH BO110M SEDIMENT=,E12,4)
26500 0053 c
20000 0ub4__ Ceses SS_IM_G/LITER,C 1K UG/LITER
20700 yuss C
20710 VudSe 000 continue

—— 11D R A

—c=cl+(dt/2)%(~supkecO




24130 vusH 1t(kn ne, 2) go to SO0
¢_4731  uusy 18(0 (gt 16h,) wkptm2z,Swkpt
e 4N 3B LOUROL . S0V CONLARMER.. . oo e e s e
24140 uvbl 1t(wxpt ,0t, wkPsb,) wkprmwkpdo,
: rIYLH) uub2 AUKPRAWKL ¢wkpL
- 24280 uosl AFLAMUDCT 203 _JHNE.. 0.). GO 10U 200
24800 U004 writel(s,150) ntinss1)el) poepth(i),aeito p —
24310 VD1 200 continue
—d 481l O0by deind. ey, 0)._go. to 350
H FLL T [ D]°)) AWKPBANKP/NJ
) 2490y 0Ve8 150  tormat(i5,2e12.4)
2499402 Q069 nLinue
2491 vul90 write(s,1000)n)y
44920 00N 1000  tormat(th surtace,i5)
———2%u00 0012 RETURN
25100 0073 END

PRUGKAM SECTIONS

Name Bytes Attributes
Vv sCULE 645 P1C CUM KEL LCL SHR EXE RD NUWRT LUNG
1 SPUATA 31 F1C Cus REL LCL SHR NUEXE RD NUWRT LUNG
2 SLUCAL 56 _PIC CON REL LCL NUSHMR NUEXE  RD  WRT bUnG.
3 PARA 28 PIC OVR REL GBL SHR NOEXE RL WRT LUNG
4 PhXs!? 3o P1C UVKk REL GBL SHR NOEXE RD WRT LUNG
S PHYS2 420 P1C OVR REL GBL SHR NUEXE RO WRT LONG
6 WAlLR 200 PIC OVEK REL uBlL SHKR NULXE RU WK1 LONG
7 kAlel B F1C OVR kkb GBL SHR NUEXL RD wRT LUKNG
— 8 _CunTRL 12 P1C OVR _KEL GbL Sk NOEXE RO WRT_LUNG
9 RAlG 20 PIC OVR REL GBL SHR NOLXE RD wWRT LONG
Total Space Allocated 1456
Bty PUINTS
Adaress Type Name
[TV VT T SURFACE
VARIABLLS
— .. AgoleSs__Type Name Address Type MName
4-00000004 Re4  ALPHA 5«000000D8 R*4 AREA
2=004p0014 _ K*4_ DEL1A 2200040018 R4 DEL1D
S=LYLUOUD4 Re4 EV 2200000008 134 ]
B=0OOUV000 %4 KK 8=00000004 124 KL
2200v0001C 184 M 4=00000000 184 NJ
4=000vV00UC R*4  PC 4=00000014 R%4 PH]
4=00UU0VIC R*4 SCOUK 4=00000018 PR*4 SO
- ~£200U00000 R4 SUM 2200000010 _R*4___SUMI
Aodress Type Name Address 1ype Name
T«00U00004 H®4  AwKB 7=00000000 K*4 AwKP
. 8=0000V010 K*4 DIF A:RPQPQQQ!__REA_.QJ-_*
2200000004 %4 2=0000600C 194 K
B-000UOUOE 14 KN 2-00000024 1#4 L
—o.. 320UGLOLVO 104 NS 3200000004  1%4 Nk
S=0U0LLUUUL  Hed PR J=00UVO00I0  R*4 PHT
42UV00VUZU K4  SETL 5=00000008 KH*4 5P
I R s 3=0000000C _R*4 TIME



¢lvvy oVl
21V yu ¢
——ee £4UVN.. UUNA ... ... .suDlOVLine._BUIftace. ... .
d21vy Juod C TH1S SUBKUUTINE 18 TU CNtCh THL SURFACE hhlcﬂ la CUVERED
244V 00V5 ¢ W1Th FREE WATEK
22300 Vuls COMMUNL/ZPARAZIG N, DT, TIME,BRY, 1, 8T
<4240y o0l COMMUN/ZPHIS1/NJ s ALPHA» IMASS,PC,ULE ,PHL,SL, SCOUK , 8k,
25V Vuoe CUMMUN/PHYS2/PF ,LV,SF, VUL, Pn:stn(bo).area,aeptn(bol
——dBNS DI _«__commnntxutgllnlbui
YY1y 001y COMMUN/KATEL/AwKP ,AnKDB
FYLIY] 00414 comnon/contrl/RK k]l ,kn
e 43U 0012 COMNUNZHRATR/ZWRU, WKE , WKH, WKY s WAD.
PP ("1 ¥ ] C
351y VUL e (411 wHEN PONL 18 DRIED
—d452y 005 c
2252 U016 IF{vOL ,G1, 0,.) GO TG 300
22530 0017 N B0
22531 WO1R Wi lTh(a,400) i, YOL
22532 0019 40V PORMATLLI®D E12.4)
2253y Vu20 GO 1U 200
———22%a0 0021 300 _ COMIINLE
22600 0022 SUh=0,
FY ) 0v24 DO 10V J3l,(NS=1)
22800 V044 IEN{(NS2})=J)
PYL 1DV 0u2s REN(NSe])
23V vile SUMESUMe (DEPTh{1)=DEPTH(K) )SAREASJ?10,%8(«3,)
| _ak0, 1) _SUMIZSUM
23100 Vo028 1F(VOL ,GT, SUM) GO TO 110
2330 0029 DELTASVUL=SUM}
23310 0930 IFADELTA. »bbs 0o) DELTASYQL
23400 oull DELTUSDELIAZ(AREA®(J41)%10,80(=3,))
23410 0032 NJ®=J
—_—ddbuu 0033 GU_TO_12¢
23500 V034 110 SuMi=SUL¥
23800 0uis 100 CONTINVE
————23%0) 0036 LN
23bV2 vui? 4
23804 (DY) Coee when pond is tull
—_— 239V 0V3Y c

23810 VRV 1{{vol ,le, sum) go to 120
23820 vvél geltasyolesuml
——Adedu___ 0041__________.geltusuelta/(areatjjo1)‘10‘3l(- 2l)
23840 ouis
23900 [(ITY} 120 CONTINUE
——l4VVy QU4 (o
24100 ude Cees DETERMINE WATER DEFTH ABOVE EACH SEDIMENT CUMPARTMENT
243110 uvaer c
—_— 2412y 0038 pEn{(ns+ll)enl)
24130 0véy AWKP2U,
24140 vosu wKP1EWAP
e 2820y___9V51] DO._20Y _L=1,nj
294v0 60S2 Isti((NS+l)=L)
44700 Vo5 POEPTH(1)=¢(DEPTH(1)=DEPTH(¥))+DLLTD
——— 2471y 0054___ C R,
24120 PDLE] C ADJUSTING PHUTULYS1S RATEL
24730 O ET ) C
e e &W1AS_ VUST__ WKPLEWKD#2,B/Pdepth (i) e
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1% T171) yuol
195v0 wWwo

NS - IVIVRTY IV SR o

19790 0vud
19702 0uos

SUBRUUTINE VULUME

Th1S .SUBKLUTINE 1S 1U ES1IMATe IHE EMkb _AATEE YLLD%E,
CUMMULN/PHYSZ/PK,FV, 5P, VOL,PULPIH(5V) ,81e4,0eptn(50)
cormon/water/n(%0)

—29lue VUK COMMON/PhYSI/hJ,ALPHA, TMASS PC,D1F,Pil,S0,SCUURLSELL

197ve 0007 common/pata/ns.nw,dt,time,pre,t,wt
19700 0V08 cornnon/wedth/ropr,so0ev,rosp
19800 0009 C
19%v0 0010 Cosen CALCULATE THE TOTAL SEEPAGE DUKING THE TIMt 1LTERVAL
20000 001l C '
P 113 UVT1Y o0y 2 TAKEABAREA®NY
20200 wol3 10SPE1AREACSF#10,8%(~3,)
240300 0014 C
4 HE_T0IAL EVAPURALIUN DURING The TIME INTERVAL
29500 Quié C
20600 0047 ROEVEEVSTAREASLIO,08(=3,)
—_2020 0018 o
20800 V019 Cees CALCULATE 1HE TOTAL PKECIPITATION DURING THE TIME INTEKVAL
o

20900 020

—2300G_ 0021 ROPKEPRATAREA®LQ.$%(-3,)

21100 0v22 [+

21200 0023 Cess INTEGRATE THE VOLUME BALANCE EWQUATIOUN
—21400 0024 o

21310 002S VOL1=VUL

21400 0020 300 vOLEVOL1 +DT#* (KUPHekUEV=RUSP)

214402 U021 1F(aps((vVolevoll)/syoll) L,1t, 0,%) GO 41U 200

21404 vo28 IF(DT.EQ., 1.) GO TO 200

21406 0029 DTSDI/?,

21408 0030 G0 10 300

21409 0031 200 CONTINUE

214190 0032 c

21420 0033 cese check surface area

21430 0034 c

21440 0035

21600 0037
211700 vuis

3

call surface
AF(YOL k. 0. VOLEQ,

RETURN
END
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Vlugy vl
Al VLW

Lieny Uvud.

17300 Juvd
11400 VUUS
——--1J410 _200n

SUBHOULANL IniIL . . e e e e - —
< TH1S SUBKUUTINE 15 TO INITIALL2E Ink SIMULLATLIUR SYSTEM

CUMMUN/CONCI/C,155,58P,CBM(50),CHTLSY)

CUMMUL/PHYS2/PR,EV., SP, YUL,PDEEINLON ) al A, 0epLli(50]

17440 VTV
VI3 vuly
...... 27500.. w009
17000 uolv
1799y ovil

conmon/pata/ns,nv,DT,Tine,pril,1,w]
cormon/mass/tn
T S U P
Ceor HEAD 1IN INL1)AL CONCENWIKAL1IUNS
¢

—_—lne_vere . KEAD(5,100)_C,ISS,S8Sp.

17900 uvld
171910 00148
112840 .__uuls

100 FUKMAT(10ENH,2)
c .
[J1%] read in _iuitial_concentrations in_seaiment

11930 U2 )
11935 0017
179440 VO18

c
do 200 i=i,ns
_HEADI(S,450)_CSwll),CMT(1)

11942 vul9
17945 0020

wRITE(B,150) C8Sw(l),CMT(Y)
200 continue

—_——12450 0u21 . 1bu  tormatibelu.d)

18040 0022 ™

Lelvy 0023 Crer READ 1N 1N111AL VOLUME
182uQ 0024 QL

18410 ou2s < VUL I LITER, AREA IN (CH)*e2

18300 V020 READ(5,100) VOL,AREA

18310 0027 tmacrynl

18400 0028 whklTE(b,110)

1850¢ 0029 110 FORMAT(10h1,200 IN1Y1AL CUNDITIUNS )

18000 003U

WRITELH,120)._YUL

167V 0u3l
18600 Vydy¢

120 FURMAT(®H VOL=,E12,.4)
wRITELG,130)

——HYV0_  0u3) 130__ _FURMAT(8H__ COMP_,)uh Cw_(UG/L),JUH SS (UG/L),10H CS (UG/L))
19000  Oul4d WHITE{6,140) C,TS5,55p
19100 0035 140  FURMAT(10X,3E10,2)
19200 UQ3b REIUKN
19300 0u37? ENV
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[ RN

135wy
13000

005
uusYy

C
< CUMPAFED 1Tu Thek UNE bebURE THE PKEVIUUS unt

PRI W | VYT 117 -Y ) R oo O

A3y Oyoey :

13900  ovel LN (Me])
14000 Gun3 N{M=1)BNIM])
14300 (1Y) N(M)=L
19200 O06S MEhe]

—iA3l _OVbs

RS ¢ W5 JVHE ¥ | + S——

14400 0067 120 Nikel)=]

14000 OUGM 130 COUNTINUE

14100 0009 KuKsl

14800 0070 410 CUNTINULE

14900  00MM C

15040 0072 %38 DEFINE _ALPHMA_ANL DELTH

15190 0073 c

15200 0074 ALPHA®R] 8%10,98 (=3, )*PC¥(1,=PH]1)/PHI

19400 0078 WR1TELA,300)

15500 VV76 300  FORMAT(1H1,29HINPUTS OF KINETIC LWFURMALLON // 9H CUMPART=

15600 0077 $,8%,5HPART.,9X,4H X1,8X, /JHPHUTUL®,bX, THHYDROL=,5A, BHVULATL®

18700, Qf o GHMENT , 0 X, OHCOLFF o o 2X, HUATION,2( b2, 4HYXSIS,

158v0 0079 $1x),6X, THIZAT1ION,8X,6HBIUDEG)

15900 0080 WRITE(6,125)NS,PC,WKO, nKP ,wKH , WKV, wKB
—_———Ant00 OO8) = 125 FOURMATL/ 15,3X,9(3X,E10.3))

1olvo 0082 C

1020V 0uel Cose WRITE DLPTH

10300 0084, (o

10310 008s write(6,500)

16370 0vg6 500 tormat(ihl,7x,4hcomp,2x,5hdeptn/2x,5nhoraer,4x,1hs,3x,2ncn)

16400 0087 DO 170 KE1,NS

10500 ouBe WRITL(6,100)K ,N(K),DEPTH(R(K))

16000 0089 160 tormat(215,e10,2)

10/00 Q090 170 CONTINUE

16800 0091 RETURN

16900 0092 END
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veduL yuul

vouvy vvud SUorOULINE INPUT
- .uslbuo _wuuld_ o L C. IKLS SuskulUlink 15 31U DbbIne SIMULALIUN FAFAPRIEPS
uedsLO ovud CUMPUL/PARA/NS Do DT, TINE,PRT, 1,01
vEsSVU v00S COYMUN/HATE/akD ,wKP ,nhH , nAY, aRE
JTC T TR T LOMADA/PHYSI/AJ ALPHA, TMASS, PC DIY  PHI, SD,S
u9100 V? COMMON/PRYSE/PH bV ,SP,YOL,PUEPHIN(S0),areq,0epth(50)
PEIRIY) yuose coumon/vates/ni50)
Uyl YUY CORMUN/HAIEL/ANKD , AnbD
ov1io oVt common/solul/Ik,sm,ts
Uyl av ov1y cormon/contrl/ia,kl,Kn
U {1 1YY TR 1V} W4 C
Vg4uv voll Cooe REAU TIILE INFORMATIUN
095v0 ovid c
RN TTH T STV F R MEAD(S,v0) TITLE
yvolv 0v16 write(o,90) title
09700 Vo117 90 FORMAT(8ALOQ)
—— uouug QU8 I
v9yuu 0019 Cose KEAD KUM CONTRUL DATA
10000 0020 [«
— dgluy_ 0021 00000 KEAL{S,10U0) NS,1LIML,DI,.PRI,sL KK,EL.KD
10200 0022 100 tormat(§S,4¢5,1,345)
10210 ou23 write(s,100) ns,time,dt,pre, vt
— LOI00 0024 [ —
1v4yo 0u2s Ceosw READ Ih SETTLING AND SCOUKING KATE
1056¢ 0026 4
AupbQ 0027 READ(S,150) SETL,SCOUR

10700 002¢ 150 FURMAT(2EIV,.3)
1v800 0029 (9

—dbyvg  0V3IQ  (Cess READ IN SYSTEM PARAMLTIEKS
. 1ivee LIVEDY C
11dvy 0032 READ(S,2V0)PC,phi, 038 ,50,wAU kP akh,aKy, and
41110 vo3j IROQ(5, 200Kk 80, L8
11200 00234 200 FORMAL(9F U, 4)
11210 0039 AWRBSukp
e 10400  00je ¢ -
11400 vui? Cese REAL 1IN CEPTH DATA
11500 oV C
1154¢ (3] ] DU 490 JS), NS
11700 0040 490 HEAD(S,400) DEPTH(J)
11800 0041 400 FURMAT(OL12,4)
— 1% V4 (o
12000 [ILX] Cose ARRANGE COMPARTMEMNTS IN ACCURVANCE wi1H DLPTH
12100 oved o
14400 0045 AR
123v0 904¢ M(K)S]
12400 0047 N(MNeY)B2
12590 0048 DO 430 [s2, N8

14000 0v4s C

14700 0080 < CUMPARED TU THE PREYIUUS DEPTH
— 12800 0051 [

123900 0052 450 IF(DEPTH(1) .GT, DEPTH(N(K))) GO 10 120

13voo  00%) Lsh(K)
—_1J1e0_ 0v54 N(h)s]

13200 0058 N(Kel)sL

13300 ovse Mak

14800 0057 140 1k (M ,EQ, 1) GU TU 130




TR
2

AT IR

v

Sy TaTs
RNV

"-"-“.

e .

(] .
L4

vELLS ulls IF(AYOD(T,T7.) WNFE, V) GU Tu BBV

osL1lUL uiie C
N ce—. VEUV . w11Y € S1UHE THE _UA1A S —
OO [TTX ) vl S
S Jeu4l 011y X(11)s%
‘e —_—usus0 0320 000 y(ii)mes1000, -

. Vyvel V121 11x11e}
u [TTY I ¥ ¥} 180  CUNTIWUE

d ——Oaluu 0123 170  FOMMAI(2X,2HIZ,I8.2,00,InVULUMLR 2. 4,40 OHAKEAS 12, .4,
-, 08110 0124 $5%,2hcs,.e12.4)
A Ve3v0  03:S GO 10 100
'~.'., OR2U} 2128 110 cantinue
oy veill Vi [
R veysr 0120 c OkAm THE CURVE
A am24l 0129 L

s vez3l 0130 FROGsO,
- owz)s 01 0U 10 181,100

—  ONgd7 0232 2 10 FAOGRAMAXI(FRUG,Y(1))

o veZ39 013 LE(PRUG LLY, 20,) FRUGSZV,
- 08240 0134 11s1i=1
._f ukial 2118 CALL CGilalli(Q}
-," V¥2%1 0136 CALL GRAPHE(X(1),Y(1),04,1,300,,0,,00,,0,,1TL_),1A(1))
- ovzel 0137 C
- om211 0118 I JEAMINATAON OF GRAPH

/ owzeyl 0139 <
i ob2v} 0140 CALL GRAPH&(X(1),¥(1),23,1,0,,0,,0,,V,,10(1),1A¢1))
4 DNZ283 0141 CALL GPLUT(0,,0,,999)

: Ve300 0142 stop

! 08400 014 END
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ENI S
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oSO _ AN ANAE

vy

gL 2%
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A
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LR
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PR
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-

vidvuy JusH =40,
valuo uoShy C
— Vedvu. . _dunb. _..Ceee CALL tur LufU] S G
vasduo vos]} C
vedvy [ID] ¥4 CALL IwnPUT
l— usb00  0ued = uTH¥2EDI/2, R -
V4LV0 uved C
valyC voes Coee CALL FUR INITIAL COUMCLIERATLIONS
————ueBWy_ Webe € [
H veyuY 0007 call initl
| vasiv 0068 esl,
[ ud®20 Duas D&l
XL ¥ 0070 118}
0%vvo vl 100 T8T+DT
aS1ugQ 0922 10T .G1l. TIME) GU 10 310
' osS2ve 0073 T23T¢,0000000)
| 05300  OUT4 TPRINTE,PALSE,
L _nequn Q0?8 Iy (AMLD(I2,PRI) .LY, ,000001) TPRIMIS.TRUE,
U700 uOTle C
vhHBuo v Ceovos NEAD LN RAILS OF EVAPURATIUN, SLEPAGE, Anl PHRLCIPLITATION
_vol8 ¢
' vs9,10 ovl9 IF(T  NEo 3, AND, AMUD(T2,»T) ,GT, (LUVOO1) GU TU 160
i Vouvvy ovge AEAD(9,15V) EV,S5P,PR
- 0niuQ QURL 150  FOBMAI(3kiU.4)
vello yue? <
veliv Vue) < deteraindtion of scpuring ang settiing
— QOoldu QYB4 € ~
' Vo500 voes KATIOSPROAREAOINS/VULS10,08(e),)
Voo 0y 11 11 1F(RATIO (LT, 0,1) GO TO 160

— uolug 0087 _  SCRe(1,.¢FATLIU=0,1)*§COUR

[T uves SELS(1¢RAI[U=0,1)*5ETL
00900 ovey 160 CONTINUE
Qlupy 0090
011u0 0091 Ceoes CALL FOP VOLUME
07200 0092 CALL VOLUME
— _u]402 _ 0UY) 4
[ RPIT ] 0v94 < check to See the pond s driec oul of nol?
01400 0oYs c
———vl]lo Vvl 1F{Y0L .61, 0,) GO 10 300
V1220 0097 WR11L(6,3%0)T
[ RPN uu9s 350 $ORMAT (20K THE POND IS DRIED UUT AT ,F5,.1,5%H DAYS)
e _0lze0 w099 e0_10 1190 ’
V125 viyo 300  CON1INUE
0/s0y 010} c
Q2 (%es  CALL FOR CumpPs
V7900 0103 <
0lovo vive CALL CumpPs
e u12uf . Olus C
Vlewvy V100 Coes PRINT 0U1 TME BIMULAYION RESULTS
0/90¢ 0107 c
V7910 _wio® = if(yol ,9%, v,.)} Q0 tp 210
v1920 0109 vrite(o,200) o,
vivde 0110 200 torsat (220 tne pond is dried out)
v1y40 01t go _to 119
oI9Sy 032 2lv continue
Q7958 (IS ¥ itiprt ,€q, 1,) tprints,true,
- vever 0134 JE(TPRINT) wHITE(6,370) 7,V0L,AREA,C

e

P Y
AT A4
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