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METRIC CONVERSION FACTORS

To convert English units Mltiply by To obtain metric units
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feet per day (ft/d) .3048 meters per day (m/d)
feet squared per day (ft2/d) .0929 meters squared per day (m2/d)
miles (mi) 1.609 kilometers (km)
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cubic feet per second (ft3/s) 28.32 liters per second (L/s)
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DIGITAL-MODEL STUDY OF GROUND-WATER CONTAMINATION

BY DIISOPROPYLMETHYLPHOSPHONATE (DIMP),

H iROCKY MOUNTAIN ARSENAL NEAR DENVER, COLORADOr-

FINAL REPORT,

By S. G. Robson

ABSTRACT

Diisopropylmethylphosphonate (DIMP) is an organic compound produced as a
byproduct of the manufacture and dbtbxification of GB nerve gas agent at the

j Rocky Mountain Arsenal, Colo. Ground-water contamination by DIMP occurred
from unlined industrial waste-disposal ponds, during 1952-56. DIMP appears to
function as a nonreactive tracer in an aqueous environment, for a combination
of ground-water and surface-water transport has spread the-contaminant to an
area in excess of 28' square miles (73 square kilometers) between 1952 and 1975.
This study was undertaken for the Rocky 'Mountain Arsenal with the purpose of
building ground-water solute-transport models for use in evaluating the mech-

[ anism of DIMP transport and the effectiveness of various water-quality manage-
ment alternatives.

Saturated alluvium, as much as 60 feet (18 meters) thick, is the geologic
unit primarily involved in the ground-water transport of DIMP. Ground water
m6ves to the northwest across the arsenal and ultimately discharges to either
the South Platte River or First Creek. Long-term estimates of mean annual
flow indicate that: (1) 0.24 cubic foot per second (6.8 liters per second) of
ground water enters the arsenal from the southeast, (2) an additional 0.83
cubic foot per second (24 liters per second) of water is recharged to the
aquifer from five unlined ponds on the arsenal, (3) 0.77 cubic foot per second
(22 liters per second) of water crosses the northwest boundary of the arsenal,
and (4) 0.30 cubic foot per second (8.5 liters per second) crosses the north
arsenal boundary of which 0.14 cubic foot per second (4.0 liters per second)IIH discharges to First Creek.

Two mathematical models based on ideulized aquifer conditions were used
to simulate the water-table elevation and DIMP concentrations in the alluvial
aquifer near the arsenal. The models are based on an iterative alternating-
direction-implicit mathematical solution of the ground-water flow equation
coupled with a method-of-characteristics solution to the solute transport equa-
tion. The steady-flow, transient transport model calculations were calibrated



4 by comparison with long-term mean water levels and DIMP concentrations for
May-July 1975. Model simulations indicate that the contaminated ground water

moves with velocities as much as 15 feet per day (4.6 meters per day) to the
Inorthwest of the disposal -ponds and with velocities of about 1 foot per day

(0.3 meter per day) to the north of the disposal ponds. Some of the contami-
nated ground water that moves to the north enters First Creek from springs and
seeps and, ultimately, either enters Barr Lake or returns to the aquifer be-
tween .First Creek and Barr Lake, thus affecting, the ground-water quality be-
tween the arsenal and the city of Brighton, Colo. Model simulations indicate
that DlMP-contaminated ground water would not reach the Brighton municipal
well field by 1995 even if additional discharge of contaminants continues near~a Tined industrial waste-disposail reservoir on the arsenal and no attempts are

made to retard contaminant movement.

A comparison of model simulations of selected water-management alterna-
tives suggests that a physical barrier to the movement of ground water, locat-
ed near the downgradient edge of a contaminated zone and manages so as to pre-
vent water-level changes both above and below the barrier, would be the most
effective means considered for preventing further migration of contaminated

ground water. None of the simulations with the barrier produced a rapid de-
crease in DIMP concentration in First Creek, thus supplemental measures may
be required if the DIMP concentrations in ground water near Barr Lake and
Brighton are to be reduced in the near future.

INTRODUCTION

Historical Background of the Contamination Problem

The Rocky Mountain Arsenal was established in 1942 and presently encom-
passes about 27 mi2 (70 km2) immediately northeast of the city of Denver,
Colo. (p]. 1). The northern boundary of the arsenal is about 7 mi (11 km)
south of the city of Brighton, Colo. The arsenal was constructed to produce
toxic chemical and incendiary munitions--about 242,000 tons (220,000 t) of
which were manufactured during World War II (Reynolds, 1975). After a postwar
reduction in activities, the arsenal began a second manufacturing phase in
1953, upon completion of a new toxic-chemical-agent facility. This manufac-
turing and filling facility manufactured GB nerve gas agent from 1953 to 1957.
One byproduct of this manufacturing process was the organic compound diiso-
propylmethylphosphonate (DIMP). The arsenal has subsequently been involved in
manufacturing anticrop agents and removing toxic chemicals from munitions.
From 1973 to the present (1976) the GB-manufacturing facility has been used to
detoxify the GB agent held in bulk storage and in bombs and warheads.

4

The manufacturing and detoxification activities at the arsenal have pro-
duced industrial effluents, some of which have high dissolved-solids concen-
tration and (or) high concentrations of organic compounds. Prior to 1956,

- these effluents were disposed of in unlined surface ponds. Effluent perco-
lating through the bottom of these ponds has degraded the chemical quality of
the ground water in a shallow alluvial aquifer. Subsequent to 1956, indus-
trial effluents have been discharged to a lined reservoir (Reservoir F, pl. 2)
and the unlined ponds have been either unused or used temporarily to hold sur-
face runoff or freshwater.

2



IJ Petri and Smith (1956) studied the ground-water quality near the arsenal

in 1-955 and 1956. They found that high concentrations of sodium and chloride
in the aquifer extended from near the arsenal disposal ponds northwest to the

jSouth Platte River. Data from this and subsequent work were used by Konikow
(1975) to prepare detailed maps of the bedrock-surface elevation, water-table
elevation, and aquifer saturated thickness and transmissivity near the arse-

nal. Konikow later expanded this work to include a digital ground-water-
quality model capable of simulating the movement and dispersion of chloride in
the aquifer (Konikow, 1976).

In 1974 the first analyses for DIMP revealed the presence of the compound
in ground water on the arsenal and surrounding property to the north and west.
Trace concentrations were detected in an area in excess of 28 mi2 (73 km2) and

{IL in wells as much as 7 mi (11 km) downgradient from the arsenal disposal ponds
and within 1.0 mi (1.6 km) of two wells in the city of Brighton's municipal
well field (pl. 1). Concern has been expressed about DIMP in potable ground
water because little is known about toxicity levels or the effect of long-term
consumption of trace ,amounts of the compound. This and an associated problem
of -ground-water contamination by a pesticide byproduct, dicyclopentadiene
(DCPD), led the Colorado Department of Health to Issue a Cease and Desist

jj Order against the Rocky Mountain Arsenal and the Shell Chemical Co. The Shell
Chemical Co. plant on the arsenal property is thought to be the source of the
DCPD. The Cease and Desist Order states, in general, that the Rocky Mountain
Arsena' and the Shell Chemical Co. are to:

1. Immediately stop the off-arsenal discharge of DIMP and DCPD from both
surface- and ground-water flow.

2. Submit a proposed plan of action to preclude such future off- arsenal
discharge and take action on the approved plan.

3. Develop and institute a surveillance plan to verify compliance with
items I and 2.

Purpose and Scope

The Rocky Mountain Arsenal requested that the U.S. Geological Survey
conduct a digital-model study of the DIMP contamination of ground water on the
arsenal and surrounding property in order to provide insight into the mechan-

I ism of DIMP transport and to provide data useful in meeting the requirements
I of the Cease and Desist Order. Specific information was needed concerning the

area affected, concentrations, and rate and direction of movement of the plume
of contaminated ground water. In addition, an evaluation was made to deter-
mine whether or not Brighton's municipal well fields (p]. 1) will be affected
and, if so, to determine future arrival times and concentrations.

The study was undertaken in three phases. Phase I involved the conver-
sion of the existing chloride transport model (Konikow, 1976) of the arsenal
to a DIMP transport model in order to evaluate the magnitude of the ground-
water contamination in the immediate area of the arsenal. Phase I! involved

r 3



jbuilding-a second DIMP transport model. of a, larger area in order to -investi-
gate the potential for DIMP moving into the city of Brighton's well field and
other adjacent areas. Both models assume conservative (nonreactive) transportof DIMP and were calibrat e d using 1975,data on DIMP concentrations in the

qaquifer. In Phase I-I of the study, the models developed in Phases I and II
were used to evaluate the effectiveness of various proposed methods of com-

bating the 'spread of contaminated ground water near the arsenal.

Acknowledgments

41 Existinq data on the DIMP concentrations in ground and surface waters
were provided by the Rocky Mountain Arsenal.. These data included chemical
analyses made by the Colorado Department of Health, Shell Chemical Co., and
the, Rocky Mountain Arsenal. The arsenal also made DIMP analyses on supple-
mental samples collected by the U.S. Geological Survey. James W. Warner of

A p the U.S. Geological Survey contributed materially to this investigation
-through his work on the numerous computer runs leading to the final model
simulations.

lI MODEL DEVELOPMENT

The model used for both the chloride and DIMP transport studies at the
arsenal is based on an iterative alternating-direction-implicit mathematical
solution of the ground-water flow equation coupled with a method of character-
istics solution of the solute transport equation as described by Bredehoeft
and Pinder (1973). These mathematical procedures require that the area to be
modeled (pl. 2) be divided into numerous small rectangular segments or nodes
of equal dimensions. At each node In the area to be modeled the average geo-
hydrologic and chemical characteristics of the aquifer within the area of the
node are described.

In the Phase I model (pl. 3), a 1,000-ft (300-m) grid interval was used,
as was used in the previous chloride model of Konikow (1976). This grid in-
tervai enabled a detailed simulation of the aquifer in the immediate area of
the arsenal but was not practical for simulating conditions over larger areas
due to the excessive number of nodes required. To simulate the larger area
from the arsenal to north of Brighton, the Phase II model was built with a
grid interval of 2,000 ft (6oo m) (p]. 2). The advantage of being able to
simulate aquifer conditions over a large area is partly offset by the loss of
resolution in the model. In either model, the smallest feature that can be
considered must have an effect over an area comparable to the size of the

model node. Because of the resolution limitation, the Phase I model was pri-
marily used to simulate conditions in the immediate area of the arsenal while
the Phase II model was used to simulate more general conditions at a greater
distance from the arsenal.

The geohydrologic characteristics of the alluvial aquifer in the study
area have been described by Konikow (1975); Hurr, Schneider, and others (1972);
and Smith, Schneider, and Petri (1964). They found that the direction of
ground-water movement on the east side of the South Platte River is generally

f 4



ffom the southeast to the horthwest (pl,. 3). On the west side of the river,

movement -generally is, toward the-northeast, resulting in ground-water dis-
charge to the, river. The aquifer is di'scontinuous near the Rocky Mountain
Arsenal' because numerous bedrock, highs separate areas in-which the alluvium -is
saturated. In this area the direction of ground-water movement is controlledby the configuration of the aqujfer. The saturated',thickness of the a1luvial

aquifer ranges from 0 to 60 ft (0 to 18 m) (fig. 1) with the thicker areas
'located'near abandoned: Of the South Platte River and
its tributaries. The transmissivity (fig. 2) of the aquifer is as much as
20,000 ft2/d (1 900 m2/d) with the areas of highest transmissivity near the

areas of greatest saturated thickness. Porosity and storage coefficient of
the, aquifer are estimated to be 0.30 and 0.25, respectively, and are reason-
ably constant throughout the aquifer.

ft Water-level hydrographs for wells north and west of the arsenal show that
there have been minimal long-term water-level changes in the area between 1937
and 1975 (Brookman, 1969). The most significant short-term water-level change
occurred during the 1954-57- drought when water levels temporarily declined 3
to'5 ft (0.9 to 1.5 m), The varying rates of recharge from the disposal ponds

t However, adequate historical data are not available to document pond recharge

rates or fluctuations In ground-water levels near the ponds. It is thought
that short-term pond recharge variations would affect only a small area near
the ponds and that the long-term effects of the ponds are of primary concern.

I As a result, it was assumed, for modeling purposes, that the ground-water-flow
system was In a steady-flow condition from the time of DIMP discharge (1952-56)
to 1975. To simulate these conditions, a steady-state flow model was coupled
with a transient-state transport model. This modeling procedure enabled the
simulation of the steady ground-water-flow system in conjunction with aquifer
DIMP concentrations that change during the 952-75 simulation period.

The boundary conditions for the two DIMP models were handled in the same
manner as were those for the chloride model. Model boundaries extending
through parts of the aquifer were treated as constant-head boundaries; that
is, boundaries at which the rate of flow across the boundary may vary but the
head at the boundary is held constant. No-flow boundaries were assumed be-
tween the aquifer and the bedrock outcrops. Although the bedrock is known to
contain permeable zones (McConaghy and others, 1964), the hydraulic conductiv-
Ity of these zones is generally much less than that of the alluvium. As a
result, the assumption of impermeable model boundaries is thought to be valid.
This assumption is further strengthened by the success of the model in simu-
latiing historical concentrations of DIMP in the aquifer.

The quantity and distribution of recharge and discharge (p]. 3 and table
j[ 1) to the Phase I -DIMP model were similar to those used in the chloride model,

with one exception. Industrial effluent high in chloride was disposed into
ponds A through E from about 1943 to 1956. Effluent containing DIMP was
thought to be disposed into ponds A through E from only 1952 to 1956. Unfor-
tunately, no data are available on the concentration of DIMP in the effluent
or the volume of effluent recharged to the aquifer. As a result, the DIMPI! source concentrations used in the Phase I model were determined by trial and
error as those which produced the best agreement between the 1975 field data

r5
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and the corresponding model calculations. The volume of effluent recharged to
-the Phase I model was similar to that used in the chloride model.

1I
Table 1.--Recharge, discharge, and concentration of DIP data

for Phase I model

1952-75 a' erage Average DIMP
recharge or discharge, concentration,

Source1  in cubic feet per second in micrograms per liter

Recharge Discharge 1952-56 1956-74 1974-75

S A ---------------- 0.072 17,000 0 0
B -------------------. 012 17,000 0 0
C ---------------- 6.662 17,000 0 3,000
D--------------- .059 1,000 0 0
E --------------- .027 1,000 0 0

F -- .816 (2) (2) (2)
I ---------------- 6.540 (2) (2) (2)
L -------------------. 048 0 0 0
0 ---------------- 1.351 0 0 0
R - 12.959 ---

S -. 142 --------- -
U - 4.755 ------ 0 0 0
W --------------------- 1.242 --------- -

Reservoir F
(lined pond)-- 0 0 ---

Total ------ 14.342 14.343

1See plate 3 for location of sources.
2DIMP concentration in recharge varies during 1952-75 period. f

The DIMP source concentrations determined in the Phase I model were also
used in the Phase II model. The quantity and distribution of recharge and

discharge used in the Phase II model (table 2) were similar to those used in
the Phase I model in the areas where the two models coincide. The larger
simulation area of the Phase II model incorporates more sources of recharge
and discharge as indicated by the 14.3 ft3/s (0.41 m3/s) of total recharge in
the Phase I model as opposed to the 47.9 ft3/s (1.36 m3/s) of total recharge
in the Phase II model.

Both Phase I and Phase II models were constructed so that the discharge
of DIMP-contaminated ground water at springs and seeps along First Creek could
affect .the quality of water i, cn O'Brian Canal below the confluence of the
creek and canal. As a result, the Phase II model is capable of simulating the

[8



DIMP concentration -in groundwater near Brighton and Barr Lake resulting from
the recharge of contaminated surface water from the O'Brian Canal and Barr

'Lake.

Table 2.--Recharge, discharge, and concentration of DIMP data
f for Phase II model

1,952-75 average Average DIMP

recharge or discharge, concentration,
Source1  in cubic feet per second in micrograms per liter

Recharge Discharge 1952-56 1956-74 1974-75

A ---------------- 0.072 17,000 0 0
B --------------- - 012 17,000 0 0
C---------------- ;2 -662 17,000 0 3,000
D and E --------- .086 1,000 0 0

[j F--------------- - 2.690 (2) (2) (2)
G ---------------- 1.000 ------ 0 0 0
H .160 0 0 0
I --------------- 19.760 (2) (2) (2)

L ---------------- 3.420 (2) (2) (2)
0 ---------------- 1.930 ------ 0 0 0
R --------------- ------ 35.751- ------ ------
S .225 ---

T ---------------- -9.017 0 0 0
U ---------------- 9.151 0 0 0
W --------------- ------ 11.948 -- ------------
Reservoir F

(lined pond)-- 0 0 ---

Total .7 47.924 47.924

ISee plate 2 for location of sources.
2DIMP concentration in recharge varies during 1952-75 period.

iI

The Phase I and Phase II models assume that DIMP is conservative; that
is, does not sorb on the soil matrix, precipitate, evaporate, or undergo chem- t
ical alteration as it moves through the aquifer. This assumption is thought
to be reasonable although based only on indirect evidence. DIMP was discharged
to Reservoir F (a lined reservoir) in 1956 and is still present in concentra-
tions of about 4x10 5 vg/L 20 years later. In addition, DIMP is widespread in
the alluvial aquifer and can be detected much further from the arsenal than
can the chloride contamination that occurred at about the same time. Model

9!i
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:results indicate that high concentrations of chloride and DIMP have moved
through parts of the aquifer which in 1975 had low- concentrations of these
constituents. If DIMP were significantly sorbed-on the aquifer sediments and

- subsequently redissolved, these areas of low DIMP concentration likely would
not exist. The same transverse and longitudinal dispersivity (100 ft or 30 m)@roved adequate in both the-chloride and DIMP models, further suggesting that

DIMP may~be correctly treated as a conservative tracer.

If DIMP is not a conservative tracer, then the model results based on the
assumption that it is conservative will tend to show too much contaminant
movement and thus present a prediction of a worst-case concentration distribu-
tion. A determination of the ground-water transport characteristics of DIMP
is beyond the scope of this investigation, but should be undertaken if more
detailed and accurate modeling is needed or if a better understanding of the
transport characteristics is required.

Li MODEL CALIBRATION

A calibration procedure was used to check the validity of the DIMP trans-

H port models. Calibration involved a comparison of (1) the observed water-
l table elevations with model-calculated water-table elevations, and (2) observed

May-July 1975 DIMP concentrations with the model-calculated 1975 DIMP concen-
trations. The agreement between the observed and calculated quantities is in-
dicative of the capability of the model to simulate water-table elevations and
DIMP concentrations in the aquifer. The lack of data on the quantities of
water discharged to each pond, the concentration of DIMP in this water, and
the concentrations of DIMP in the ground water between 1952 and 1975, together
with the assumptions regarding the conservative nature of DIMP, contribute
uncertainties to the models which are evidenced as discrepancies between the
calculated and the observed data. Keeping these limitations in mind, the
agreement attained between the model calculations and the observed data is
sufficient to consider the model calibration as satisfactory. Because of the
number of poorly defined parameters in the models, it is possible that a dif-
ferent combination of estimates for these parameters might result in an equal-
ly satisfactory calibration. Although the models are considered to be valid
within the limits of the data, care needs to be used in interpreting model re-
sults so that more accuracy is not read into the results than the data would
justify.

The Phase I model-calculated water-table elevations are generally within
3 ft (0.6 m) of those shown on plate 3, and all of the model-generated water-
level contours are located horizontally within 700 ft (210 m) of the corre-
sponding contour shown on plate 3. The similarity between the observed DIMP
concentrations and the calculated concentrations may be seen by comparing
plate 1 and figure 3. In these and all subsequent DIMP concentration maps,
concentrations less than the 0.5-g/l analytical-detection limit for DIMP are
considered to be zero.

In the process of calibrating the Phase II model, minor revisions were
I made in the previously calibrated Phase I model in order to assure the compat-

ibility of the two models. The resulting final calibration of the Phase I

I 10
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mod6l-,(fig., 3) was not materially improved over the previous calibration but
differed slightly from that shown on plate 3 of the progress report for Phase
I dated February 1976.

The correlation be'tween the Phase I model-calculated water-table eleva-
tions and' the observed elevations was similar to that achieved in the Phase I

Iii model. The area of greatest water-table discrepancy~occurred near the small
bedrock areas west of Reservoir F and was thought to be due to the inability
of the Phase II model 'to adequately simulate these small features. Good
agreement was achieved between the Phase II model-calculated 1975 DIMP con-

[I centrations and the observed-data (pl. 1 and fig. 4).

Because ground-water DIMP-concentration data are not available for years
prior to 1974, the model calibration is based on known concentrations at the
beginning (zero initial DIMP concentration) and end of the simulation period.
The lack of data for intermediate checks on calibration probably is not a
severe limitation because of the congruence between the DIMP-transport models
and the chloride-transport model. Chloride data were available for interme-

" diate calibration checks on the chloride model. As the hydrologic factors
that affect chloride transport also affect DIMP transport, the calibration of
the chloride model adds support to the less extensive calibration of the DIMP
models.

Ground-water discharge occurs at springs and seeps along a reach of First
Creek from near 96th Avenue to the O'Brian Canal. The models indicated that a
maximum DIMP concentration of about 2 Vg/L would occur in the canal as a re-

4 suit of water from First Creek discharging into the canal. This is consistent
with the 2.5 Vg/L of DIMP found in two samples of water from Barr Lake (the
terminus of the O'Brian Canal).

The calibrated DIMP model, were used to calculate the ground-water flow
velocities in the alluvial aq ifer (fig. 5). Velocities ranged from less than
1.0 ft/d (0.3 m/d) in the southeast part of tne model area to more than 15 ft/d
(0.46 m/d) near the South Platte River. When figure 5 is used in conjunction
with the direction of ground-water movement shown on plate 3, the ground-water
travel time between adjacent points in the aquifer may be calculated.

The model calculates annual DIMP concentrations in the ground water re-
sulting from the estimated average rate and concentration of recharge from
each pond from 1952 to 1975. By examining the calculated spatial distribution
of DIMP in the aquifer at different times, it is possible to better understand
the mechanism by which the DIMP contamination reached its present locations.
This is important not only in retrospect but also as a means of understanding
what future changes would likely occur if a DIMP source was again allowed to
contaminate the aquifer near pond C.

The DIMP concentrations in the aquifer were assumed to be zero in 1952,
prior to the disposal of DIMP to the environment. During the following 4
years, DIMP was disposed in the unlined ponds A, B, C, D, and E. After 4
years (1956) of this disposal, the model calculations show DIMP concentrations
in excess of 200 pg/L in the area shown on figure 6. After the completion of

1i
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thelined Reservo'ir F in 1956, ground water recharged from the ponds was as-
§Umiu-W sud 'no Ionger contain DIMP. After 4, years (1960), the model calculations
sthow'an improvement in groun&water quality near ponds C and D with the, area
of concentrations in excess of 200 lig/L extending off the arsenal through the
alluv~ia'l aquifer to the, west of Reservoir F (fig. 7). After an additional
4 years (1964) (fig. 8), the main body of the contaminated plume had moved' off
the~arseial, and continued to spread through the aquifer toward the South
Platte River where it left the aquifer by flowing into the river. This proc-
ess continued over the next 4 years (1968) (fig. 9) until only a small remain-
der of the contaminated plume existed in the aquifer west of the arsenal. By

rI 1972 (fig. 10), water with concentrations in excess of 200 pg/L no longer ex-

Li isted in the aquifer to the west of the arsenal. The area in excess of 200
pg/L near ponds A and B in 1956 remained near this location through subsequent

H years due to the low ground-water velocities in the area. A similar situation
II occured in the contaminated plume to the northeast of Reservoir F. This plume

slowly moved into the area of First Creek (figs. 7, 8-, and 9) where it affect-
ed the quality of water in the creek. Water with concentrations in excess of

200 Vg/L remained near this area through 1975 (p]. 1).

When no additional DIMP-input after 1956 was assumed in the Phase I mod-
el, the simulations for 1975 show an area larger than 1 mi2 (3 km2) near ponds
C, D, and E, and Reservoir F with a DIMP concentration of less than 5 pg/L.
However, the actual DIMP concentrations observed in ground-water samples ob-
tained during May-July 1975 in this area range between about 300 and 3,000 Pg/L
(p1. 1). This discrepancy suggests that an additional inFut of DIMP occurred
in the area subsequent to.1956. The change in DIMP concentration with time
for well 41, shown in figure 11, demonstrates that a major change in DIMP con-

li centration has occurred in the area during 1974-75. The rapid increase and
decrease in DIMP concentration in well 41 is likely due to the close proximity
of the well and a high-concentration source of DIMP. The period of record for
wells 141 and 127 is short but seems to indicate that one or more longer dura-
tion sources of contamination also may exist In the area. Neither of these
sources appears to be upgradient (southeast) of well 145 due to the relatively
low concentrations of DIMP found in this well. The anomalously low DIMP con-
centrations found in well 117 are thought to be due to the periodic recharge
of uncontaminated water in pond C and are not representative of the general
ground-water quality in the area.

An examination of the concentration ratios for the assumed conservative
constituents chloride, fluoride, and DIMP in ground water in the affected area
indicates that it is possible for Reservoir F water to be a source of recent
contamination to the aquifer. The ratios of. chloride/DIMP, chloride/fluoride,
and fluoride/DIMP shown in table 3 were calculated for selected wells and Res-
ervoir F. In figure 12, the three ratios for each source have been plotted to
show a pattern that is representative of the water type. For example, water
from well 10 is thought to be chemically representative of the water that was
diverted from Derby Lake into pond C and subsequently recharged the aquifer
near pond C. This water type is shown in figure 12 by a pattern of ratios in
which chloride/DIMP and fluoride/DIMP ratios are very large and plot well
above the chloride/fluoride ratio. Of the wells considered, only wells 103i and 117. have water types similar to that of well 10 and the subsequent re-
charge from pond C. This suggests that wells 103 and 117 may have low DIMP

16
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lu
concentrations (p. 1) due to, the influence of uncontaminated ground-water re-
charge from pond- C as is indicated on figures 7, 8, and 9. The higher con-
centration of DIMP in wells located between well 103 and pond C is thought to
be due to a recent source of contamination near pond C.

The wat 'er type in well 141 is similar to the water type in Reservoir F.
Water with progressively less similarity to-Reservoir F water occurs in wells

41, 127, and 145. On this basis, it appears possible for water from Reservoir
F to be one source of recent contamination. However, the similarity in water

types in-wells 141 and 11 permit consideration of another source near pond A.-i If -contaminated ground water near pond A is affecting the ground-water quality

near Reservoir F by means of flow through the alluvium, the water type in well145 should be more similar to that in well 11 than are the water types in

wells 141, 41, and 127. However, it may be possible for contaminated ground
_water to move from near pond A to near Reservoir F through permeable zones in
the underlying bedrock without affecting the water quality in the overlying
alluvium. The lack of wells perforated in the bedrock in this area prevents
an evaluation of this possibility.

There are insufficient data to determine the mechanism responsible for
the recent contamination or the exact location of the spirce(s) of contami-
nants or duration of the discharge. Possibilities to be considered include
one or more of the following:

If 1. A leak In the reservoir liner, a sewer carrying contaminated waste
(pl. 1), or other structures associated with Reservoir F.

2. Movement of contaminated ground water through permeable zones in the
underlying bedrock formation.

3. Percolation in ponds C, D, or E of contaminated surface runoff fromi] i onds A or B.

4. Release of contaminants previously concentrated in the soil by evap-
oration or sorbtion.

Use of the Phase I model indicates that a DIMP input near pond C of 1-
year duration with a concentration of 3,000 Vg/L was adequate to reasonably

simulate the 1975 observed concentrations in the aquifer near ponds C, D, and
E and Reservoir F.

Every effort should be made to determine and correct the condition re-
sponsible for the recent input of DIMP to the ground-water system. This ef-
affected areas and a determination of the concentration and rate of leakage of

contaminants into the aquifer. Without prompt and appropriate action, long-

Fterm ground-water contamination problems will continue to occur at Rocky Moun-
tain Arsenal.,

Numerous model simulations indicate that the zone of high DIMP concentra-
tion near the north boundary of the arsenal and the zone near pond C are the
likely result of two separate periods of contamination. The northern zone is

24



Ithe remnant of contamination that occurred during 1952-56 and the zone near
pond C is the result of recent contamination in this area.

The rate of long-term average ground-water flow through various parts of
the alluvial aquifer near the arsenal may be calculated using the calibrated-
Phase I model and the recharge and discharge data in table 1. Results of

:tthese dalculations are shown On figure 13 and indicate that of the 0.93 ft3/s

(26 L[s) entering the aquifer south of Reservoir F, 0.77 ft3/s (22 L/s) leavesthe arsenal through the alluvial gaps to the west of Reservoir F. The satu-

rated-thickness near all but the northern gap was shown by Konikow (1975) toIJibe lessthan 10 ft '(3'm). If water-leve'ldeclines approach 10 ft (3 m) in

this area the rate of underflow shown on figure 13 would be drastically re-
duced. As shown in a subsequent model run (Run 11), a reduction in the rate

of recharge from pond C can produce significant water-level declines 
near the

gaps resulting in a reduction in the flow of ground water through the area.
The distribution of flow shown on figure 13 represents conditions resulting

from long-term average recharge and discharge in the area and may not repre-
sent flow conditions resulting from other recharge or discharge rates.

The mass of conservative contaminant introduced to the model aquifer will
equal the mass removed from the aquifer plus the mass remaining in the aqui-
fer, if the model is completely accurate. An error in a part of the computer
algorithm prevented the automatic calculation of the mass balance for the ar-
senal models. However, a hand calculation of the mass balance indicates that
the quantities of mass balance within 1 to 2 percent. A total of about 50
tons (45 t) of DIMP was introduced to the model between 1952 and 1975, of
which about 40 tons (36 t) was discharged and about 10 tons (9 t) remained in
the aquifer in 1975. About 34 tons (31 t' of DIMP was discharged to the South
Platte River and about 6 tons (5 t) was discharged at springs, seeps, and
pumping wells.

MODEL SIMULATIONS

The Phase I and Phase II models have been shown to be capable of calcu-
lating ground-water level and quality conditions from 1952 to 1975. The mod-
els also can be used to calculate water-level and quality conditions in the
future; for example, from 1975 to 1995. The projected simulations can be used
to test the effects of proposed changes in the operation of the ground-water
system on the future water-level and quality distributions in the aquifer.
The model thus can be a tool to help evaluate the relative effectiveness of

specific management alternatives.

The model simulations proposed by the U.S. Army, in collaboration with
the U.S. Geological Survey, primarily emphasize the use of a bentonite barrier
trenched into the aquifer in order to control ground-water movement. For pur-
poses of model simulation, it is assumed that the barrier would be impermeable
and. extend through the full saturated thickness of the aquifer. Ground-water
movement also could be controlled by use of a paired line source and sink (a
line of recharge wells adjacent to a line of extraction wells, for example).
Although no simulations were made to specifically evaluate a paired source and
sink configuration, the large-scale water-quality effects of a barrier of the
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type tohsidered in-Run 3 are similar to, those that would-be produced by the
paireed source and, s~nk'.

' The abi-lityof the models to accurately calcul'ate the DIMP concentrations

Iithat would 6ccur-at a future time are limited by the thoroughness and accuracyof -the cal ibratTon and by the extent to whi Ich the model assumptions and data

are representative of future conditions. Because of the number of poorly de-
fined model parameters and the single point in time (1975) calibration, care
needs to be exercised when usi'ng the model results to avoid reading more accu-
racy into the results than the data would ;ustify. If DIMP is not a conserva-
tive tracer as has been assumed, the-model simulations will show too much DIMP
movement and tend to present a.worst-case concentration distribution. Except
as noted, all the model simulations are.based on the assumptions that the
aquifer and contaminant characteristics will not differ significantly from
those used inthe model calibration. In particular, it is assumed that: (1)
The bedrock highs form no-flow aquifer boundaries, (2) minor changes in water-
table elevation will not alter the location of the no-flow boundaries or the
aquifer transmissivity, (3) the flow system will remain in near steady-flow
conditions, and (4) data such as the rate of recharge or discharge from dis-
posal ponds, canals, irrigated areas, and wells, and the concentration of DIMP
in recharge will remain compatible with the data representing 1952-74 condi-
tions as was used in the model calibrations. Initial conditions for each sim-
ulation are based on the observed May-July 1975 DIMP concentrations (p]. 1)
and projections are made for 1975 to 1995.

Run 1

Objective.--Simulate the results of taking no remedial measures to alter
the normal movement of contaminated water.

Approach.--For this simulation, all the preceding model and data assump-
tions apply and no remedial measures were incorporated into the model. The
DIMP concentration in recharge from ponds A, B, C, D, and E was assumed to be
zero. It was further assumed that the recent source of contamination near
Reservoir F would not be allowed to continue in the future; therefore, no con-
taminated recharge was simulated near Reservoir F. However, the effects of
the existing contaminated ground water near Reservoir F (pl. 1) are incorpo-
rated in the simulation.

for Results.--The Phase I and Phase II model-calculated DIMP concentrations
for 1975 to 1995 are shown on figures 14 and 15. The models indicate that an
improvement in water quality would. occur over most of the area near the arse-
nal as can be seen by comparing these figures with the initial conditions
(pl. 1). In the area near Barr Lake and the O'Brian Canal north of First
Creek, there would not be an improvement in ground-water quality due to the
continuing discharge of DIMP-contaminated ground water into First Creek and
the O'Brian Canal. The DIMP-contaminated. surface water in Barr Lake and the
O'Brian Canal, in turn, would recharge the aquifer southeast of Brighton. $
This would allow DIMP-contaminated ground water to advance to within less than
1 mi (1.6 kn) of the southernmost well in the Brighton municipal well field.
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Phase II model boundary0
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-Run 2

Objective.--Consider conditions simi;lar to the previous run in order to
evaldateothe effects of allowing recent DIMP contamination near pond C to con-
tnup at the 1974-75 levels during the next 20 years.

Approach.--This simulation is the same as run- 1 with the exception of the
recent source of DIMP contamination near Reservoir F which was simulated to
continueat 3,000 'g/L concentration for the 20-year simulation period.

Results.--As shown on figure 16, this simulation produces DIMP concentra-itions in ground water on the arsenal in excess of 2,000 pg/L and concentra-
tions as high as 1,000 pg/L in areas off the arsenal. Although DIMP-contami-
nated ground water-would not move into the Brighton municipal well field by
1995 under either Run 1 or Run 2 conditions, the possibility exists of this
occurring after 1995 because, in Run 2 (fig. 16), the ground water with the
highest DIMP concentration would not move into the area of First Creek byli 1995. The volume of DIMP recharged to and discharged from the ground-water

system from 1952 to 1995 under either Run 1 conditions or Run 2 conditions is
shown in figure 17. The 12 tons/yr (11 t/yr) of DIMP introduced to the model
aquifer between 1952 and 1956 produced a maximum of 6.6 tons/yr (6.0 t/yr)
discharge to the South Platte River during 1958-60. The 2 tons/yr (1.8 t/yr)
of DIMP introduced to the aquifer in 1974-75 produced a maximum discharge of

I0 .6 ton/yr (0.5 t/yr) during 1979-83 under Run 1 conditions. This is con-
trasted by the conditions of Run 2 in which a continuous DIMP source of 2
tons/yr (1,8 t/yr) would cause a continuous discharge of 1.7 tons/yr (1.5

, t/yr) into the South Platte River after 1983. The mean annual concentration
V of DIMP in the South Platte River may be calculated based on the 366-ft 3/s

i (10.4-m 3/s) mean annual flow in the river at Henderson, Colo. (U.S. Geological
Survey, 1974). The mean annual concentration in the river during 1985-95
would be less than 1 pg/L for Run 1 conditions, and about 5 pg/L for Run 2
conditions. The peak DIMP discharge in 1959 would have produced about 30 ug/L
DIMP in the river during a year when the mean annual flow was about 200 ft3/s
(5.7 m3/s).

Model Runs 1 and 2 are representative of the best and worst conditions
that might reasonably be expected to occur with no remedial action, assuming
the model is reasonably valid. Because it is thought to be more probable that
the recent source of DIMP contamination will not be allowed to continue, the
first run is used as a basis for evaluating the effectiveness of subsequent
management alternatives.

Run 3

Objective.--Simulate a barrier to ground-water movement located in the
alluvial gap at the north boundary of the arsenal. Ground water moving toward
the barrier is to be pumped from the aquifer immediately above the barrier,
treated to remove all DIMP, and returned to the aquifer immediately below the
barrier so as to maintain existing water levels and ground-water flow in the

V aquifer above and below the barrier.
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tJ

ti Approach.--In this simulation, all the previously discussed model assump-
tions apply. The DIMP concentration ih recharge from ponds A, B, C, D, and E
was zero and no recent sources of DIMP contami'nation, were considered. A no-

i flow boundary was used to simulate the barrier with constanit-head nodes above
and below the barrier, providing the required -recharge and discharge at the

barrier.

S IResults.--By comparing the Phase I model results for Run 1 (fig. 14) with
* the results of this simulation (fig. 18):, the change in water quality produced

by this simulation can be seen. A comparison of figures 14 and 18 indicates
that by 1995 a significant improvement in water quality would occur immediate-

I ly north of the barrier. DIMP concentrations would have been reduced as much
as 200 Vg/L near the barrier with progressively smaller reductions occurring
at greater distances below the barrier. The average DIMP concentration in
ground water along First Creek between the barrier and the O'Brian Canal was
850 pg/L in 1975 and would decrease to 100 pg/L by 1995. The rate of barrier
pumping and recharge would equal the total underflow in the aquifer at the
north arsenal boundary (135 gal/min or 85 m3Is). The ground-water discharge
to First Creek would still contain DIMP after 20 years of barrier operation
with the Phase II model indicating that in 1995 the DIMP concentrations in the

I aquifer near Barr Lake and the O'Brian Canal below First Creek would not be
I significantly different than those shown on figure 15. As would be expected,

no change in water quality would be produced above the barrier. These results
* Isuggest that a barrier of this type could be an effective means of intercept-

ing contaminated ground water but low ground-water velocities could slow the
spread of better quality water below the barrier.

I Run 4

Objective.--This simulation is similar to Run 3 in that a barrier to
ground-water movement is to be simulated at the north boundary of the arsenal.
Ground water is to be pumped from the upgradient side of the barrier at a rate
that maintains the original ground-water level near the barrier. The pumped
water is to be treated to remove all DIMP and then made available for ground-
water recharge in a 23-acre (0.09-km2) pond about 0.8 mi (1.3 km) south of the
barrier. Water in excess of that which can be recharged from the pond is to
be returned to the aquifer immediately below the barrier. This management
procedure will result in greater flow in the aquifer above the barrier coupled
with less flow in the aquifer below the barrier.

Approach.--As in the previous run, a no-flow boundary and constant-head
nodes were used to simulate the barrier and the sources of recharge and dis-
charge near the barrier.

Limitations.--The model and data assumptions discussed previously apply
to this simulation. The assumption that small changes in water-table eleva-
tion will not alter the location of no-flow boundaries or the transiissivity
of the aquifer is particularly important in the areas where water-level
changes are indicated by the model. Of equal importance is the assumption
that the flow system will remain in a near steady-flow condition. This as-
sumptidn is not rigidly met in this simulation, for model results indicate
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that significant water-level changes would occur over a large area. As z re-

suilt, transient-flow conditions in the area of water-level changes ar ,t con-
sidered in the steady-flow model. The model results will tend to s: JIMP

V concentrations that are too high near sources of freshwater recharge in areas
of water-level changes (near the recharge pond and immediately north of the
barrier, for example).

Results.--A compari-son of figures 14 and 19 indicates that by 1995 a

greater improvement in water quality would have occurred both above and below

the barrier than would have occurred with no remedial action. The water-
quality improvement below the barrier would not be as great as that shown in
Run 3 due to the reduced rate of recharge below the barrier. The improvement
in water quality above the barrier would be due, in part, to the increased
flushing of contaminated water to the west of the recharge ponds. As a re-
sult, a deterioration in water quality would occur at the arsenal boundary
northwest of Reservoir F. Water-level changes produced by this management
practice would range from as much as 10 ft (3 m) of decline below the barrier
to as much as 15 ft (4.5 m) of rise above the barrier. While this procedure
also would be effective in controlling contaminant movement near the north
arsenal boundary, it would be more complex than a barrier of the type consid-
ered in Run 3.

Run 5

Objective.--For this simulation, barriers are to be located at the north
arsenal boundary and in the alluvial gaps to the west of Reservoir F (fig.
20). Ground water is again to be pumped from above the northern barrier in
order to prevent the rise in water levels at the barrier. This practice is
not to be used at the barriers to the west of Reservoir F, however, and water
levels are free to rise to the level necessary to divert ground-water flow
toward the northern barrier. Water removed from above the northern barrier is
to be treated and used to recharge the aquifer below all barriers so as to
prevent water-level declines below the barriers.

Approach.--No-flow boundaries were used to simulate the barriers with
constant-head nodes above and below the north arsenal boundary barrier and
constant-head nodes below the barrier to the west of Reservoir F. The assump-
tions discussed in Run I also apply to this simulation.

Limitations.--The model assumption that changes in water-table elevation
do not affect the location of the aquifer boundaries or the transmissivity of
the aquifer should be reemphasized in thi's situation for large water-level
changes are produced in the model (fig. 20).

ResUlts.--Model-calculated water-level elevations are above land-surface
elevations in the area indicated on figure 20. Although the model calcula-
tions in this area do not represent reality, they do indicate the area in
which ground water could discharge to the land surface. Such uncontrolled
ground-water discharge would be an undesirable result of this type of barrier
configuration. Because of this result, additional model runs were not made I
using this type of barrier configuration.
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IRun 6

bbjective.--The Phase 1.1 model is used to simulate the effects of bar-
F riers -to 'the movement of ground water located in the alluvial gaps west of

Reservoir F'and off the arsenal in the alluvial gaps in secs. 12 and 14,
T. 2 S., R. 67-W. (fig. 21). Barriers in these locations are downgradient ofthe zones of high DIMP concentration (pl. I and:are intended to halt movement

of contaminated water into adjacent areas of low cohcentration.

Approach.--Ground water would be pumped from above each barrier to pre-[ vent water-level changes above the barrier. The pumped water is not returned
to the aquifer, thus the model calculates the water-level declines and concen-
tration changes that would occur as a result of halting all ground-water dis-
charge from the areas of high concentration near the arsenal.

Limitations.--The assumption is again made that no change in aquifer
iI boundaries or transmissivity will result from water-level changes. The assump-

tion that the flow system will remain in near steady-flow conditions is not
rigidly met. However, the effect of this noncompliance on the concentration
distribution is not significant because no recharge is simulated at the bar-ii riers.

Results.--A comparison of figures 15 and 21 indicates that this manage-
jj ment practice would have minimal effect on the DIMP concentrations above the

barriers but would produce a significant improvement in water quality in the
area northwest of the arsenal. Because the barriers have minimal effect onthe ground water discharging to First Creek, the area of contamination near

Ii Barr Lake and the O'Brian Canal would not be significantly different than that
resulting from Run 1 (fig. 15). Water-level declines below the barriers would
be as much as 15 ft (4.6 m). The area affected by water-level declines would

i'I exceed 9 mi2 (23 km2) although declines in most of this area would be less
II than 5 ft (1.5 m). Barriers in these locations could be effective in control-

ling the spread of contaminated water; however, the legal problems associated
with adversely affecting the water level in large areas off the arsenal and
constructing and operating barriers on private property would have to be con-
sidered.

Run 7

Objective.-- Contaminated water must be prevented from entering the
O'Brian Canal if the zone of high DIMP concentration near the canal and Barr
Lake is to be eliminated. In this simulation, contaminated ground water that
normally discharges from springs and seeps into First Creek is to be inter-
cepted in order to prevent this discharge.

Approach.--The quantity of water intercepted (0.14 ft3/s or 4 L/s) was
comparable to the spring discharge to the creek and no significant water-level
changes were produced. The intercepted discharge was not returned to the mod-
el aquifer and no other remedial measures were simulated.

'ResUlts.--The Phase II model shows that 6 years after the contaminated
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*~~' 6.~' -~1' Phase 11 model boundary I

EXPLANATION

I AREA OF GROUND-NYATER
_j LEVEL DECLINE, IN

FEET (METERS)

5 5-10 (1.5 -3.0)

LINEOF EUALDIMIP

Interval, in microgramsIJI BARRIER

eel LIMIT OF ALLUVIAL
rj AQUIFER

IlI

kill
~ '\ /0

Fronit Ran~ge tUrb.an Oirridlnr, 1972
0 1 2 3 MILES

Figure 21.--Phase 11 model-calculated 1995 DIMP concentrationsj
and water-level decline for Run 6, three barriers near arsenal.
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V1 r discharge to First Creek is intercepted the aquifer near the O'Brian Canal andiU Barr Lake would -no longer have DIMP concentrations greater than the 0.5-pg/L
simulation limit, In other areas, the model-calculated concentrations are
identical to those calculated for Run 1 (fig. 15). The rapid improvement in
ground-water quality near Barr Lake would be due to the cessation of contami-
hated- surface-water recharge. Without a continuing source of contamination,
the concentration of DIMP in the previously contaminated ground water would be
reduced by the continuing processes of dispersion, dilution, and withdrawal.

[Run8

Objective.--The effects of halting the movement of contaminated water
from near pond A into adjacent areas to the north is to be calculated in thisi simulation.

Approach.--A barrier to ground-water movement is simulated between ponds
B and C. Ground water removed from above the barrier is treated and recharged

Ii in-pond C at a rate (0.18 ft3/s or 5.1 L/s) which prevents water-level changes
either above or below the barrier. Recharge from ponds A, B, C, D, and E is
not considered a source of DIMP and no recent sources near Reservoir F are
considered.

Results.--The resulting 1995 concentration distribution (fig. 22) indi-
cates that the water quality would improve below the barrier and northwest
toward the South Platte River. However, this reduction in DIMP concentration
occurs in an area that would have relatively low DIMP concentrations by 1995
without use of remedial measures. The barrier would not have a significant
effect on concentrations in other parts of the aquifer.

Run 9

Objective.--For this simulation, a barrier is to be located upgradient
(south) of pond A in order to prevent ground-water movement into the area near
pond A.

Approach.--Uncontaminated ground water is removed from above the barrier
In order to maintain water levels in this area. Instead of recharging the
aquifer immediately below the barrier, the recharge is simulated to occur in
pond C. As in previous runs, ponds A, B, C, D, and E are not considered to be
sources of DIMP although recharge still occurs at the ponds.

Limitations.--The assumption that water-level changes will not alter the
aquifer boundaries or transmissivity is significant in the areas where water-
level changes occur. The assumption that the flow system will remain in near
steady-flow conditions is not met. The effect of this noncompliance on the
concentration distribution will likely be minor in this simulation.

Results.--As shown on figure 23, this management practice would dewater
the aquifer over an area of about 0.5 mi2 (I km) immediately below the bar-
rier. The aquifer downgradient of pond A is not dewatered due to the recharge
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occurring in ponds A and B. This recharge was simulated at the same rate as
during 1952-75 (table 2) and provides the ground-water flow which continues to
transport DIMP away from-ponds A-and B. As a result, the concentrations in
most of the aquifer would not be significantly different from those calculated
for Run 1 (fig. 14).

, Or bRun 10

Objective.--Barriers both north and south-of pond A at the locations
.shown on figures 22 and 23 are to be cons-idered in this simulation.

Approach.--: Ground water is removed from above each barrier so as to
maintain the water levels in the aquifer above the barriers. The water is
treated to remove DIMP, if necessary, and recharged to the aquifer at pond C.

Results.--The results of this simulation are similar to those shown on
figures 22 and 23, in that the DIMP concentrations below the northern barrier
would be the same as those shown on figure 22, and the aquifer would be dewa-
tered in an area below the southern barrier similar to that shown on figure 23.

Run 11

Objective.--Model Run 11 is intended to show the effects of halting all
ground-water recharge from pond C under a ground-water-management approach
similar to that considered in Run 1.

Approach.--The ground-water recharge from pond C is set to zero for this
simulation and no remedial measures are considered. None of the other ponds
are considered sources of DIMP and no recent DIMP sources near Reservoir F are
modeled.

Limitations.--Because of the loss of 0.67 ft3/s (19 L/s) of recharge from
pond C, water-level declines will occur in much of the Phase I model area ne-
cessitating a reduction in aquifer transmissivity and change in location of
aquifer boundaries. In addition, the assumption that the flow system will re-
main in near steady-flow conditions will not be rigidly met in this simulation.
A transient-state solute-transport model would normally be used for this type
of simulation. In most transient-state models, the flow computation algorithm
can compute a new transmissivity distribution compatible with a lower rate of
recharge. In the models of the arsenal, however, the flow algorithm was not
able to compute the new transmissivity distribution due to the extreme sensi-
tivity of the flow computations to transmissvity changes in some of the allu- 1
vial gaps between bedrock highs. In order to circumvent this problem, parts
of the transmissivity distribution were modified on the basis of hand calcula-
tions and a steady-flow model was used for the simulation. Because 1he modi-
fied data cannot be checked Ly means of a calibration procedure, it must be
understood that the new transmissivity value, model boundaries, and the re-
sulting water-level and concentration distributions are thought to be reason-
able but are likely of lower accuracy than the more fully calibrated model
simulations. The steady-flow model used for this simulation does not consider {
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I I Ft
the effects of transient-flow conditions on the concentration distribution.
Because a source of uncontaminated recharge is not associated with areas which
experience transient flow, the resulting concentration distribution should hot

j 'be seriously affected.

-Results.--The loss of recharge from pond C would produce water-level de-
clines that extend over most of the area of the arsenal and cause dewatering
of part of the aquifer north and northeast of Reservoir F (fig. 24). Although
water-level declines would exceed 5 ft (2 m) in part of the area west of Res-
ervoir F, no significant dewatering would occur in this area. As a result,

ft underflow through this area would not be stopped by the loss of recharge from
Li pond C. The water-level declines would be associated with marked reductions

in the rate of ground-water flow through the aquifer near Reservoir F. A to-

F tal flow of 0.26 ft3/s (7.4 L!s); would move out of this area, with 0.01 ft
3/s

U (0.3 L/s) moving through the alluvial gap northeast of Reservoir F and 0.25
ft3/s (7.1 L/s) moving through the alluvial gaps west of Reservoir F.

A comparison offigures 14and 25 indicates that thsmanagement practice

generally would result in less reduction in DIMP concentrations in ground
water both on and off the arsenal than obtained in Run 1. Only in the area
north of First Creek would DIMP concentrations be reduced by this management
practice.

Run 12

Objective.--This model run is intended to show the effects of doubling
the rate of ground-water recharge from pond C under a ground-water-management
approach similar to that considered in Runs 1 and 11.

Approach.--The rate of ground-water recharge from pond C is increased
i from 0.67 to i.32 ft3/s (19 to 37 L/s) for this simulation and no other reme-

dial measures are considered.

Limitations.--The increased recharge will cause water-level rises in the
model aquifer necessitating a corresponding increase in the aquifer transmis-
sivity. The procedures used to adjust the model transmissivity in this run
were similar to those used in Run 11. The effects of using a steady-flow mod-
el to simulate transient conditions are more serious in this simulation than
in Run 11 due to uncontaminated recharge in an area subject to significant
transient flow. The model results will show DIMP concentrations that are too
high near the uncontaminated recharge in pond C.

Results.--A steady-flow model simulation indicated that the increased re-
charge from pond C coupled with the increased transmissivity of the aquifer
would produce a 1995 concentration distribution that was not significantly
different from the results of Run 1 (fig. 14). Although the error introduced
by the method of estimating transmissivity is probably acceptable, the error
associated with the use of a steady-flow model for this simulation is not.
Consequently, the results of this model simulation are considered to be in-
valid.
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Run'13

Objective.--This simulation is intended to show the effects of halting
all ground-water recharge from Upper Derby Lake.

Approach.--Upper Derby Lake is located on the southern boundary of the
Phase'l model. This precludes a direct model- calculation of the head changes
that would result from the Toss of recharge from the lake. The model still
can be used to investigate the loss of recharge if the hydrology of the lake
is first examined.

Results.--Upper Derby Lake and Derby Lake are sources of ground-water
recharge and are situated such that the bottom elevation in Upper Derby Lake
is near the normal pool elevation in Derby Lake. By permanently draining
Upper Derby Lake, the ground-water elevation in the area might decline at
least 5 ft (1.5 m). A water-level decline greater than about 5 ft (1.5 m)
would dewater the alluvial gap between pond A and Upper Derby Lake, forming a
natural barrier to ground-water movement near the location of the artificial
barrier shown on figure 23. The effects of the natural barrier on water lev-
els and quality near pond A would be very similar to those produced by theI H artificial barrier, making the model results for Run 9 (fig. 23) a reasonable

Ii simulation of the water levels and DIMP concentrations that would result north
of Upper Derby Lake.

Run 14

Objective.--A water-quality management procedure has been proposed by
Rocky Mountain Arsenal that involves intercepting ground-water flow in a
cutoff trench near First Creek in secs. 5 and 7, T. 3 S., R. 66 W. (p1. 3).
The water from the trench would be used to recharge the aquifer below a bar-
rier at the north arsenal boundary. Contaminated water pumped from immedi-
ately above the barrier to prevent waterlogging would not be returned to the
ground-water system. Upper Derby Lake also would be drained and no longer a
source of ground-water recharge. The specific information sought from this
simulation is: (1) The effect of the management procedure on DIMP concentra-
tions north of the arsenal, (2) the effect within the arsenal, and (3) the
change in water levels and ground-water, flow across the arsenal.

Approach.--This plan cannot be simulated with the model developed in this
study because Upper Derby Lake and the cutoff trench are both outside the mod-
el area. However, the three objectives of the simulation can be partly or
fully met by results of previous simulations. rhe assumptions made in these
simulations are the general assumptions discussed on page 27.

Results.--This management practice would cause a reduction of underflow
past the southern model boundary. The resulting decline in ground-water lev-
els on the arsenal would likely create a-.natural barrier to ground-water move-
rtent between. pond A and Upper Derby Lake. The effect of the reduced underf low
on DIMP concentrations on the arsenal would will not be great because most of
the change in flow would occur along the uncontaminated area near First Creek.
The changes in DIMP concentration and dewatered area that would be produced by
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Ithe natural barrier south of pond A are depicted on figure 23. The, effect of
the ma-nagement -practice on, DIMP concentrations north'of the arsenal is illus-
trated:by the results of run 3 (fig. 18), which simulated a barrier of the
type proposed in this run. The long-term average pumping rate above the bar-
rier would be less than that required in Run 3, although the exact rate cannot
be determined. The recharge rate below the barrier would be about 0.3 ft3/s
(8.5 L/s) if no water-level declines-are to be produced below the barrier., if
theflow is -maintained in the aquifer below the barrier, contaminated ground
water would continue to discharge to First Creek and thus affect the quality
of water in the OiBrian Canal and Barr Lake. DIMP concentrations in ground

I] water' in excess of 200 pg/L still would exist near First Creek after 20 years
of barrier operation (fig. 18). The advantages of this management plan in-
clude (1) the reduction in underflow on the arsenal caused by the upgradient

1i cutoff trench and the loss of recharge from Upper Derby Lake, and (2) the
S I barrier -at the north arsenal boundary that effectively prevents further off-

arsenal movement of contaminated ground water. Two shortcomings of the plan
involve the lack of control on () DIMP concentrations 'in First Creek and thei O'Brian Canal, and (2) ground-water flow off the arsenal in the alluvial gaps

t~west of Reservoir F.

L Run 15

Objective.--The conditions for this simulation are the same as those for
Run 14 with the exception of a recharge trench located in the alluvial gap in
the southeast corner of sec. 22, T. 2 S., R. 67 W. Freshwater is to be sup-
plied to this trench in order to dilute the ground-water discharge through
this gap to less than 5 Vg/L of DIMP. An estimate of the quantity of fresh-
water required to achieve this dilution is needed.

Approach.--If the pumping rate from above the barrier at the north arse-
nal 'boundary is regulated so as to maintain existing water levels in the aqui-
fer above the barrier, future discharge through the alluvial gap in sec. 22,
T. 2 S., R. 67 W., would occur at a rate of about 0.27 ft3/s (7.6 L/s). The
maximum DIMP concentration in this gap between 1975 and 1995 occurred in 1975
(p1. 1) at a concentration of about 800 Vg/L.

Results.--About 43 ft3/s (1,200 L/s) or 19,000 gal/min (1.2 m3/s) of
freshwater would be needed to dilute 0.27 ft3/s (7.6 L/s) of water at a maxi-

mum DIMP concentration of 800 pg/L to a concentration of 5 pg/L. If pond C
were not considered to be a source of recharge, the flow through the gap ulti-
mately would be reduced to about 0.02 ft3/s (0.6 L/s), and about 3.2 ft3/s
(91 L/s) or 1,400 gal/min (0.09 m3/s) of freshwater would be required to di-
lute this flow to 5 vgIL. In either instance, the volume of freshwater re-
quired to achieve the required dilution would be large. The results of Run 5
(fig. 20) indicate that it would not be feasible to use the recharge trench to

Icreate a barrier to the movement of contaminated ground water, unless the wa-
ter level in the aquifer above the trench is controlled to prevent surface

I discharge.
4
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[ SUMMARY OF MODEL SIMULATIONS

Of the management alternatives simulated in these model runs, a physical i
barrier to the movement of ground water appears to be the best means of con-f trolling the movement of contaminants in the aquifer. A hydraulic barrier -

consisting of a paired line source and sink was not simulated in these model a
-runs but should produce results comparable to those of the physical barrier.

In order to be most effective, a physical barrier would need to be located im-
mediately do'mgradient from the area of contamination rather than within theI
area of contamination (near pond A, for- example). If adverse water-level[ changes are to be avoided near the physical barrier, contaminated ground water
needs to be withdrawn above the barrier and uncontaminated water recharged to
the aquifer below the barrier. Model results also indicate that a barrier of

E this type would, be slow to control the discharge of DIMP-contam inated ground

water to First Creek. As a result, it may be necessary to use a supplemental
means of controlling this discharge if the low-level DIMP contamination near
Brighton and Barr Lake is to be rectified in the near future. The reduction[ of underflow onto the arsenal would not have a marked effect on the DIMP con-
centrations on- the arsenal but would be beneficial by eventually reducing the
rate of pumping above any barriers that may be installed, subsequently reduc-
ing the volume of contaminated water to undergo treatment or disposal.

The results of model Runs 1 and 2 indicate that two courses of action are
available to the Rocky Mountain Arsenal under the constraints of the Cease Znd
Desist Order. One course is to take immediate and effective steps to control
the recent source of ground-water contamination near Reservoir F and thus as-

-sure that only low levels of DIMP will move off the arsenal through the allu-1 via] gaps west of Reservoir F. The second. course would be to delay or abstain
from any remedial action. Barriers to ground-water movement constructed along

the west, as well as the north arsenal boundaries, would be one means of pre-
venting the off-arsenal movement of the resulting contaminated ground water
near Reservoir F. The option of allowing ground-water contamination to con- I
tinue on the arsenal and using barriers to prevent off-arsenal movement would
not resolve the problem, for failure of a barrier or ground-water movement
through previously undetected permeable zones in the bedrock could allow con-
taminated fluids to escape.

I CONCLUSIONS

The conclusions reached in this study deal with: (1) The character of
the. alluvial aquifer, (2) the nature of contaminant movement, and (3) the
effectiveness of water-quality management alternatives.

Saturated alluvium is as much as 60 ft (18 m) thick in the area and is
the. primary geologic unit involved in the movement of contaminated ground r
water. Although water-bearing zones are known to exist in the underlying bed-

,I rock, the transmissivity of these zones is small and is not significant in
comparison to the transmissivity of the alluvium, which is as much as 20,000
ft2/d (1,900.m2/d). Ground water moves downslope from the southeast to north-
west across the Rocky Mountain Arsenal and, ultimately, either discharges to
the South Platte River northwest of the arsenal or discharges to First Creek
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near the north arsenal boundary Ground-water velocities range from less than
1 ft/d (0.3.m/d) on parts of the arsenal to more than 15 ft/d (4.6 m/d) north-
west of the arsenal. Long-term estimates of mean annual flow indicate that
0.24 ft3/s (6.8 Ls) of groundwater enters the arsenal, from the southeast to
be augmented by 0.83 ft3/s (24 L/s) of recharge from five unlined ponds on the
arsenal. About 0.77 ft3/s (22 L/s) of water leaves the arsenal to the west of
Reservoir F, and 0.30 ft3/s (8.5 L/s) of water crosses the north arsenal bound- -
ary, of which 0.14 ft3/s (4.0 L/s) is estimated to discharge to First Creek.

1 2

Ground-water contamination by DIMP resulted from leakage out of unlinedindustrial waste-disposal ponds during 1952-56 and by 1975 had spread to an

area in excess of 28 mi2 (73 km2). In May-July 1975, DIMP concentrations- in
ground water ranged from the 0.5-pg/L analytical-detection limit to as much as I
44,100 pg/L. Model simulations of DIMP movement in the aquifer indicate that
the contaminated ground water readily moves from the area of the disposal
ponds to the northwest and begins discharging into the South Platte River
about 4 years after the first introduction of the contaminant to the aquifer.
DIMP-contaminated ground water also moves to the north of Reservoir F, where
part of it enters First Creek from springs and seeps. The contaminated sur-
face water either flows into Barr -Lake or returns to the aquifer between First
Creek and Barr Lake, thus affecting the ground-water quality near Brighton.

Both model results and field data indicate that a recent and continuing I
source of ground-water DIMP contamination probably exists near Reservoir F,
although the exact location of the source cannot be determined at this time.Prompt efforts should be made to define and correct the condition responsible

for the recent contamination and to gather data which ultimately may be needed
to model the movement of the new contaminated zone. Three areas with DIMP
concentration in excess of 1,000 vg/L were present in the aquifer in 1975.
The areas near First Creek and pond A are shown by the models to be the rem-
nants of the contaminated recharge which occurred during 1952-56, while the

i area near Reservoir F is thought to be due to the recent source of contamina-
tion near this area. Phase II model results indicate that an estimated 12
tons/yr (11 t/yr) of DIMP were introduced to the ground-water system from the
unlined disposal ponds during 1952-56. This resulted in a peak DIMP discharge
to the South Platte River of 6.6 tons/yr (6.0 t/yr) during 1958-60, giving a
mean annual concentration in the river of 30 pg/L. Modeling indicates that
mean annual DIMP concentrations in the river have decreased since 1958-60 to
levels less than 1 pg/L in 1976.

Fifteen water-quality-management alternatives have been evaluated with
the aid of model-simulation techniques. Two simulations indicate that DIMP-
contaminated ground water would not reach the Brighton municipal well field by

1995, even if no remedial measures are taken to check the movement of contami-
nated ground water or to prevent the further contamination of the aquifer from
the recent source near Reservoir F. Model results indicate that a physical
barrier to ground-water movement would be is the most effective of the evalu-
ated alternatives for limiting contaminant movement in the aquifer, if the bar-
rier is located in or downgradient of the contaminated zone and ground water
is withdrawn above the barrier and recharged below the barrier so as to con-
trol water-level changes in the area. The barriers simulated in this study
did not readily reduce the DIMP concentration in surface flow in First Creek.
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However, a management practice that intercepts all contaminated ground water
that would normally discharge to First Creek shows that within 6 years the
Zone of contaminated ground -water near Brighton and Barr Lake would be reduced
to less than the 0.5-pg/l analytical-detection limit. Measures in-addition to
aground-water barrier may'be required if the low-level DIMP contamination
near'Brighton is to be reduced in the near future. I

Management techniques that result in a reduction in underflow onto the ar-
senal have little effect on- the concentrat.ion, distribution on the arsenal but
are of value due to the reduced pumping and treatment rates that would be re-
quired to maintain proper water-level conditions above any barriers to be in-
stalled. Barriers to-ground-water movement that are not operated so as to con-
trol water levels in the aquifer both above and below the barrier are shown by
the model, to produce excessive water-level rises or declines near the barrier.
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