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EXECUTIVE SUMMARY

The purpose of the Water Remedial Investigation Report is to present results of the U.S.
Department of the Army's Remedial Investigation for the Rocky Mountain Arsenal (RMA)
on-post water media. The Water Remedial Investigation assesses contaminant occurrence
and distribution within groundwater and surface water. To 2ccomplish this assessment,
the RMA environmental setting was evalaated in terms of geology, hydrology, nature and
extent of water-borne contamination, and contaminant migration. The study area is
bounded by the southern and eastern boundaries of RMA, Second Creek, and the South
Platte River.

The report provides a general overview of contamination in water at RMA. It is not
intended to be the only source of information for Feasibility Study. The USATHAMA

database, and other detailed investigations also are appropriate sources of information.

Soil, groundwater, and surface water became contaminated locally as a result of past
military and industrial activities. With time, contaminants entered the groundwater
system and were transported off-post, creating a threat to downgradient water wells.
On-post contamination resulted from unintentional spills, waste disposal practices, and
sewer-line leakage. The number and concentration of contaminants present in RMA
groundwater have changed through time. Groundwater contaminant systems have been
installed in three primary contaminant pathways to reduce ¢ontaminant migration to off-

post areas.

Environmental Setting

RMA is part of the High Plains physiographic province, and is characterized by gently
rolling hills with a total change in altitude of 220 feet (ft) and average annual
precipitation of approximately 15 inches, Surface water flows within several small
drainage basins that are tributaries of the South Platte River. The major drainages within
KMA boundaries are First Creek and Irondale Gulch. Manmade structures, including
diversion ditches, lakes, and water retention basins, have modified the natural drainage

patterns.

The surficial geologic units at RMA consist of unconsolidated alluvial and eclian deposits,

and the underlying geologic unit is the Denver Formation. Alluvial and eolian deposits
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locally attain a thickness of 130 ft but typically are less than 50 ft. Several prominent
paleochannels have been identified in the erosional surface of the Denver Formation.
Bedding planes in the Denver Formation dip approximately 1° to the southeast. The
Denver Formation consists of lenticular sandstone and siltstone bodies interlayered with
relatively thick sequences of low permeability shale and claystone. Lignitic beds are
laterally more continuous than sandstone layers and commonly are fractured. Total
thickness of the Denver Formation at RMA varies from 200 to 500 ft.

Groundwater at RMA occurs under both confined and unconfined conditions. The
Unconfined Flow System includes saturated alluvium, eolian deposits, and occasionally,
subcropping parts of the Denver Formation. In areas where alluvial and eolian deposits
are unsaturated, the Unconfined Flow System consists solely of sandstone and of
fractured or weathered rock within shallow parts of the Denver Formation. Saturated
thickness varies from less than 10 ft to approximately 70 ft. Hydraulic conductivity
estimates from aquifer tests range from 0.3 ft/day in areas where the Denver Formation is

unconfined to greater than 900 ft/day in alluvial terrace gravel,

Groundwater in the Unconfined Fiow System generally flows toward the north and
northwest. Spatial variations in hydraulic gradients can be attributed to variaticns in
saturated thickness, hydraulic conductivity, locations of recharge and discharge, and
configuration of the bedrock surface, Hydraulic gradients in areas of saturated slluvium
typically are 0.002 to 0.009 ft/ft. Gradients in areas of unconfined Denver Formation
typically are larger. Water level fluctuations are generally small; however, seasonal
fluctuations as large as 7 ft have been measured beneath South Plants. Historical water
level fluctuations have been large in the vicinity of Basin C. Basin C held water during
1957, 1958, 1966, 1967, and the consecutive years beginning in 1969 and ending in 1974,
During thete years, water levels beneath Basin C rose 20 to 30 ft in response to artificial
recharge. Present day recharge to the Unconfined Flow System occurs as infiltration of
precipitation and irrigation (off-post), seepage from lakes and streams, seepage {rom
reservoirs, canals and buried pipelines, and flow from the underlying Denver aguifer,

Discharge occurs primarily as seepage to lakes and the South Platte River,

Mass balance calculations have been used to estimate rates of hydraulic interchange
between lakes and the Unconfined Flow System. Results indicate that Lower Derby Lake,
Havana Pond, and Basins A through C are areas of groundwater recharge, whereas Lake
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Ladora, Lake Mary, and Basin A receive groundwater in upstream areas and lose it in
downstream areas. Recharge-discharge conditions at Upper Derby Lake depend on lake
level. Strev~low loss and gain studies indicate that all streams and canals at RMA lose
water to the Unconfined Flow System over tne course of a water year. However, actual
recharge or discharge rates vary substantially in response to changes in stream discharge
and aquifer head. During periods of negligible streamflow, First Creek north of the RMA
boundary gains groundwater at a small rate.

A numerical model of groundwater flow in the Unconfined Flow System has been
developed to evaluate hydrologic concepts and refine hydraulic conductivity estimates.
Model calibration consisted of adjusting hydraulic parameters until simulated hydraulic
head adequately reproduced measured water levels, With few exceptions, model calibration
was achieved without modifications to initial estimates of hydraulic parameters. Model
results confirmed that paleochannels and terrace deposits generally convey larger flows
than interfluvial zones. Hydraulic conductivity estimates in the Basin A Neck and areas
immediately northwest obtained during model caiibration were smaller than initial
estimates.  Sensitivity analyses indicated that the areas of greatest model uncertainty
within the boundaries of RMA are near South Plants and Basins A through F.

It should be recognized that the regional groundwater flow model referenced in this report
represents only one solution to flow in a very complex system. Due to the fundamental
nonuniqueness inherent in all distributed parameter models, values calculated from the
regional groundwater flow model are subject to uncertainty, and the model in its present
form may not be sufficiently accurate for predictive purposes in all cases, Therefore,
until such time as the model is refined and discrepancies resolved, extreme care should be
used for modeling mass transport, determining boundary conditions for local models, or

evaluating the effectiveness or regional impacts of remediation alternatives,

The Denver aquifer in the vicinity of RMA consists of parts of the Denver Formation
where water is under confined conditions. Generally, confined conditions are observed
within permeable sandstone or lignitic beds that are separated from the Unconfined Fiow
System by relatively impermeable shale or claystone. The hydraulic conductivity of the
shale and claystone matrix is small, probably 10°2 10 104 ft/d. The hydraulic
conductivity for sandstone in the Denver aquifer has been estimated by pumping test
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analyses to range from 1.1 to 7.7 ft/d. The hydraulic conductivity of fractured lignitic
beds may be an order of magnitude greater than the hydraulic conductivity of sandstone.

Hydrogeologic cross-sections and potentiometric surface maps indicate that there is
potential for groundwater in the Denver aquifer to move downward and lateraily toward
the northwest. The smaller hydraulic conductivity of shale relative to sandstone, as well
as the stratification of the Denver aquifer, probably restricts the rate of vertical flow
while enhancing lateral flow. Water in transmissive strata of the Denver aquifer probably
returns to the Unconfined Flow Systzm by lateral flow in areas where the elevation of
the bedrock varies appreciably in 3 short distance and the transmissive strata subcrop.
Initial efforts to estimate rates of hydraulic interchange have been based on an
assumption that flow from the Denver aqui ~r 10 the Unconfined Flow System occurs in

all areas of subcropping sandstone.

A cross-sectional numerical model was developed to gain a better understanding of flow
mechanisms within the Denver aquifer, The model was constructed spproximately along a
flow path from Upper Derby Lake to the Basin A Neck. A variety of layered
heterogeneous flow systems were hypothesized and simulations for each system were
completed. Results indicate that shale and claystone layers have low verticz! hydraulic
conductivity and provide a high degree of confinement within the Denver aquifer.
Hydraulic conductivity of sandstone was estimated during model development to rznge frcm
0.3 to 3.0 ft/day and hydraulic conductivity of lignitic beds was estimated to be sn order

of magnitude greater.

Nature and Extent of Contamination

The nature and extent of contamination is based primarily on analytical results from Third
Quarter FY87 sampling. These resuits have been compared to previous water quality data
when appropriate.  In this report, individual analytes have been consolidated into
composite groups on the basis of analytical methodology. Individual analytes within a

group generally have similar physical and chemical characteristics.

Areas where surface water contamination was detected during the Third Quarter FY87
sampling period include South Plants, Basin A, and the sewage treatment plant.
Organochlorine pesticides and organosulfur compounds were the most frequently detected

analytes. Fewer contaminants were detected from water entering RMA along the Peoria
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Interceptor. Comparisons of Third Quarter FY87 data with previously collected data
indicate that there is little difference in analyte concentration at a site through time.

Groundwater contaminant pathways have been identified primarily on the basis of plume
configuration. Pathways conform to groundwater flow lines that have been inferred from
the potentiometric surface map of the Unconfined Flow System. Pathway names are based
on proximity to well known fractures and may not indicate the source of a particular
contaminant plume. Contaminant pathways include South Plants, Basin A-Basin A Neck,
central, Basin F, western tier, and motor pool and railyard. Several secondary pathways

and off post pathways also have been named.

The majority of contamination by organic compounds occurs in the Unconfined Flow
System.,  Volatile halogenated organic plumes have been identified along all major
pathways with peak concentrations of 39,800 micrograms per liter (ug/l) the Basin F
pathway, Peak concentrations of 56,200 ug/! have been detected near Basin A for volatile
aromatic organics. Plumes of volatile aromatic organics occur along South Plants, Basin
A-Basin A Neck and Basin F pathways. Plumes of organosulfur compounds occur along the
Basin A-Basin A Neck and Basin F pathways. Plumes of diisopropylmethyl phosphonate are
more extensive than other organic compounds and have been identified along all major
pathways, Peak concentration is 5,200 ug/l. Plumes of organochlorine pesticides with
peak concentrations greater than 1.0 ug/l have been identified in the South Plants, Basin
A-Basin A Neck, central, and Basin F pathways. Organic plumes have also migrated along

of f-post pathways,

Inorganic contaminants that are areally extensive in the Unconfined Flow System include
arsenic, fluoride, and chloride. Arsenic plumes have been delineated in the Basin A-Basin
A Neck and Basin F pathways. A 410 mg/l peak concentration of arsenic occurred in the
Basin F pathway. Fluoride concentrations greater than 5,000 ug/l were measured in the
vicinity of Basin A and Basin F, Chloride concentrations greater than 1,000,000 ug/} were
measured along the Basin A-Basin A Neck, central, and Basin F pathways. The
distribution of inorganic contaminants is complicated by the natural occurrence of these

substances.

Concentrations of organic compounds in the Denver aquifer generally are less than

concentrations in the overlying Unconfined Flow System. Volatile aromatic organics and
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diisopropylmethy! phosphonate have been identified over a more extensive area than other

organic groups. Organosulfur compounds are common in upper stratigraphic zones of the
Denver aquifer beneath the Basin A-Basin A Neck pathway and beneath Basin C.
Organochlorine pesticides generally occur in isolated areas, rather than plumes. Other
organic compounds occur only in isolated areas. In Sections 1, 2, 3, 9, 19, 23, 24, 26, 27,
33, 35, and 36 samples from the deepest wells in the Denver aquifer contained measurable
concentrations of one or more organic contaminants. Organic analytes detected in water
from deeper stratigraphic zones of the Denver aquifer generally nave been located in the
area between Basin F and off-post Sections 13 and 14 (T2S R67W).

Inorganic analytes above background levels have been detected in water of the Denver
aquifer; however, concentrations generally decrease with increasing depth, Concentrations
of chloride in the Denver aquifer north and northwest of Basin F are less than 15,000
ug/l. Fluoride concentrations in this area are less than 2,500 ug/l.  Chloride
concentrations in the Denver aquifer beneath Basin A-Basin A Neck are generally less

than 250,000 ug/l. Fluoride concentrations in this area are generally less than 2,000 ug/l.

Contamination Assessment
Changes in contaminant concentrations of groundwater at RMA are due to advective

transport, hydrodynamic dispersion, dilution, and several hydrochemical processes.
Advection is migration at the average rate of water molecules and is described by the
average linear velocity of groundwater flow. Descriptions of migration due to advection
along selected flow paths are given later in this section. Hydrodynamic dispersion
describes deviations from the average rate of migration. While regional assessments of
dispersion have been completed, evaluations along specific flow paths have not been
attempted. Changes in concentration due to dilution are important in areas where
potentiometric surface maps show converging flow paths., The predominant hydrochemical
processes affecting changes in contaminant concentration are sorption, vaporization, and
degradation.  Distribution coefficients (Kg4) for RMA contaminants indicate that
organochlorine pesticides are generally strongly sorbed while organosulfur compounds are
generally weakly sorbed. Volatile aromatic organics and volatile halogenated organics tend

to vaporize readily to the unsaturated zone.

Contaminant migration from the South Plants area occurs along several pathways.

Pathways radiate in several directions from a water table mound beneath South Plants.
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Numerous contaminants have been detected along a pathway from South Plants toward
Basin A. Contaminants include organochlorine pesticides, organosulfur compounds, volatile
halogenated organics, volatile aromatic organics, and others. Estimates of groundwater
travel time from the center of the water table mound beneath South Plants to the center
of Basin A range from 1.6 to 115 years. Volatile halogenated organics and volatile
aromatics occur as plumes along a pathway from South Plants through unconfined Denver
Formation toward Ladora Lake. Estimates of groundwater travel time from the center of

the water table mound to Ladora Lake range from 2.8 to 249 years.

Contaminant migration from Basin A is principally toward the northwest in a small area of
saturated alluvium ca'led the Basin A Neck. Secondary pathways trending generally north
from the Basin A-Basin A Neck also may exist in unconfined parts of the Denver
Formation. Groundwater contaminants that occur in greatest concentrations along the
Basin A-Basin A Neck pathway include dithiane, oxathiane, benzene, chlorobenzene,
chloroform, diisopropylmethyl phosphonate, fluoride, and chloride. Estimates of
groundwater travel time from Basin A to the downgradient end of Basin D range from 1.5
to 44.5 years, Dithiane and oxathiane are weakly sorbing contaminants and have been
used to compare average linear velocity and groundwater travel time calculated from
available hydraulic information with actual contaminant travel time. The comparison was
most favorable when assuming an effective porosity of 0.20 and a hydraulic conductivity
of 29 ft/day..

Contaminants moving through the Basin A Neck continue to migrate along one of several
central pathways toward the Northwest Boundary Containment System. Other central
pathways originate near the Sand Creek Lateral or Basin F and also trend toward the
Northwest Boundary Containment System. Hydraulic conductivity is less and hydraulic
gradient is greater along the upgradient part of these pathways than along the
downgradient part. Estimates of groundwater travel time from the downgradient end of
Basin D to the Northwest Boundary Conainment System range from 0.2 to 4] years,
Calculated groundwater travel time along these pathways compares well with travel time of
contaminants that are weakly adsorbed. The comparison with diisopropylmethyl
phosphonate was most favorable when assuming an effective porosity of 0.20 and a

hydraulic conductivity range between 15 and 20 ft/day.
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Contaminant migration from source areas beneath Basin C and the Basin F area occurs in
alluvial material and weathered bedrock. The Basin F pathway treads north to the North
Boundary Containment System. Most target contaminants occur near Basin F or along the
Basin F pathway. Saturated thickness along the pathway typically is less than 10 ft and
hydraulic gradients are very low. Saturatad thickness and hydraulic gradients in recent
years are substantially less than gradients from 1957 to 1971 when Basin C was used as an
artificial recharge basin. Assuming an effective porosity value between 0.1 and 0.3, and
hydraulic conductivity between 30 and 900 ft/day, present day groundwater travel time
frcm Basin F to the North Boundary Containment System ranges from 1.1 to 99 years.
Groundwater travel time during periods when Basin C was used as a recharge basin

probably was 3 to 5 times shorter,

Three major pathways of contaminant migration have been identified in the western tier.
Trichloroethylene is the primary contaminant detected in all pathways.
Dibromochloropropane has been detected along one pathway. Groundwater contained in
these pathways occurs in deposits of permeable sand and gravel. Hydraulic conductivity is
large and hydraulic gradients are correspondingly small. Average linear velocity along
these pathways is the highest of all pathways considered in this report. Groundwater
travel time from the motor pool and railyard areas to the Irondale Containment System is
estimated to be between 0.44 and 8.6 years. Groundwater travel time from the southern
boundary of RMA to the Irondale Containment System is estimated to range from 3.5 to
6.8 years. Average linear velocities are similar along the western tier pathway and off-

post western tier pathway.
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1.0 INTRODUCTION

1.1 Purpose

The purpose of the Water Remedial Investigation is to present the U.S. Department of the
Army's Remedial Investigation results for the Rocky Mountain Arsenal (RMA) on-post
water media. This document is a formal Remedial Investigation product prepared in
accordance with the Federal Facility Agreement (1989), the RMA Technical Program Plan
(TPP), (Program Manager's Office, PMO, 1988/RIC88131R01), and the June 1985 RI
Guidance Document (U.S. Environmental Protection Agency, EPA). This report is one of
the four Media Remedial Investigation reports (water, air, buildings, and biota) and seven
Regional Remedial Investigation Study Area Reports (SARs) prepared to define the nature
and extent of contamination and complete a comprehensive Remedial Investigation for the
On-Post Operable Unit of RMA as required by the Comprehensive Environmental Response,
Compensation and Liability Act (CERCLA), as amended by the Superfund Amendments and
Reauthorization Act (SARA), and the National Contingency Plan (NCP). The Water
Remedial Investigation is a compilation, integration, and interpretation of groundwater and
surface water study results obtained from specific tasks designed to provide a
comprehensive assessment of contaminant occurrence at the site. This report was
prepared under contract numbers DAAA15-88-D-0024 and DAAK11-84-D-0016.

The report provides a general overview of contamination in water at RMA. It is not
intended to be the only source of information for Feasibility Study. The USATHAMA

database, and other detailed investigations also are appropriate sources of information.

1.2 Scope of Work

Recent Media Remedial Investigation efforts have focused on assessing air, biota,
buildings, and water contamination at RMA. The Air Remedial Investigation (ESE,
1988d/RIC88263R01) assessed airborne contaminant occurrences and established ambient air
quality conditions for RMA. The %'ota Remedial Investigation (ESE, 1989a/RIC89054R01)
studied the presence and effect of potential contamination on plant and animal
communities of RMA. The Buildings Remedial Investigation (Ebasco, 1988¢c/RIC88306R02)
carefully documented structure use history, which, combined with a limited sampling
effort, was used to assign contamination classifications to the structures. This report

discusses contaminant occurrence and distribution within groundwater and surface water at
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RMA. Volume I presents an introduction to the project (Section 1); then describes the
environmental setting (Section 2), nature, and extent of contamination (Section 3), and
concludes with an assessment of contamination (Section 4). Volume II comprises
supporting data for Volumes I and III. These supporting data are presented in
Appendices A through E, and include geologic and hydrologic data, Task 44 data,
chemistry data, and information pertaining to hydrochemical properties and hydrologic
calculations. Volume III comprises Appendix F, which is a detailed description of geology,
hydrology, contaminant distribution, and historical groundwater and surface water
programs found in Volume 1. Volume 4 contains comments and responses on the Draft
Final Water Remedial Investigation Report, Version 2.2. Volume 5 contains Plates |

through 17, which are referenced in Volumes I and III.

The Water Remedial Investigation assesses contaminant occurrence and distribution within
the boundaries of RMA and in areas that are hydraulically downgradient. Hydraulically
downgradient areas are northwest of RMA and are bounded on the northeast by Second
Creek and on the northwest by the South Platte River. Therefore the study area
described in this report is bounded by the southern and eastern boundaries of RMA,

Second Creek, and the South Platte River.

1.3 Methodology

In 1985 the Army created a separate office, the Program Manager's Office for the Rocky
Mountain Arsenal Contamination Cleanup, to specifically deal with contamination problems
at RMA. This office awarded contracts to two consultant teams, Environmental Science
and Engineering (now Hunter/ESE) and Ebasco Services Incorporated to define the nature
and extent of contamination at the site and to provide litigation support for the U.S.

Department of Justice.

Task order contracts were developed for the consultant teams with general objectives to
conduct an environmental program to define the nature and extent of contamination and
select remedial action alternatives to mitigate contamination problems. Survey elements
include the Remedial Investigation, Endangerment Assessment (EA), and Feasibility Study
(FS). Twenty-three of the tasks involving water data acquisition or interpretation were
utilized in the Water Remedial Investigation report. All tasks were completed in

September 1988.
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1.4 Qverview

RMA occupies over 17,000 acres in Adams County, Colorado (Figures 1.1 and 1.2), and is
located approximately 10 miles northeast of downtown Denver. Stapleton International
Airport extends into the southern border of the RMA (Figure 1.1). Land use along the
remaining boundaries includes residential, light industrial manufacturing, and agricultural.
Residential population in the vicinity is concentrated to the west with a total of

approximately 1.5 million within 15 miles of the RMA boundary.

Military History: RMA was established in 1942 by the U.S. Department of the Army as a
manufacturing facility for the production of chemical and incendiary munitions. During
World War I, chemical intermediate munitions, toxic products, and incendiary munitions
were manufactured and assembled by the Army. From 1945 to 1950, stocks of Levinstein
mustard were distilled, mustard-filled shells were demilitarized, and mortar rounds filled
with smoke and high explosives were test-fired. Various obsolete ordnance were also

4estroyed by detonation or burning during this period.

In the early 1950s, RMA was selected to produce the chemical nerve agent GB (Sarin)
under U.S. Army operations. The North Plants manufacturing facility was completed in
1953 and was used to produce agents until 1957. Munitions-fiiling operations continuing
until late 1969. Primary activities between 1969 and 1984 involved the demilitarization of

chemical warfare materials.

Industrial Use History: Concurrent with military activities, industrial chemicals were
manufactured at RMA by several lessees from 1947 10 1982, In 1947, portions of the site
were leased to the Colorado Fuel and Iron Corporation (CF&!1) for chemical manufacturing
of chlorinated benzenes, DDT, naphthalene, chlorine, and fused caustic. Between 1947 and
1949, Julius Hyman & Company manufactured chlordane. Between 1947 and 1952, Julius
Hyman & Company developed and initiated the manufacture of Aldrin and Dieldrin and
conducted pilot studies on Endrin. In late 1949, Julius Hyman & Company leased portions
of the property previously covered by the CF&I lease. In May 1952, Shell Chemical
Corporation (Shell) acguired Julius Hyman & Company and operated this company as a
wholly owned subsidiary until 1954 at which time Hyman was integrated into the Shell
corporate structure as the Denver Plant and Shell succeeded Hyman as the named lgssee
by amendment to the original lessee. Shell conducted manufacturing operations at the site
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until 1982, producing a variety of insecticides, herbicides, nematocides, and other

compounds such as adhesives, anti-icers, and lubricating greases.

Litigation History: In May of 1974, diispropylmethyl phosphonate and dicyclopentadiene
were detected in surface water at the northern boundary. Later that year, the Colorado
Department of Health (CDH) detected diispropyimethyl phosphonate in a well north of the
site and issued three administrative orders directed against Shell and/or the Army in

April of 1975. These orders, commonly referred to as the "cease and desist orders”,

directed Shell and the Army to:

o Take steps, as necessary, to cease and desist from all unauthorized discharges
to the waters of the state;

File an application for a discharge permit;

Establish a groundwater surveillance program;

Maintain monitoring and sampling records; and

o © ©o o

Report the results of monitoring to the state.

In response to the cease and desist orders, a regional sampling and hydrogeologic
surveillance program was initiated requiring quarterly collection and analysis of over 100
on-post and off-post surface water and groundwater samples. This program was carried
out under the auspices of the Contamination Control Program, established in 1974 to
ensure compliance with Federal and State environmental faws. Since 1975, numerous other

programs have been implemented to monitor surface water and groundwater.

Two lawsuits were filed in December 1983 as a result of contamination at RMA. The
first was brought by the State of Colorado against the United States of America and Shell
for natural resource damages both on and off the site, and for response costs under
CERCLA. The second was filed by the United States against Shell for response costs and
for natural resocurce damage at RMA., The United States and Shell have entered into a
Federal Facility Agreement and a Settlement Agreement that, among other things,
establish procedures for assessment, selection, and implementation of response actions
resulting from the release or threatened release of hazardous substances at or from the
Arsenal and set forth the terms and conditions for payment of response costs by the

Army and Shell.
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1.5 Problem Definition

As a result of military and industrial activities, on-post soils, groundwater, and surface
water became locally contaminated. Witk time, contaminants entered the groundwater and
surface water systems and migrated on-post and to an extent off-post, creating a threat
to shallow water wells immediately downgradient of RMA boundaries. Soil and water
contamination on-post resulted from routine disposal of waste effluent to unlined and lined
basins, leaking sewer lines, and unintentional spills of raw materials, process
intermediates, and end products from the manufacturing complexes. Disposal practices at
RMA consisted of routine discharge of military and industrial waste effluents to lined and
unlined evaporation basins and burial of solid wastes at various locations. Fluctuations in
disposal volumes, leaking sewers, and leaking process water distribution and return lines
have influenced the groundwater regime by artificially recharging the hydrogeologiczl
system, locally raising the water table (causing "mounding”) and increasing contaminant

transport velocities downgradient.

The number and concentration of contaminants present in RMA groundwater have
changed through time. Factors contributing to these changes include variations in
operational activities, procedures for handling materials and wastes, and physicochemical
properties for contaminants. In addition, environmental and climatic changes have

changed the variety and concentration of contaminants.

1.6 Previous Investigations

Numetous investigations have been conducted historically at RMA for the purposes of
defining the hydrogeologic system and identifying Arsenal-related toxic constituent(s) in
the ground and surface water. In addition, during the course of active operations at
RMA, the U.S. Army has undertaken various projects designed to ameliorate the effects of
the contamination of ground and surface waters caused by Arsenal-related compounds and
to halt further contamination. In June [954, farmers located north of RMA began
complaining of crop damage, the result of purportedly polluted irrigation water drawn from
wells drifled into the Alluvial Aquifer. In the summer and fall of 1954, the US. Army
Corps of ELngineers conducted resistivity studies for the purpose of determining the
direction of groundwater flow north from RMA and chemical analyses of samples of water
from the affected wells. The resistivity studies indicated groundwater flow in the
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direction of those areas suffering crop damage. Laboratory analyses of water drawn fram
wells north of RMA revealed high concentrations of chlorides and sulfates. In February
1955, the Corps of Engincers issued contracts to the U.S. Geological Survey (USGS) to
investigate the sources and the exteat of contamination in the Alluvial Aguifer and to the
Ralph M. Parsons Company (Parsons Co.) to undertake a study of waste dispusal tractices
at RMA and to recommend, on the basis of this study, an economical and environmentalily
safe method for the disposal of large volumes of liquid waste. The Parsons Co. was also
tasked with attempting to identify which chemical compounds, if any, in RMA wastes were

responsible for the crop damage occurring north of the Arsenal.

The USGS study completed in August, 1956 concludad that unlined solar evaporation ponds
at RMA were the probable source of a one-half mile wide flow of highly saline
groundwater extending north from the Arsenal to the areas affected by crop damace.
However, the USC" study was unable to identify the specific phytotoxicants responsible
for the crop damage. The recommendations of the Parsons Co. issued in September 1955
in conjunction with concurrent studies by the U.S. Army Chemical Corps prompted the
Army in 1956 to build Basin F, a 93 acre solar evaporation pond lined with a 3/8-inch
catalytically blown asphalt membrane, for the disposal of process liquid industrial wastes
and to cease forever the use of unlined basins for this purpose. Basin F, ¢ompleted in
the fall of 1936, was used continuously until December, 1981, Except for a short period
in the spring of 1937 while repairs were performed on the liner of Basin F, no further
utilization of unlined basins for the disposal of liquid waste occurred at RMA. In 1958
and 19359 researchers at the University of Colorado, contracted by the Army in 1956,
working in cooperation with personnel from the Army Chemical Research Devclopment
Loboratory at Ft. Detrick, identified the chlorate ion and an unknown substance similar to
the herbicide, 2,4-D as the phytotoxicants in the groundwater responsible for the crop
damage north of RMA. “In 1961, in response bcth a 1959 U.S. Public Health Service
finding of Arsenal culpability for contamination of the Alluvial Aquiler north of PMA and
to 2 need for additional waste disposal capacity, tte Army built 2 deep well designed to
provide environmentally safe disposal through pressure injection of treated liquid wastes
into sub-surface formations at a depth of 12,045 feetr. Beginning in 1961, the deep weil
was used intermittently along with Basin F for liquid waste Jisposal until 1966 when
public fears of a connection between deep well operations and atypically intense local

earth tremors in the Denver area prompted its closing.”
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Significant studies conducted at RMA between 1955 and 1974 for the purposes of defining

the hydrogeologic system and identifying toxic constituents(s) in the surface 2nd ground

water include:

o L.R. Petri and R.O. Smith, Water Quality Division, Geological Survey U.S. Department
of the Interior, Investigation of the Quality of Ground Water in the Vicinity of
Derby, Colorado, August 1, 1956, CSD 017 0591-0684;

o US. Army Corps of Engineers, Omaha District, Report on Ground Water

Contamination, Rocky Mountain Arsenal, Denver, Colorado, September 1955,

0 Ralph M. Pursons, Co., Final Report Disposal of Chemical Wastes, Rocky Mountain
Aresenal, September 29, 1955, RNAOQO2 0928-1007.

o E. Bonde, P. Urone, T. Walker, University of Colorado, Research on Phytotoxic
Materials {(sponsored by the U.S. Army Chemical Corps, Contract DA-05021-CML-10-
092), Interim Reports, 1 July, | September, | December 1956, ! January thru |
December 1957; | January thru | December 1958; | January thru | May 1959; | Muy
thru 31 May 1959; | June thru 30 June 1959; 1 July thru 31 July 1959; 1 August thru
31 August 1959; | September thru 30 September 1959; 1 October thru 31 October
1959; 1 November thru 30 November 1959; | December thru 31 December 1959; Final
Report on Research on Phytotoxic Materials, | June 1956 thru 31 December 1959;

o Robert L. Weintraub, US. Army Biological and Chemical Research Laboratory, Ft.
Dedrick, Md., "Toxicity of Rocky Mountain Arsenal Waste,” Status Report, 25 May
1959;

o Graham Walton, Engineering Section, Water Supply and Water Pollution, Research
Branch, U.S. Department of Health, Education and Welfare, Public Health Aspects of
the Contamination of Ground Water in South Platte River Basin in Vicinity of

Henderson, Colorado, August 1959, November 2, 1959, RMA 062 0255-9282;

0 Public Health Seevice, Division of Water Suppty and Pollution Control, South Platte
River Basin Project, U.S. Department of Health, Education and Weltare, Ground Water
VYollution in the South Platte River Between Denver and Brighton, Colorade,
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December 1965, RIC 85007R02; and

o U.S. Army Environmental Hygiene Agency, Water Quality Geohydrological Consultation
No. 24-012-74, Rocky Mountain Arsenal 30 July - 3 August 1973, July 10, 1974, RAA
0230734-0821.

In response to the problems highlighted in the cease and desist orders described
previously, the Army beginning in 1975 through the Countamination Contrul Program
implemented a regional sampling and hydrogeologic surveillance program requiring
collection and analysis of over 100 on-post and off-post surface water and ground water
samples. The surveillance monitoring program for Basin F, on-going since at least 1962,
was augmented in 1975 with the addition of four wells and expanded study. Shell also
implemented a2 number of ground water monitoring programs on-post, most notably in the
South Plants and the Railroad Classification Yards areas. Additional studies, directed by
the U.S. Army Toxic and Hazardous Materials Agency (USATHAMA) were conducted to
identify, control and treat pollutants. To mitigate problems associated with contaminant
migration off-post, three ground water treatment systems were installed by the Army and
Shell between 1978 and 1984 at the northern and northwestern property boundaries of
RMA to intercept and treat contaminated ground water and re-ingect the treated water
into the subsurface. In 1982, the chemical sewer interceptor lines to Basin F were
removed, the Basin was Jiked to prevent the intrusion of surface run off, and an
enhanced evaporation system was installed to ard in the reduction of the ponded liquid

contents to manageable volumes prior to remaval,

The first overall data assessment was performed by Geraghty & Miller, Inc., in 198)
(Stolla; and van der Leeden, 1931/RICZ1293R0S) and a site-wide hydrogeologic study was
recommended as a result of this study. This recommended study was performed by the
US. Army Corps of Engincers Waterwayvs Experiment Station for the U'S. Army Tovic and

Hazardous Materials Agency (USATHAMA),

US. Army Corps of Engineers Waterways Experiment Station studied groundwater flow
dJirections and solumes in various geographical areas and identified areas where the
shallow Quaternary age alluvium s in direct contact with urderiving permeable sandstones
of the Cretaccous to Tertiary age Denver Formaton.  This finding indicates that the
alluvium and the Denver Formation are locally in hvdrogeologic communication and that
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there is potential for contaminant transport between the units (May, 1982/RIC82295R01).

In 1982, contaminant source control strategies for RMA and assessment of associated
remediation costs were developed by the Army through the Contamination Control
Program. The first report issuing from this two and one-half year study, titled, "Selection
of a Coatamination Control Strategy for RMA® (RMACCPMT, 1983/RIC83326R01), was
generated by the RMA Contamination Control Program Management Team (RMACCPMT) in
1983 and delineated the procedures for the development of a contamination control
strategy. This report documented the results of a two and one-half year study of
potential contamination control strategies that would ensure compliance with state and
Federal statutes pertaining to the release of pollutants into the envircnment. The report
also included an extensive tecnnical review and analysis of migratory pathways of
hazardous contaminants and their sources; an assessment of applicable environmental laws;
development of corrective strategies within available technology; screening and evaluation

of alternative strategies; and the selection of a preferred strategy.

A second report titled, "Decontamination Assessment of Land and Facilities at RMA"®
(RMACCMPT, 1984/RIC84034R0O1) was developed by the Army for planning purposes. It
identified and classified over 150 potential contamination sites and provided a preliminary
assessment of the extent, probable use, boundaries, and possible contamination profile of
the sites. This report was developed based upon personnel interviews and upon
informarion contained in the [irst report.  Study results were not field verified. The
report  also  discussed environmental laws affecting decontamination activities and

evaluated technical approaches for attaining decontamination.

In 1985, as descrited previouslv, the Army through the Program Manager's Office for
Rocky Mountain Arsenal Contamination Cleanup, inaugurated a services of investigations
designed to define the nature and extent of contamination at RMA and to sclect remedial
action 3alternatives to mitigate contamination problems.  The investigations of ground
wauter and surface water conducted under this program form the subject matter of this

report.

As a post-Remedual Insestination program to provude tong-term hyvdrogeologic information
At RMAL the Comprehensive Monitoring Program was developed.  This verification
monitaring peacram was decaned o provide hoth regional monitoring and site and/or
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source monitoring, as well as long-term hydrogeologic monitoring in both the on-post and

off-post areas.
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2.0 ENVIRONMENTAL SETTING

Contaminant distribution is controlled in part by the physiographic, geologic, and
hydrologic characteristics of RMA and vicinity, The purpose of this section of the report
is to describe these characteristics in sufficient detail to understand contaminant
occurrence and migration. Subsequent sections of the report will describe contaminant

occurrence and relate occurrence to physiographic, geologic, and hydrologic characteristics.

2.1 Physiggraphy

RMA is part of the High Plains physiographic province and is characterized by gently
rolling hills. The land surface slopes from southeast to northwest with a total change in
altitude of 220 ft. Short grass prairie and disturbed grasslands predominate in the
northern part of RMA while lakes, wetlands, and small areas of woodland are present in

southern and eastern areas.

Average annual precipitation is approximately 15 inches with annual variations from
approximately 7.5 to 23 inches. Approximately 50 percent of annual precipitation occurs
between April and July. Snow accounts for approximately 30 percent of annual
precipitation. Frequent summer thunderstorms result in substantial variations in
precipitation over short distances. Average annual potential evaporation is 38.5 inches
based on a 27 year average for Cherry Creek Reservoir (COE, 1987). Large seasonal
fluctuations in air temperature are common., The lowest recorded temperature was -30°F
and the highest recorded temperature was 104°F (1936). Prevailing winds are from the

south and southwest.

2.2 Surface Water Hvdrology

Surface water at RMA flows within several small drainage basins that are tributaries of
the South Platte River (Figures 1.1 and [.2). The major drainages within RMA are First
Creek and Irondale Gulch. Man-made structures including diversion ditches, lakes, and
water retention basins have modified the natural drainage patiterns. Culverts, sewers, and

similar control structures also have been constructed.
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First Creek drains an area of approximate’ 27 square miles upstream of RMA and
approximately 12 square miles within the boundaries of RMA. First Creek discharges into
O'Brian Canal approximately 0.5 miles north of RMA. Streamflow data for water years
1986 and 1987 indicate that mean monthly discharge of First Creek decreased from 82.2
acre-ft/mo where the stream enters RMA to 69.3 acre-ft/mo where it leaves RMA. Mean
monthly discharge of First Creek at Highway 2 was 24.7 acre-ft/mo. There are no major
diversions of surface water from First Creek. Streamflow in First Creek varies
substantially during the water year. Extended periods with little or no flow are common.

The Irondale Gulch basin drains an area of approximately 11.5 square miles upstream of
RMA and 6.5 square miles within the boundaries of RMA. Four lakes and several other
impoundments within the basin are located on RMA. The Havana and Peoria Interceptors,
North and South Uvalda Street Interceptors, and Highline Lateral deliver water from south
of RMA to the lakes and impoundments. Sand Creek Lateral diverts water from Havana
Pond and Lower Derby Lake during periods of high lake level, collects additional runoff
from the South Plants area, and flows north out of the Irondale Gulch drainage toward
First Creek. Natural stream channels are poorly defined or lacking over most of the
Irondale Gulch Basin partly as a result of moderate to high rates of soil infiltration.
Streamflow statistics for man-made charnels in the basin are summarized in Table 2.1.

Gaging station locations are shown in Appendix F, Figure 2.3-2.

Lakes, in downstream order at RMA, are Upper and Lower Derby Lakes, Ladora Lake, and
Lake Mary. Ladora Lake and Lower Derby Lake were irrigation reservoirs prior to the
construction of RMA. In 1942, the Army modified both reservoirs to enlarge their holding
capacities and, in addition, built Upper Derby Lake. Lake Mary was constructed in 1960
as a recreational fishing area. Havana Pond receives water from interceptor channels,
The Rod and Gun Club Pond receives water from Lower Derby Lake via a ditch bisecting
a lake sludge disposal site, although water levels in Lower Derby Lake are generally below
the ditch bottom elevation. Storage capacity of the lakes varies from 60 acre-ft for Lake
Mary to 970 acre-ft for Lower Derby Lake. Stage fluctuations have been monitored on a

regular basis to aid in evaluating hydraulic interchange of surface water and groundwater.

Six basins, designated Basin A through Basin F, were constructed for retention of process
waste, wastewater, and storm runoff. Each basin is a natural topographic depression that
has been modified by berms and other structures. Of the six basins,
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Table 2.1 Streamflow Statistics for Gaging Stations at RMA During Water Years 1986 and

1987
Mean Maximum Minimum WY8§‘ WY8;7.
Monthly Instantaneous Instantaneous Total Total
Station (ac-ft/mo) (cfs) (cfs) (ac-ft) (ac-ft)
Peoria Intercept 1.7 230 0 92 211
Havana Intercept 98.4 677 0 1,088 1,276
Ladora Weir 8.4 16 0 76 141
South Uvalda 52.2 202 0.2 621
North Uvalda 53.1 55 0 688 659
Highline Lateral 29.6 14.4 0 308 462
South First Creek 82.2 380+ 0 1,006 1,003
North First Creek 69.3 213 0 1,068 733
South Plants Ditch 0.0 Trace 0 0 0
Basin A 0.8 5.6 0 9.6 10.4
First Creek at Hwy 2 24.7 23.2 0 i 413
ac-ft acre foot
ac-ft/mo acre foot per month
cf’s cubic foot per second
:‘ no data available
WY Water Year defined as October | through September 30
Source: ESE, 1988.
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Basins A, C, and F had the largest sterage capacities. Groundwater levels beneath Basin

A are 1 to 4 ft below land surface.

Basin C was built in 1953 and from 1953 to 1956 collected wastewater overflow from
Basins A and B, and wastewater diverted from the Sand Creek Lateral. Infiltration of
fresh water in Basin C probaoly affected the historical groundwater flow directions in the
area of Basins C and F, these effects are discussed in Section 4. Except for local

runoff, Basin C has been dry since 1976.

Basin F, constructed between July and November 1956, was lined with a 3/8-inch
catalytically blown asphalt membrane. Basin F was used for the disposal of liquid waste
at RMA from 1956 to 1981. Storage capacity of Basin F was 746 acre-feet. An interim
response action (IRA) was impiemented in 1988 at Basin F to remove liquid and solid
wastes to safe, temporary storage and to prevent the further migration of any
contamination still present in the area of the basin until final remedial action is initiated.
The project consisted of transferring the residual liquid to temporary storage tanks and a
lined and covered pond; stabilizing the sludges, asphalt liner and some of the subliner
soil, and placing the stabilized material in a double-lined waste pile constructed within the
basin; and placing a clay cap over the entire excavation basin to minimize infiltration.

Final closeout for this IRA is scheduled for July 1989.

2.3 Geoleay

The groundwater system at RMA is part of the Denver structural basin that extends from
Colorado into Western Nebraska, Kansas, and Eastern Wyoming. Strata in the Denver
basin with usable quantities of potable water are the Fox Hills Sandstone, Laramie
Formation, Arapahoe Formation, the Denver Formation, and the Dawson Arkose. The
Dawson Arkose is present only in the southern part of the Denver basin and is absent at
RMA. Unconsolidated alluvial and eolian deposits are at land surface throughout most of

RMA. The bedrock immediately underlying these deposits is the Denver Formation.

Alluvial and eolian deposits at RMA locally attain thicknesses of 130 ft; however, the
thickness of these deposits is typically much less. Several prominent paleochannels with
alluvial thickness varying from approximately 50 to 130 ft have been identified in the
erosional surface of the Denver Formation. Thickness of alluvial and eolian deposits in
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other areas is generally less than 50 ft. Areas with less :fian 20 ft of alluvial and eolian
deposits are common. One of these areas, called th= Basin A Neck in Sections 35 and 36,

probably has an important influence on contarzinant migration at RMA.

Older alluvial units located in areas along the South Platte River west and northwest of
RMA generally consist of coarse grained sand and gravel deposited during post-glacial
periods. Eolian deposits and younger alluvial units are finer grained than older alluvial
units. Coarse grained deposits generally occur within paleochannels, while fine grained

material tends to blanket the entire area.

The Denver Formation underlying the alluvium consists of interbedded claystones,
siltstones, sandstones, and organic-rich (lignitic) intervals. Water-bearing layers of
sandstone and siltstone occur in irregular beds that are dispersed within relatively thick
sequences of somewhat impermeable material. Individual sandstone layers are commonly
lens shaped and range in thickness from a few inches to as much as 50 ft. Reliable
correlation of individual sandstone layers between wells is generally good in areas such as
South Plants and Basin A, where a thick lignite bed (LA) is present and provides a
recognizable marker horizon. Corrzlations through other areas of RMA are more tentcous.
Lignitic beds typically vary in thickness from 0 to 13 ft, are more continuous laterally
than sandstone layers, and commonly are fractured. Low permeability volcaniclastic
material is present in the upper part of the Denver Formation. The Denver Formation is

200 to 500 ft thick at RMA.,

Stratigraphic zones within the Denver Formation have been identified on the basis of
rvelatively continuous lignitic marker beds (Figure 2.1). Zach zone consists of
discontinuous sandstones separated by claystone. The interval of volcaniclastic material is
identifiedvas a separate stratigraphic zone. Data to map geologic characteristics of each
zone are most common where the zone is shallow. Sandstone units in shallower zones

vary in thickness from near O ft to areater than 50 ft. Sandstone units generally trend

north to south.

Bedding planes in the Denver Formation dip approximately 1° to the southeast. Because
of this, relatively older stratigraphic zones subcrop against alluvium in northwestern parts
of RMA, with progressively younger zones subcropping toward the southeast. Evidence for
folding or faulting in the Denver Formation at RMA is inconclusive.
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2.4 Unconfined Flow Svstem

Groundwater at RMA occurs under both confined and unconfined conditions. Water in
bedrock typically is under confined conditions while water in unconsolidated surficial
deposits typically is under unconfined conditions. [Exceptions occur in areas where
bedrock units are exposed at land surface or overlying unconsolidated deposits are

unsaturated, Where these conditions occur, water in shallow bedrock is unconfined.

The Unconfined Flow System includes saturated alluvium, eolian deposits, and subcropping
parts of the Denver Formation where lithologic data indicate the presence of sandstone or
other relatively permeable material. In areas where alluvial and eolian deposits are
unsaturated, the Unconfined Flow System consists solely of sandstone and fractured or
weathered rock within the shallow parts of the Denver Formation. This definition does
not preclude lateral flow between alluvium and permeable material in subcropping Denver
Formation. However, rates of flow within these parts of the Denver Formation may be
substantially different from rates of flow in the alluvium due to differences in hydraulic

conductivities between these units.

The nature of flow in shallow parts of the Denver Formation is substantially more
complex than the nature nf flow in alluvial and eolian deposits. Transmissive rock of the
Denver Formation is discontinuous and extremely heterogeneous. These local-scale
complexities may have important implications for flow and transport and may result in
local areas where water in the shallow Denver Formation is under confined conditions.
These complexities also may result in steep vertical gradients in some areas where the
Unconfined Flow System consists of Denver Formation. Consequently, there is a greater
degree of uncertainty when characterizing flow in the Denver Formation than occurs when

characterizing flow in alluvial and eolian deposits.

The bottom of the Unconfined Flow System is delineated by the following criteria. Where
no sandstone of the Denver Formation subcrcps, the bedrock-alluvium interface is the
bottom of the Unconfined Flow System. If subcropping sandstone is present, the
sandstone in the area of subcrop is included as part of the Unconfined Flow System. If
alluvium is unsaturated or absent, the bottom of the Unconfined Flow System is defined
by the depth of weathered rock in the Denver Formation. Based on these criteria, the
Unconfined Flow System extends throughout RMA and vicinity,
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The saturated thickness of the Unconfined Flow System varics from less than 10 ft to
approximately 70 ft (Figure 2.2). Thickness is greatest in paleochannels and typically
varies from 20 to 50 ft. Thickness beneath Basins A through F and South Plants is
typically 20 ft or less. Large areas with thickness less than 7 ft have been identified in

Sections 20, 26, and 29.

24.1 Hydraulic Properties

The Unconfined Flaw System has been divided into seven hydrogeologic units on the basis
of lithologic descriptions and aquifer test results (Figure 2.3). Six of the hydrogeologic
units are located within unconsolidated Quaternary deposits. Unconfined parts of the
Denver Formation are grouped as the seventh unit. Aquiler test results (Appendix B)
were used to estimate hydraulic conductivity for each hydrogeologic unit (Table 2.2). A
complete lithologic description of each hydrogeologic unit is presented in Appendix F.

For hydrogeologic units with a substantial number of aquifer tests, typical values given jp .
Table 2.2 are the median values of those tests. These units are QT, QAl, QA2, and QA3.
Aquifer-test data for the remaining units, particularly data from multiple well tests gre
more limited. In these cases, the range of estimates is based on test results, while the

typical value reflects the judgement of the hydrogeologists who compiled the information.

Hydraulic conductivity of unconfined Denver Formation generally is one to two orders of
magnitude smaller than the eolian unit and two to three orders of magnitude smaller than
alluvial gravel and coarse grained sand units. Estimates of hydraulic conductivity in the
Denver Formation range from 0.03 to 3 ft/day. Estimates in the eolian unit rarge from
10 to 100 ft/day, and estimates in gravel and coarse grained sand units range from 60 to
3,000 ft/day. Estimates of hydraulic conductivity were obtained from results of 16 aquifer
tests with observation wells, nine aquifer tests without observaticn wells, and 75 slug

tests.

Specific yield estimates obtained from aquifer test results correlate qualitatively with
hydrogeologic units. In eolian and fine-grained alluyvial units, specific yield estim-tes
range from 0.01 to 0.05. Specific yield estimates in coarser material are typically 0.23 to
0.25. Aquifer-test results in the Denver Formation have not provided reliable estimates of
specific yield.
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Table 2.2 Hydraulic Cuaductivity Estimates for Hydrogeologic Units of the Unconfined

Flow System

Hydraulic Conductivity

Typical Value

Range of Estimates

Hydrogeologic Unit and Symbol (ft/day) (ft/day)
Terrace gravel (QT) 900 300 to 3,000
Paleoch:ﬁnnels in terrace gravels (QAIl) 900 300 to 3,000
G'ravvel-filled paleochannels in eolian

deposits (QA2) 300 100 to 1,000
Sil(); ter;ace gravels and coarse sand (QA3) 200 60 to 600
Paleochannels without gravel in

eolian deposits (QA4) 100 30 to 300
Eonan'deposns (QE) 60 10 10 100
Unconfined Denver Formation (TKy) 0.3 0.03101}
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2.4.2 Potentiometric Surface

Potentiometric surface data (Figure 2.4) obtained in 1987 indicate that groundwater in the
Unconfined Flow System generally flows toward the north and northwest. Spatial
variation in hydraulic gradients can be attributed to variations in saturated thickness,
hydraulic conductivity, and locations of recharge and discharge. Where saturated
thickness is small, hydraulic gradients are also influenced by the configuration of the
bedrock surface. In areas where the Unconfined Flow System is primarily alluvium,
hydraulic gradients vary from approximately 0.0001 to 0.01 fi/ft. In areas where the
Unconfined Flow System is primarily Denver Formation, hydraulic gradients are generally

larger (0.007 to 0.02 ft/ft) and subject to greater uncertainty.

As a result of the 10 ft contour interval selected for mapping the potentiometric surface,
some detail has been lost. More detailed maps are available within Study Area Reports
and other more site-specific documents. Flow paths inferred from Figure 2.4 are generally
correct; however, more detailed maps must be used in areas of rapidly diverging flow.
More detailed maps also show several groundwater mounds in parts of the Unconfined
Flow System that correspond to unconfined Denver Formation. When total head change
across these mounds is less than 10 ft, the mound may not appear on Figure 2.4,
Examples of low magnitude groundwater mounds occur in the area of unsaturated alluvium

northwest of Basin F and north of Basin A.

Hydraulic gradients in the Unconfined Flow System are small in areas where saturated
thickness and hydraulic conductivity are large. Small hydraulic gradients (0.004 ft/ft)
include the RMA western tier and the South Platte River. Other areas with small
hydraulic gradients are near First Creek (0.006 ft/ft), south-central parts of RMA (0.009
ft/ft), and between the RMA northern boundary and the South Platte River (0.008 ft/f1).

Hydraulic gradients in the Unconfined Flow System generally are large in areas where
hydraulic conductivity is relatively small, or where saturated thickness is small and the
elevation of the bottom of the Unconfined Flow System changes substantially. These
conditions exist northwest of Basin F, in parts of Sections 27, 34, and 35, and in areas

where flow in the Unconfined Flow System occurs through rocks of the Denver Formation.
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A small hydraulic gradient (0.0001 ft/ft) occurs from Basin F to the RMA northern
boundary. Saturated thickness generally is small (less than 20 ft) and a substantial part
of the Unconfined Flow System in this area consists of the Denver Formation. Reasons
for the small gradient include a probable small quantity of water moving between Basin F
and the RMA northern boundary, and hydraulic head control near the RMA northern
boundary where water flowing from the vicinity of Basin F mixes with a larger volume of
water {lowing through material with high hydraulic conductivity beneath First Creek.
Installation and operation of the North Boundary Containment System has had a secondary

influence on the hydraulic gradient from Basin F to the northern boundary of RMA.

Water levels beneath the South Plants area indicate the presence of a groundwater mound,
and water flows radially away from this groundwater high beneath South Plants. The
mound has existed since 1957 and perhaps earlier. The Unconfined Flow System beneath
the South Plants area is predominately c¢laystone and volcaniclastic material of the Denver
Formation and has relatively small hydrsulic conductivity. Where saturated, surficial
deposits are silt and clay with smill hydraulic conductivity, The Unconfined Flow Systeﬁ
in areas adjacent to the mound consists of material with larger hydraulic conductivity.
Assuming uniform recharge from precipitation in the South Plants and adjacent areas. the

spatial differences in hydraulic conductivity are sufficient to cause water table mounding.

Recharge Dbeneath South Plants has been enhanced in the past and contributed
substantially to the height of the groundwater mound. Enhanced recharge occurred as a
result of leaking pipes and sewes lines, collection of water in low lying areas and other
activities within the South Plants area. A major leak in the sewer system was identified
and corrected in 1930, Water levels teneath South Planis have declined 1 to 2 feet since

1982,
243 Water Level Fluctuations

Historical water Ievel fluctuations have been large in the vicinity of Basin C. Elsewhere,
historical water fewel fluctuations have bkeen small.  Fresh water was stored in Basin C
during the Itate 19305, Water level data collected during 1937 (Smith et al.,
1963, RIC34324R0) indicate that hydraulic heads beneath Basin C and Basin ¥ were 20 1o
30t higher thar present-day heads.  Basin C also was used extensively tor storage of
fresh water from 1969 through 1975, Water level data for this period were not avadable.
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Water level data for the composite period 1955 through 1971 (Konikow,
1975/R1C84324MQ1) show water levels beneath Basin C, Basin F and Basin A Neck were
approximately 10 ft higher than present-day water levels. Basin C has not been used
extensively since 1976 and water level data collected since 1978 reflect the present-day

potentiometric surface generally with deviations of less than 5 ft.

The present-day water level beneath Basin C, Basin F, and adjacent areas is at or slightly
below the contact between Denver Formation and overlying alluvium. Relatively small
increases in water level would cause the alluvium to become saturated. Because hydraulic
conductivity of the alluvium probably is one to two orders of magnitude larger than
hydraulic conductivity of the Denver Formation, flow paths and travel times for

contaminant migration may be substantially lower today than when Basin C contained

water.

Seasonal water level fluctuations as large as 7 ft have been measured near South Plants
between 1982 and 1986. Seasonal fluctuations elsewhere at RMA tend to be less than 2
ft. The magnitude of changes in the South Plants area may be a reflection of smaller
hydraulic conductivity and specific yield beneath South Plants compared with adjacent

areas, or it may be a reflection of changes in recharge.
244 Recharge and Discharge

Recharge to the Unconfined Flow System occurs as infiltration of precipitation and
irrigation, seepage from lakes and streams, and seepage from reservoirs, canals, and buried
pipelines. Water also enters the Unconfined Flow System by underflow of groundwater
from areas scuth and east of the study area. Water in transmissive strata of the Denver
aquifer flows laterally into the Unconfined Flow System where the elevation of the
bedrock varies appreciably in a short distance and the transmissive strata subcrop. Rates
of recharge vary seasonally, have caused relatively minor changes in water levels and

groundwater flow paths, and will not be discussed in detail.

Recharge rates for the Unconfined Flow System (Table 2.3) have been estimated from a
number of investications during the period 1981-1987.  Descriptions of each recharge
component are siven in Appendix Fo Estimates of many recharge components shown in

Table 23 are Masxd on assumptions that could not ke evaluated qguantitatively  with
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svailibte information. As a result, estimation accuracy and reliability could not be
uanidiad.  The recharge rates shown in Table 2.3 were used as initial estimates in
develop.ht a regional model of flow in the Unconfined Flow System. This model is

Jdescribe.. ‘n Section 4.3 of this report.

Discharge from the Unconfined Flow System occurs as seepage to Lake Ladora, Lake
Mary, Rud and Gun Club Pond, and the South Platte River. Additional groundwater
dis~harge ,-robably occurs by evapotranspiration from the water table in areas such as
Upprr De:by Lake where the water table is within 5 ft of the land surface. In some
areas, water flows. vertically from the Unconfined Flow System into the underlying Denver
aquifer.  Vertical flow probably occurs through fractures in areas where the subcropping
strata ar2 predominantly shale or claystone. Historically, vertical flow may have been
grecter when the water table was substantially higher than presently observed. Initial
disch.sge rates to Lake Ladora and Lake Mary were obtained by calculating water budgets
for each lake. A water budget for Rod and Gun Club Pond was not constructed but
discharge was assumed to be less than 25 acre-ft/yr. Total discharge to these three lakes
is estimated to vary from 82 to 385 acre-ft/yr. Estimates of groundwater discharge to the
South Platte River, based on calculations with Darcy’s law, are sensitive to uncertainty in
estimates of hydraulic gradients and hydraulic conductivity, Discharge estimates range
from 28,400 to 56,600 acre-ft/yr. Discharge also varies seasonally. For example during
periods of negligible streamflow, the Unconfined Flow System discharges to First Creek

north of RMA at a small rate.
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»
Table 2.3 Estimated Recharge to the Unconfined Flow System
»
Estimated Recharge X
Source of Recharge (acre-feet/year) -
. - . .
Precipitation 740
First Creek, on-post 300
First Crazk, off-post 316
Basin A 10 to 20
Basin B 4
Basin C 2 »
Basin D 0
Basin E 0
Sewage Treatment Plant 0
Lower Derby Lake . 480
Upper Derby Lake unknown
Havana Pond 1,300 »
Uvalda Interceptor 360
Rail Classification Yard 13
Sand Creek Lateral 20
Fulton Ditch 4,020
Burlington Ditch?* 5,300
O'Brian Canal* 10,400 to 15,800 » o
Highline Lateral 489 to 500
North Bog 190
Irrigation 6,550
TOTAL 30,500 to 36,300
»
* Estimates are for the entire length of the canal.
Note: Recharge estimates are for the area bound by Sand Creek, South Platte River,
Second Creek and Highline Canal.
]
»
»
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2.5 Denver Aquifer

The Denver squifer in the vicinity of RMA consists of parts of the Denver Formation
where water is under confined conditions. Generally, confined conditions are observed
within permeable sandstone or lignite that is separated from permeable material of the
Unconfined Flow System by relatively impermeable shale or claystone. Because upper
stratigraphic intervals of the Denver Formation are included in the Unconfined Flow
System where water is unconfined, there is no direct correlation between rock of the
Denver aquifer and stratigraphic intervals of the Denver Formation. The bottom of the
Denver aquifer is delineated by 30 to 50 ft of claystone and shale, informally called the
Buffer Zone, that separates the Denver from the underlying Arapahoe aquifer. The
Arapahoe Formation underlies RMA at a depth of approximately 250 to 400 ft below
ground surface (May, 1982/RIC82295R01).

Flow in the Denver aquifer is substantially more complex than flow in the Unconfined
Flow System. Transmissive rock in the Denver aquifer is discontinuous and
heterogeneous. The distribution of hydraulic head in the Denver aquifer indicates the
presence of a complex three-dimensional flow system. Consequently, understanding of flow
in the Denver aquifer is less certain than understanding of flow in the Unconfined Flow

System.
2.5.} Hydraulic Properties

Hydraulic conductivity estimates vary spatially and reflect variations in lithology.
Hydraulic conductivity of the shale and claystone matrix generally is small; probably 10-2
to 1074 ft/day. In contrast, hydraulic conductivity for sandstone in the Denver aquifer
has been estimated by slug-test analyses to range from 0.03 to 4 ft/day. Values less than
0.3 ft/day are typical of silty sandstone. Values from aquifer tests range from 1.1 to 7.7
ft/day. Estimates of hyvdraulic conductivity for lignitic beds that have been fractured are
not available. However, flow model analyses indicate that hydraulic conductivity of
lignitic beds may be an order of magnitude greater than hydraulic conductivity of

sandstone,

Contaminant migration in the Denver aquifes probably depends on the cccurrence of
interconnected sandstone lenses and fractured lignitic beds. Thickness and areal extent of
sandstone in stratigraphic zones of the Denver Formation is described by a series of maps
in Appendix F. Sandstone varies in thickness from a few inches to 50 ft. The maps
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identify thicker areas of sandstone that generally trend south to north with substantial

deviations in trend within each stratigraphic zone.
252 Distribution of Hydraulic Head

Head in the Denver aquifer decreases with depth at most locations in the vicinity of RMA.
Increasing head with depth has been observed at relatively few isolated locations
(Appendix F, Figure 2.4-11). Decreasing head with depth at RMA is consistent with
regional potentiometric surface maps for deep aquifers in the Denver basin (Robson, 1987).
Prior to 1885, head increased with depth in deep aquifers beneath RMA and heads in the
Denver, Arapahoe, and Laramie-Fox Hills aquifers were large enough to cause flowing
wells in the valley of the South Platte River. Groundwater withdrawals from 1885 to the
present have caused water level declines greater than 300 ft in the Denver area. As a

result, the vertical gradient at RMA currently is downward.

Hydrogeologic cross-sections constructed from the South Plants area to the RMA
northwestern boundary (Plate 1) and to the RMA northern boundary (Plate 2) indicate
that there is potential for groundwater flow toward the northwest as weil as downward
potential. Similar results are obtained by constructing potentiometric surface maps for
stratigraphic zones in the Denver aquifer (Figures 2.5 through 2.10). While these maps

indicate potential for flow, rates of flow are also dependent on hydraulic conductivity.

2.5.3 Recharge and Discharge

Recharge to the Denver aquifer occurs by vertical leakage from the overlying Unconfined
Flow System in areas where the subcropping bedrock is predominantly shale or claystone.
Head differences between the Unconfined Flow 3ystem and confined sandstone strata of
the Denver aquifer indicate a potential for downward leakage. Rates of leakage per unit
area are small but probably are enhanced by movement through fractures. Rates of
leakage are a function of head difference and vertical hydraulic conductivity. A single
estimate of vertical hydraulic conductivity (4.lx10’5 ft/day) is available from a pumping
test conducted near the Ncrth Boundary Containment System. Recharge to the Denver

aquifer also occurs by underflow from areas south and east of RMA.

Discharge from the Denver aquifer occurs by lateral flow into the Unconfined Flow

Systern where transmissive strata of the Denver aquifer subcrop and the elevation of the
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bedrock varies appreciably over a short distance. Discharge from the Denver aquifer also
may occur by leakage to the Arapahoe aquifer. No production wells obtain water from

the Denver aquifer at RMA.

Recharge and discharge of water in the Denver aquifer is controlled on a local scale by
variations in hydraulic conductivity, the potentiometric surface of the Unconfined Flow
System, and bedrock surface. Locations where sandstone or other permeable material are
in contact with the Unconfined Flow System are likely areas for local recharge and
discharge. Recharge and discharge probably occur on a local scale, where the elevatic.s of
the bedrock surface varies appreciably in a short distance. For example, witkin the
cross-section shcwn in Plate 1, localized recharge through shale probably occurs in
Section 35 where‘ head gradients indicate downward flow. The recharge water moves
perpendicular to the lines of equal potential through Denver sands A, 1U, and 1.
Localized discharge to the Unconfined Flow System probably occurs where Denver sand
subcrops near the boundary between Section 26 and Section 35. A similar local condition
probably occurs in Section 27. The groundwater mound in the Unconfined Flow System

near the South Plants area probably functions as an area of recharge to the Denver

aquifer.

Quantitative estimates of recharge and discharge rates in the Denver aquifer are not
available. Because recharge and discharge in the Denver aquifer are closely related to
variations in hydraulic conductivity and the potentiometric surface of Unconfined Flow
System and bedrock surface, reliable estimation probably would require cross-sectional or

three-dimensiona! flow modeling in areas of suspected recharge and discharge.

2.6 Surface Water ~ Groundwater Interaction

Mass balance calculations have been used to estimate groundwater recharge and discharge
bencath lakes. Water entering and leaving each lake was measured. Lake evaporation was
estimated on the basis of pan ev:poratiobn data collected from Cherry Creek Dam south of
Denver. Changes in lake storage were estimated from lake level data and stage-volume
relations.  The residual of the mass balance calculation was estimated to be groundwater
recharge or discharge. Estimates could be in error due to uncertainties or possible errors
in the stage-volume relations used, or as a result of assuming that the residual of the
mass balance calculation is entirely groundwater recharge or discharge.  Therefore
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estimates should be considered initial values subject to revision or refinement as
additional information become available. A description of the analysis for each lake is

presented in Appendix F, Section 2.0.

Upper Derby Lake loses water to the Unconfined Flow System at an estimated rate of 3.5
acre-ft/mo when the lake contains water, but functions as a groundwater discharge area
when the lake is empty. Groundwater discharge estimated at the rate of 2.5 acre-ft/yr
occurs by evapotranspiration from the water table. The water table generally is within

two feet of the lake bottom.

Lower Derby Lake functions as a groundwater recharge area. Lake losses were estimated

to average 39.7 acre-ft/mo during water years 1986 and 1987.

Lake-aquifer head relations indicate that both Lake Ladora and Lake Mary receive
groundwater in upstream areas and lose water in downstream areas. However, mass
balance calculations indicate net gains of water for both lakes. Net groundwater
discharge is estimated to be 14 acre-ft/mo from Lake Ladora and 1.4 acre-ft/mo from

Lake Mary during water years 1986 and 1987.

Mass balance calculations for Havana Pond indicate that virtually all water entering the
pond becomes groundwater recharge. Average recharge is estimated to be 108.3 acre-

fi/mo during water years 1986 and 1987.

Basins A through F exchange water with the Unconfined Flow System at very low rates.

A detailed discussion of each basin is presented in Appendix F. -.

Historically, groundwater recharge in the vicinity of Basins A through F was different
from present conditions. Konikow (1977) estimated rates of groundwater recharse during
four periods from 1943 through 1972. The estimates were obtained as part of flow-model
calibration. From 1943 through 1956, total recharge from Basins A, B, C, D, and E was
estimated to be 0.88 rt3/seconds. From 1957 through 1960, Basins A, B, D, and E were
treated as emplty and recharge from Basin C was estimated to be 1.08 fl3/scconds. From
1961 through 1967, recharge from Basins B, C, D, and E was estimated to be 0.42
ftJ/scconds. From 1968 throuph 1972, recharge from Basin C was estimated to be 1.08

f13/seconds, while Basins A, B, D, and E were assumed to be empty. A water budget
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analysis of Basin C for the years 1969 through 1975 (MKE, 1988, written communication)
indicates that average recharge from fresh water storage was approximately 0.95

f 13/seconds.

Stream(low loss-and-gain studies have been used to estimate stream-aquifer relations at
RMA. Results have been compared with stream-aquifer head relations where possible.
Calculations indicate that Uvalda Interceptor loses approximately 30 acre-ft/mo. Highline
Laterai is estimated to lose 75 acre-ft/mo. First Creek loses approximately 2.9 acre-ft/mo
within the boundaries of RMA and an additional 44.6 acre-ft/mo north of the RMA. These
estimates represent averages during the 1986 and 1987 water years. Actual values for a
given time deviate substantially in response to changes in stream discharge and aquifer
head. During periods of negligible streamflow, First Creek north of the RMA boundary

gains groundwater at a small rate (0.06 cfs).
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