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1. Executive Summary

The Groundwater Geochemistry Report was produced by the Environmental
Restoration Program Division (ERPD) at the Rocky Flats Environmental Technology
Site (RFETS or Rocky Flats site) as Volume III of the Sitewide Geoscience
Characterization Study. The discussion of groundwater geochemistry complements and
supports the Geologic Characterization Report (Volume I) and Hydrogeologic
Characterization Report (Volume II) and provides the conceptual framework for
discussions of groundwater quality related to other sitewide and operable unit (OU)
investigations.

Geochemical data describing groundwater have been collected over many years at the
Rocky Flats site, but a thorough analysis and interpretation of these data have been
lacking. The main objectives of the groundwater geochemistry report were to: (1)
assess analytical data available for groundwater samples collected from the site, (2)
evaluate the chemistry of groundwater in the upper and lower hydrostratigraphic units,
and (3) evaluate the evolutionary trends and spatial patterns in the chemistry of
groundwater as it traverses the site.

These objectives were addressed through the evaluation of data collected from 1990
through the first quarter of 1994. Chemical analyses cf groundwater from
approximately 530 monitoring wells (some no longer sampled) were available for use
in this report.

Groundwater from two hydrostratigraphic units, designated the upper and lower
hydrostratigraphic units (UHSU and LHSU, respectively), has been routinely sampled
and analyzed. Each of the units is composed of several hvdraulically connected
lithostratigraphic units. The UHSU consists of surficial deposits and weathered
portions of the bedrock (Laramie and Arapahoe formations). Weathered-bedrock
portions of the UHSU were defined using lithologic criteria developed for the Geologic
Characterization and Hydrogeologic Characterization reports (Volumes I and II). The
'LHSU is composed of unweathered portions of the Arapahoe and Laramie formations
and has generally lower permzabilities and hydraulic conductivities than the UHSU.

A variety of graphical methods, including Stiff and Piper diagrams, reveal that
groundwaters from the two hydrostratigraphic units are generally distinguishable by
their chemical characteristics. Groundwater within the UHSU is predominantly a
calcium-bicarbonate water, whereas groundwater within the LHSU is more sodium rich
than UHSU groundwater and more variable in its composition. The LHSU includes
calcium-bicarbonate, sodium-bicarbonate, sodium-chloride, and sodium-sulfate water.
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Four probable flow paths for UHSU groundwater were identified using sitewide
potentiometric-surface maps from the Hydrogeologic Characterization Report (Volume
I). Changes in groundwater chemistry along these flow paths are evident on ion-
variation diagrams, Stiff plots, and Piper diagrams. Along the Rock Creek flow path
(an area considered to be unaffected by plant activities), concentrations of total
dissolved solids and the major ions increase, from initial to final wells, by
approximately one order of magnitude in the direction of groundwater flow.
Groundwater along the other three flow paths, including the flow path through the
Industrial Area, shows similar changes in chemistry from the initial to the final wells.
Locally, groundwater within the central Industrial Area shows some marked increases
in the concentrations of major ions; however, groundwater at the terminus of the flow
path shows a similar (or smaller) increase in the concentration of major ions, from
initial to final wells, as that seen along the Rock Creek flow path. Dissolved uranium
isotopes also increase in concentration along the Industrial Area flow path, but the ratio
of uranium-233,234 to uranium-238 remains constant, between a value of one to two.
Background values of this uranium ratio range between 1.19 and 2.43 for upgradient
groundwater at the Rocky Flats Site.

Two distinct methods were used to identify patterns of spatial variation in groundwater
chemistry. First, a geostatistical analysis method, kriging, was used to estimate the
concentrations of selected analytes in groundwater between the available measuring
points (monitoring wells). Ordinary kriging was used to create isoconcentration maps
of 19 ions and water-quality parameters in UHSU groundwater. These maps show two
general patterns of spatial variation: (1) increasing ion concentrations in groundwater
from west to east across the site (in the direction of groundwater flow) and (2) greatest
variability in ion concentrations within the Industrial Area and other areas of past waste
generation, storage, and disposal. The geostatistical analysis demonstrates that there is
a general spatial correlation to ion concentrations in the UHSU groundwater. The
number of monitoring wells in the LHSU was not sufficient to permit kriging of analyte
concentrations in that unit.

Isoconcentration-contour maps were also compiled by hand-contouring posted
concentration data. In areas where well coverage is dense, these maps provide more
realistic and accurate depictions of spatial distribution than the kriging output because
they honor all of the actual concentration data and also take into account other
information about groundwater flow (e.g., flow direction, aquifer continuity, etc.). The
resultant isoconcentration-contour maps show the same general pattern of increasing
ion concentration in the direction of groundwater flow as was evident from the kriging
analysis. They also show areas where ion concentrations are elevated relative to
background areas and aid in the interpretation of the kriging output.
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The maps generated by ordinary kriging are best used to identify large-scale trends in
the distribution of groundwater parameters. The sitewide kriging output should not be
used, however, to define areas of groundwater contamination.

The results of an environmental-isotope study show that groundwaters from within
surficial deposits and weathered bedrock of the UHSU are not distinguishable on the
basis of their oxygen and hydrogen isotopic compositions, but UHSU groundwater is
distinct from groundwater in the LHSU. LHSU groundwater generally has no
detectable tritium (< 0.8 tritium units) and may be much older than groundwater from
the UHSU (tritium contents from 0.8 to 3,703 tritium units). These results support
current definitions of the UHSU and also suggest that a low-permeability layer
separates the upper and lower hydrostratigraphic units. In addition, the stable-isotope
compositions UHSU of groundwater (8'°0 = -19.2 to -10.1) confirm that the main
source of recharge to the UHSU is precipitation (8'%0 = -29.2 to -7.3) but also indicate
that some recharge originates from other sources, such as lakes, ponds, and isotopically
distinct sources within the Industrial Area.

Two geochemical models, WATEQF and NETPATH, were used to evaluate and model
changes in water chemistry along flow paths in the UHSU. The number of monitoring
wells in the LHSU was not sufficient to permit modeling of groundwater evolution in
that unit. Mineralogic data from the Geologic Characterization Report (Volume I) and
analytical data describing groundwater chemistry at wells along the flow paths were
used to constrain the models. The speciation of dissolved elements and the saturation
indices for solid phases were calculated for groundwater using WATEQF. The results
of WATEQF modeling are consistent with the mineralogic analyses of core samples
_from weathered bedrock.

WATEQF models indicate that the concentrations of metals present in UHSU
groundwater are generally not in excess of their predicted concentrations resulting from
interactions with the mineral phases present; however, groundwater at most locations 1s
oversaturated with respect to several iron minerals. Naturally occurring mineral phases
appear to control the concentrations of some dissolved metals, including barium,
manganese, selenium, and strontium. In addition, the behavior of some species —
especially trace metals — may be coupled to that of iron by coprecipitation or
adsorption onto iron oxides and oxyhydroxides.

Mass-balance modeling of UHSU groundwater was performed using NETPATH. The
model describes the chemical evolution of groundwater along a user-defined flow path,
in terms of water/rock interactions. The NETPATH results indicate that realistic
amounts of dissolution and precipitation of mineral phases along the groundwater flow
path can explain the observed changes in the chemical composition of groundwater as
it flows across the Rocky Flats site. Therefore, mixing with other solutions, such as a
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contaminant-bearing solution, is not required to produce the increased concentrations
of metals observed in groundwater from the eastern boundary of the site.

In summary:

1.

Major-ion chemistry and stable-isotope data support the current flow-system
concept of two hydrologically separate units: the UHSU and LHSU.

Spatial analysis of chemical data shows a general increase in analyte concentrations
from west to east across the site.

The results of geochemical modeling are consistent with the natural chemical
evolution of a groundwater as it moves along the flow path.

The data suggest that the sitewide evolution in groundwater chemistry can create an
“upgradient bias” when the inorganic chemistry of upgradient background wells is
compared to that of any downgradient well.

Although groundwater in some locations in and near the Industrial Area of the site
shows the impact of local contamination, most contamination currently appears to
be attenuated before groundwater reaches the eastern boundary of the site. ' '

Results from the qualitative and quantitative evaluation of chemical and isotopic data,
along with the initial modeling of sitewide groundwater, provide additional information
that should be considered in weight-of-evidence discussions of groundwater
contamination by metals and other inorganic analytes.
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2. Introduction

The Groundwater Geochemistry Report was produced by the Environmental
Restoration Program Division (ERPD) at Rocky Flats as Volume III of the Sitewide
Geoscience Characterization Study. The report presents a comprehensive description
of groundwater geochemistry at the U.S. Department of Energy’s (DOE’s) Rocky Flats
Environmental Technology Site (Rocky Flats site). The discussion of groundwater
geochemistry complements and supports the Geologic Characterization Report
(Volume I) and Hydrogeologic Characterization Report (Volume II) and provides the
conceptual framework for discussions of groundwater quality related to other sitewide
and operable unit (OU) investigations.

2.1 Background

DOE's Rocky Flats site is located approximately 16 miles northwest of Denver,
Colorado, in northern Jefferson County. The site occupies approximately 10 square
miles; the site boundaries and features are illustrated in Figure 2-1. The site consists of
an industrial complex of approximately 400 acres surrounded by a Buffer Zone of
approximately 6,150 acres. Rocky Flats is a government-owned, contractor-operated
facility that has been in operation since 1952. EG&G Rocky Flats, Inc. is currently the
primary operating contractor.

Until January 1992, the Rocky Flats Plant was involved in manufacturing the
plutonium component of nuclear weapons, reprocessing scrap metal and plutonium
from dismantled weapons, conducting laboratory research on the properties of nuclear
materials, and fabricating steel and beryllium components. In January 1992, the
primary mission of the Rocky Flats site changed; the work force is now engaged in
environmental restoration, waste management, decontamination and decommissioning,
and economic development. In July 1994, the name of the Rocky Flats site was
changed from Rocky Flats Plant to Rocky Flats Environmental Technology Site
(RFETS or Rocky Flats site).

Wastes produced during plant operations included hazardous wastes, low-level and
transuranic radioactive wastes, and mixed wastes. Historically, these wastes have been
either disposed onsite, stored in containers onsite, or disposed offsite. As a result of
these past practices, Rocky Flats was proposed for inclusion on the Superfund National
Priorities List (NPL) in 1984 and was included on the NPL in the October 4, 1989
Federal Register. Cleanup is being conducted under the Resource Conservation and
Recovery Act (RCRA) and the Comprehensive Environmental Response,
Compensation and Liability Act (CERCLA). The U.S. Environmental Protection
Agency (EPA) and the Colorado Department of Public Health and Environment
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(CDPHE) are the regulatory agencies overseeing the assessment and cleanup activities
at sixteen OUs on the site (refer to Figure 2-2 for map of OUs).

Of the 16 OUs, one (OU3, Offsite Areas) is located outside RFETS boundaries, one
(OU15, Inside Building Areas) includes areas within buildings, and the remaining 14
are outside-of-building areas within RFETS boundaries. Table 2-1 summarizes the
general locations of the OUs, and the locations of individual hazardous substance sites
(IHSSs) associated with OUs 1, 2,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, and 16 are shown
on Figure 2-2. Areas within these OUs are discussed throughout the following report.

Table 2-1 |
Operable Units at RFETS
~ Operable Unit Number ‘Description - Number of IHSSs
Ou 1 881 Hillside 11
ou2 903 Pad, Mound, and East Trenches 20
Ou3 Off-Site Releases 4
OouU 4 Solar Evaporation Ponds 1
ous5 Woman Creek 10
ouUs Walnut Creek 20
ou7z Present Landfill 2
ous 700 Area 38
QU 9 Original Process Waste Lines 1
OouU 10 Other Outside Closures 19
QU 11 West Spray Field 1
OuU 12 400/800 Area 12
Ou 13 100 Area 15
QU 14 Radioactive Sites 9
OuU 15 Inside Building Closures
QU 16 Low-Priority Sites
2.2 Groundwater Monitoring at the Rocky Flats Site

Groundwater at the Rocky Flats site has been monitored since 1954 (WWE, 1993).
The monitoring system has grown from a small number of wells designed to detect
leakage from the Solar Evaporation Ponds, to approximately 600 wells and
piezometers. Monitoring wells have been added to the system over the years to meet
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groundwater protection and monitoring requirements of specific federal and state
environmental protection laws and DOE or Atomic Energy Commission (AEC) orders.
During 1993, more than 40C active groundwater monitoring wells were sampled
(EG&G, 1994a).

The current groundwater monitoring program is an amalgamation of several programs
that address distinct regulatory-compliance or site-characterization objectives. Wells
are classified as follows:

RCRA

CERCLA

Background Characterization
Boundary or Point-of-Compliance
Special Purpose

Monitoring wells are generally sampled quarterly; CERCLA wells are commonly
sampled more frequently to provide additional data for remedial investigations of the
OUs. The analytical suite for groundwater samples consists of the following analytes
and analyte groups: water-quality parameters, including nitrate/nitrite as nitrogen;
Target Analyte List (TAL) standard and additional metals; gross alpha and gross beta
and isotopes of uranium, plutonium, americium, tritium, cesium, radium, and
strontium; Target Compound List (TCL) volatile organic compounds (VOCs);
semivolatile  organic  compounds (SVOCs);  polychlorinated  biphenyls
(PCBs)/pesticides; cyanide; and orthophosphate. A complete analyte list is presented
in Appendix A. '

Purpose and Scope of the Groundwater Geochemistry Report

Geochemical data describing groundwater have been collected over many years at the
Rocky Flats site, but a thorough analysis and interpretation of these data have been
lacking. A more thorough description of the natural variations in groundwater
geochemistry is required to help distinguish naturally occurring chemical variations
from those resulting from contamination related to past production and waste-storage
activities at the site. The main objectives of the groundwater geochemistry
investigation are to present and assess the large body of analytical data available for
groundwater samples collected from the site, evaluate the chemistry of groundwater at
the site, and evaluate the evolutionary trends in the chemistry of groundwater as it
traverses the site. An overview of groundwater chemistry at the site will provide
needed context for discussions of groundwater contamination at the individual OUs
that are currently under investigation.

The Groundwater Geochemistry Report utilizes groundwater chemistry data for
samples collected from 1990 through the first quarter of 1994 for approximately 530
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monitoring wells (Plate 1). These samples were collected during sitewide and OU-
specific monitoring and characterization programs. Using a variety of data-analysis
and data-presentation methods, the report evaluates groundwater chemistry in the two
uppermost hydrostratigraphic units, the spatial variations in groundwater chemistry,
and variations in groundwater chemistry along flow paths across the site. The report
‘also presents the stable-isotope compositions of groundwater and the results of
geochemical modeling of water chemistry along flow paths. The geochemical models
describe the natural evolution of groundwater along flow paths and will help to
distinguish natural chemical variations from contamination in groundwater at each of
the OUs under investigation.

The report includes brief descriptions of the geologic and hydrogeologic settings in
Sections 3 and 4. Section 5 provides a description of the major-ion chemistry of
groundwater. Section 6 presents the results of geostatistical analyses performed to
identify spatial trends in groundwater composition. The results of an environmental-
isotope study and its implications for hydrogeologic and hydrochemical models are
presented in Section 7. Finally, the results of chemical-speciation and geochemical
mass-balance modeling conducted using site-specific mineralogic and hydrochemical
data are presented in Section 8.
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3.1

Geologic Setting and Description of Geologic Units

The Rocky Flats site is located at an elevation of approximately 6,000 feet above mean
sea level on the western margin of the Colorado Piedmont section of the Great Plains
Physiographic Province. The piedmont merges to the east with the High Plains section
of the Great Plains Province and is terminated abruptly on the west by the Front Range
section of the Southern Rocky Mountain Province. Fault geometries along the Front
Range change from east-directed thrusts near Golden to west-directed backthrusts north
of Boulder. The Rocky Flats site is in a complex transition zone that contains both
fault geometries. Geologic units present at the site include Quaternary surficial
deposits, which unconformably overlie Cretaceous bedrock. Faults are interpreted to
offset bedrock units (EG&G, 1995a), but their influence on groundwater flow has not

been determined.

Physiography and Topography

The Colorado Piedmont is an area of dissected topography and denudation representing

an old erosional surface along the eastern margin of the Rocky Mountains. The

piedmont surface is broadly rolling and slopes gently to the east with a topographic
relief of only several hundred feet. This relief is a result of both resistant bedrock units
that locally rise above the surrounding landscape and the presence of incised stream
valleys. Major stream valleys that transect the piedmont from west to east originate in
the Front Range. Small local valleys have developed as tributaries to these major
streams.

A few miles west of Rocky Flats, the eastern margin of the Front Range is
characterized by a narrow belt of hogback ridges and flatirons formed by steeply east-
dipping Mesozoic strata of the Dakota Group and the Paleozoic Fountain Formation.
Less resistant sedimentary units were removed by erosion.

During the Quaternary, several pediments have been eroded across the bedrock surface
at Rocky Flats (Scott, 1965). The Rocky Flats pediment is the most extensive of these,
forming a broad flat surface south of Coal Creek. The broad pediments and more
narrow terraces are now covered by alluvial deposits from ancient streams draining
eastward into the Great Plains. The pediments have been locally dissected and
reworked along several eastward-flowing streams including Rock Creek, Walnut
Creek, and Woman Creek. Fluvial processes have formed moderately steep hillslopes
adjacent to the stream drainages. '
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3.2 Lithology and Stratigraphy

Geologic units underlying the Rocky Flats site include unconsolidated surficial deposits
and bedrock. A geologic map illustrating the distribution of the dominant surficial-
deposit and bedrock units is included as Figure 3-1. A generalized stratigraphic section
showing the vertical sequence of geologic units is included as Figure 3-2. Detailed
descriptions of these units are provided in the Geologic Characterization Report
(Volume I, EG&G, 1995a); more general summary descriptions are provided below.

3.2.1 Surficial Deposits

Approximately 99 percent of the Rocky Flats site is covered with surficial deposits that
include artificial fill, colluvial, landslide, and alluvial deposits. Colluvial and landslide
deposits are most extensive but are not shown on the geologic map (Figure 3-1) so that
bedrock units could be shown. Surficial deposits range in thickness from 0 to 100 feet.

Artificial fill materials are present across the site and include road and railroad
embankments, earth dams and other engineered fills, as well as compacted and
uncompacted landfills and spoil piles along some of the irrigation ditches (Plate 4-1,
EG&G, 1995a). The artificial deposits are commonly less than 10 feet thick, although
some of the earth dams and landfills are greater than 30 feet thick. Most of these
deposits are impermeable and restrict groundwater flow.

Colluvial deposits cover the steep hillslopes in the incised stream drainages (Plate 4-1,
EG&G, 1995a). These middle Pleistocene to Holocene deposits were derived from
older alluvial units and bedrock and were deposited by sheetwash and soil creep.
Colluvial deposits range in thickness from 3 to 15 feet. Lithologically, the colluvium
consists of silty sand, sandy silt, clayey silt, and silty clay with pebbles and cobbles.
These deposits are typically poorly sorted and poorly stratified. Colluvial deposits are
variably saturated, and colluvial groundwater tends to flow downslope following
paleogullies developed on the bedrock surface.

" Landslide deposits are present along the steep hillslopes in the incised drainages
(Colton et al., 1975; Colton and Holligan, 1977; Irvine, 1962 and 1963; Van Horn,
1954). These middle Pleistocene to Holocene deposits include earth flows, earth
slumps, debris flows, debris slumps, rock-block slides, and complex landslides. These
deposits range in thickness from 10 to 100 feet. Landslide scarps are present in all of
the drainages in the map area and are most numerous in the Rock Creek drainage (refer
to Plate 4-1, EG&G, 1995a). Landslides are commonly located downgradient from
alluvial or bedrock groundwater discharge areas. Groundwater discharge increases the
saturation within downgradient soils, leading to failure of the material.
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Alluvial deposits have been mapped -in flood plains, stream channels, and terraces-
along the drainages across the Rocky Flats site and include valley-fill alluvium,
undifferentiated alluvium, and Rocky Flats Alluvium. Valley-fill alluvium includes the
Pleistocene Louviers, Broadway, and pre-Piney Creek Alluvium and the Holocene
Piney Creek and post-Piney Creek alluvial units. Valley-fill alluvium consists of
channel and terrace deposits in and along most of the ephemeral streams that cross the
site (Figure 3-1) (Plate 4-1, EG&G, 1995a). Valley-fill alluvium ranges in thickness
from 10 to 40 feet and is variably saturated. The valley-fill alluvium is permeable and
may provide preferential pathways for groundwater migration. Undifferentiated
alluvial deposits, as shown in Figure 3-1, include the Pleistocene Slocum Alluvium and
Verdos Alluvium of Shroba and Carrara (1994). These units form small remnants of
pediment or terrace deposits primarily in the southeastern portion of the Rocky Flats
site. The undifferentiated alluvial deposits range in thickness from 5 to 20 feet, but this
unit is not a significant component of the hydrologic system on the site (EG&G,
1995b).

The Rocky Flats Alluvium caps the pediment at the Rocky Flats site. These
Pleistocene sediments were deposited as alluvial fans along the eastern edge of the
Front Range. Thickness of the Rocky Flats Alluvium ranges from 10 to 100 feet and is
controlled by location within the fan (proximal or distal) and topography on the
bedrock surface. Thicker deposits correspond to paleoscours, and thinner deposits
occur along the crests of paleoridges. Groundwater flow within the Rocky Flats
Alluvium is influenced by the topography of the underlying bedrock surface
(paleotopography), the geometry and lithology of alluvial lithofacies, and the regional
hydraulic gradient.

322 Bedrock Units

—

Bedrock units unconformably underlie the surficial deposits and consist of claystones,
siltstones, and sandstones of the Upper Cretaceous Arapahoe Formation, Laramie
Formation, Fox Hills Sandstone, and Pierre Shale (Figure 3-2). A preserved bedrock
pediment exists between the major drainages of Rock Creek, Walnut Creek, and
Woman Creek. The pediment surface is irregular (refer to Plate 4-4, EG&G, 1995a) as
a result of earlier erosion. '

Weathering of the upper part of the bedrock has occurred to various depths across the
site and is dependent on the abundance of fractures, presence of root zones, elevation
relative to the water table, and proximity to modern drainages. The degree of
weathering and the thickness of the weathered zone influence groundwater flow in
bedrock. These parameters are described in the Geologic and Hydrogeologic
Characterization Reports, Volumes I and II of the Sitewide Geoscience
Characterization Study (EG&G, 1995a and 1995b). ’
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3.3

The Upper Cretaceous Arapahoe Formation is locally present at the Rocky Flats site. -
The thickness of the Arapahoe Formation, a fluvial deposit, ranges from 0 to 50 feet
beneath the central portion of the site (EG&G, 1992a). The Arapahoe Sandstone,
formerly referred to as the No. 1 Sandstone (EG&G, 1991), has a sharp basal contact, is
fine- to coarse-grained and generally contains rip-up clasts near the base of the
sandstone package. The fluvial sedimentary package fines upward into a clayey
sandstone or sandy claystone. Channel sequences scoured into bedrock units of the
Laramie Formation are laterally discontinuous at Rocky Flats. Arapahoe sandstones
are pathways for groundwater flow, and in some areas of the site, they are in direct
hydraulic communication with overlying alluvial units (EG&G, 1995a and 1994b).
Arapahoe sandstones are described in the Geologic Characterization Report (EG&G,
1995a). '

The Upper Cretaceous Laramie Formation is 600 to 800 feet thick and subcrops
beneath the alluvial/bedrock unconformity across most of the Rocky Flats site. The
upper Laramie Formation includes massively bedded claystone, very fine- to fine-
grained silty to clayey sandstones and calcareous clayey siltstones. Sandstones and
siltstones are laterally discontinuous and are less than 15 feet thick. Fracturing of
claystones is common and fractured zones may provide pathways for groundwater
flow. Fracturing of claystones typically occurs in association with relatively shallow
weathering and possibly with faulting. Upper Laramie Formation sandstones have
lower hydraulic conductivities than Arapahoe sandstones (EG&G, 1995b) and
generally are not in hydraulic communication with the overlying alluvial deposits.

The Upper Cretaceous Fox Hills Sandstone is 90 to 140 feet thick and conformably
underlies the Laramie Formation. This unit is composed of a fine-grained, friable
sandstone. This sandstone, along with sandstones in the lower Laramie Formation,
composes the Laramie/Fox Hills Aquifer.

Mineraiogy of Bedrock Units

As part of the Geologic Characterization Report (EG&G, 1995a), mineralogical and
petrographic analyses of drill-core samples from the Cretaceous bedrock were
performed. Analyses of six samples from saturated portions of the bedrock were
included to further describe the whole-rock and mineral compositions, secondary
mineral phases, and the effects of water/rock interactions in bedrock that is in contact
with groundwater. These analyses provided mineralogic data that could be used to
constrain realistic geochemical models for water/rock interaction on the Rocky Flats
site. This section summarizes the relevant results of the mineralogic analyses. More
detailed descriptions and discussion of these results are provided in the Geologic
Characterization Report (EG&G, 1995a).
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Samples from drill cores collected at four wells located immediately south of Rock:
Creek—40391 (40.8 feet), 41892 (29.4 feet), 42192 (176 feet), and 42392 (110, 141.6,
and 162 feet)—were analyzed. X-ray diffraction (XRD), x-ray fluorescence (XRF),
scanning electron microscopy (SEM), and electron microprobe analyses were
performed. A petrographic description and determinations of total organic carbon
(TOC), cation exchange capacity (CEC), sesquioxides, bulk density, and porosity were
also obtained. ‘ '

. XRD results identified the bulk and clay (<2-micron size fraction) mineral assemblages
within the samples. The main component of the bulk samples is quartz, with lesser
amounts of potassium feldspar, plagioclase, mica/illite, and kaolinite. In the clay-size
fraction, which constitutes 2 to 7 percent of the total weight of the samples, the main
components are mixed-layered illite/smectite and kaolinite, with minor amounts of
illite, chlorite, and gibbsite. The mixed-layered illite/smectite contains approximately
10 to 15 percent illite. This low percentage of illite, together with an analysis of the x-
ray diffractograms, indicates that many of the clay minerals are detrital in origin.

SEM analyses of six core samples (one each from 40391, 41892, and 42192 and three
from 42392) also revealed a dominantly detrital mineral assemblage. With the
exception of one sample, the morphologies of the clay minerals observed using the .

' SEM indicate the minerals were deposited in situ rather than formed by diagenetic
processes. The exception to this observation was in sample 40391 (40.8 feet), where
authigenic kaolinite was observed adjacent to a potassium feldspar grain.

Potassium feldspar and quartz surfaces were rough and irregular and appeared
weathered in the SEM micrographs. These surface features probably originated at the
time of sediment transport/deposition, but ragged edges on some microcline grains may
be indicative of continued “weathering” of the grains by water/rock interaction.
‘Floccules of secondary iron-oxides/hydroxides were also present in the weathered
bedrock. These appear to be uncompacted and may have precipitated from
groundwater.

Petrographic descriptions of the same six samples (see above fbr'description) support
the XRD and SEM analyses. Quartz was reported as the main framework component,
and clay was reported as the main non-framework component. Also present in minor
abundances are potassium feldspar, plagioclase, mica, and lithic and micrite fragments.
Authigenic carbonate cement was observed in the sample from 40391 (40.8 feet). Post-
depositional features observed in thin section included slight sediment compaction and
. localized mineral dissolution in each of the samples. '

‘The electron microprobe was used to identify the mineral phases present in each of the
samples and to determine the composition of the more abundant phases such as
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microcline, biotite, plagioclase (albite), siderite, and iron oxyhydroxides. These results
are summarized in the Geologic Characterization Report (EG&G, 1995a). The
semiquantitative analyses of microclines indicate that the microcline composition is not
variable among the samples. Plagioclase feldspars are rare, and they are albitic
(sodium rich) in composition. The major-oxide compositions of these minerals were
used to model chemical interaction between bedrock and groundwater on the site (see
Section 8). '

34 Structural Geology

The tectonic framework of the Southern Rocky Mountain Province is dominated by
Laramide structural features that include north-northwest- and west-trending basement-
cored ranges flanked by asymmetric, elliptical basins. Many of the ranges are bounded

- by low-angle thrust faults dipping under the ranges and result in asymmetrical folds.
Based on the fold asymmetry and vergence, these ranges reflect basin-directed slip.
Other ranges are bounded by blind faults and flanked by monoclinal folds.

The Laramie/Fox Hills Aquifer was deformed during the Laramide orogeny when
eastward translation of the Front Range formed a north-trending monoclinal fold
(Figure 3-3). Bedrock units of the Fox Hills Sandstone and the Laramie Formation are
inclined west of Rocky'Flats along this fold. Figure 3-3 also shows conjugate thrusts
and backthrusts, identified on the basis of deep-reflection seismic data, that appear to
terminate along deeper detachment faults in the Pierre Shale (EG&G, 1993a). These
detachments appear to develop as shallow, basement thrust faults in bedding planes in
the lower Pierre Shale. |

Shallower thrusts and backthrusts in the Cretaceous bedrock units are discussed in the
Geologic Characterization Report (EG&G, 1995a) and may be conduits or barriers for
groundwater migration.
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Reddish brown to yellowish brown matrix, grayish-orange to dark gray,
poorly sorted, angular to subrounded, cobbles, coarse gravels, coarse
sands and gravelly clays; varying amounts of caliche; aggregate source

Gray to yellowish orange claystone, sandy claystone, and clayey
sandstone, medium to coarse sandstone and chert pebble conglomerate
locally at base

Gray, fine- to medium-grained sandstone and claystones; thin coal
beds mined in lower part

Light olive gray to yellowish brown fine- to medium-grained cross-bedded
sandstone, and laminated silty sandstone and shale at base; aquifer east of
RFETS

Dark gray, silty bentonitic shale and few thin, silty
sandstones

Hygiene Sandstone Member in lower part

Olive gray to dusky yellow, very calcareous shale, thin bentonite, gypsum;

and fossiliferous limestone beds
Niobrara /

Light gray, dense, fossiliferous limestone

Yellowish gray, sandy fossiliferous limestone

Dark gray shale with bentonite streaks, thin limestones in middie part
Dark gray to black, brittle silty shale
Light gray, fine- to medium-grained cross-bedded sandstone, dark gray

claystone in middle part

Light gray to tan, fine- to coarse-grained, locally conglomeratic sandstone,
frequent red and green siltstone interbeds ‘

Gray to greenish-gray to red shale and siltstone, thin limestones in middle part;
lenticular sandstones in upper and lower part

Light gray siltstone and light red, silty shale; calcareous; chert nodules
and beds

Réd siltstone and claystone with two laminated limestones in lower part

c
8
E Pinkish-gray, fine- to medium-grained, cross-bedded
o Lyons 150" sandstone; conglomeratic lenses common
Sandstone Red, fine- to coarse-grained sandstone and conglomerate,
- g 7 ~, ~_ arkosic, thin, lenticular red siltstones frequent throughout
.E )
b Fountain | oo |
2 | Formation R e N EG&G Rocky Flats, Inc.
[ g A oo A
L ST TS Gneiss, schist, and
p£| Precambrian X %/ //)( < < — fmtigi"mc Generalized Stratigraphic Column for
“ ~1.7 byr the Rocky Flats Area
Modified from LeRoy and Weirmser (1971)
January 1995 Figure 3-2
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Groundwater Geochemistry Report

4.1

Hydrogeologic Setting and Description of Hydrostratigraphic Units

This section presents a brief summary of the meteorological and hydrogeologic
conditions present at the Rocky Flats site. For a more comprehensive discussion.of the
meteorology and hydrogeology of the Rocky Flats area, the reader should refer to
Volume II, Hydrogeologic Characterization Report (EG&G, 1995b). '

Climate and Meteorology

The area surrounding the Rocky Flats site has a continental, semiarid climate
characteristic of the Southern Rocky Mountain region. Temperatures at the site exhibit
large seasonal variations and, occasionally, dramatic short-term changes. Summer high
temperatures are typically in the mid-80°F range during the days, with lows below 60°F
at night. During the winter months, temperatures are relatively mild, ranging from 40°
to 45°F during the day and 15° to 25°F at night. Temperature extremes recorded at the
plant range from 102°F to -26°F (EG&G, 1993b). '

Mean annual precipitation at the Rocky Flats-site, including rainfall and snowmelt, is
nearly 15.5 inches. Approximately 40 percent of the annual precipitation falls during
the months of April, May, and June (EG&G, 1993b). Summer thunderstorms (July and
August) account for an additional 30 percent of the annual precipitation. Autumn and
winter are drier seasons, accounting for 20 and 10 percent of the annual precipitation,
respectively (DOE, 1980). Snowfall averages 85 inches per year, occurring generally
from October through May. Heaviest snowfall occurs in spring (EG&G, 1993b).
Snowfall provides approximately half of the total precipitation for the year. The
average relative humidity is 46 percent (DOE, 1980). Precipitation amounts are
described in greater detail in the Hydrogeologic Characterization Report (EG&G,
1995b). / '

The site is noted for its strong, gusty winds that are commonly associated with
thunderstorms and passage of weather fronts. The highest wind speeds, however, occur
as westerly windstorms known as “chinooks.” These winds occur during the period
from late November into April, and the height of the season is in January. Chinook
wind speeds typically exceed 75 miles per hour, and gusts may exceed 100 miles per
hour. However, northwesterly wind directions and wind speeds under 15 miles per
hour are the predominant wind conditions at the Rocky Flats site. Moderately strong
northerly or southerly winds are common in winter and summer, respectively, and
easterly winds (“upslopes”) may be associated with heavy snowfall or precipitation. -
The steep-sided canyons along the Front Range tend to channel the airflow during both
upslope and downslope conditions (DOE, 1980; EG&G, 1995b). -
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Meteorology at-the Rocky Flats site is strongly influenced by the diurnal cycle of
mountain and valley breezes (EG&G, 1995b). Two dominant flow patterns exist, one
during daytime conditions and one at night. During the daytime hours, as the earth
heats, air tends to flow toward the higher elevations (upslope). The general airflow
pattern during upslope conditions for the Denver area is typically north to south, with
flow moving up the South Platte River valley and then entering canyons into the Front
Range. After sunset, the air against the mountain sides is cooled and begins to flow
toward the lower elevations (downslope). During downslope conditions, air flows
down the canyons of the Front Range onto the plains. This flow converges with the
South Platte River valley flow moving toward the north-northeast (Hodgin, 1983 and
1984; DOE, 1986). Wind roses for 1993 are included with Hydrogeologic
Characterization Report (EG&G, 1995b).

4.2 Hydrogeologic Setting

An understanding of the site hydrological conditions and the mechanics of groundwater
flow is important in analyzing and interpreting the groundwater geochemistry at Rocky
Flats. This section provides a description of the hydrologic setting of the Rocky Flats
site in terms of the groundwater hydrology. This description is based on the more:
detailed discussion included in the Hydrogeologic Characterization Report (EG&G,
1995b).

At the Rocky Flats site, groundwater is generally described and evaluated using two
classification schemes, hydrostratigraphic units and lithostratigraphic units. For
example, the Background Geochemical Characterization Report (EG&G, 1993f)
described groundwaters by both hydrostratigraphic unit (i.e., flow system) and
lithostratigraphic unit (i.e., geologic unit).

At least two discernible hydrostratigraphic units are present at the Rocky Flats site.
These are generally referred to as the upper hydrostratigraphic unit (UHSU) and lower
hydrostratigraphic unit (LHSU). The LHSU is composed mainly of unweathered
bedrock of the Laramie Formation and includes unweathered portions of the Arapahoe
Formation where present (EG&G, 1991). The UHSU consists of several distinct
lithostratigraphic units including surficial deposits of alluvium, colluvium, valley-fill
alluvium, and landslide deposits of Quaternary age; weathered portions of the
Cretaceous Arapahoe/Laramie formations; and all sandstones within the Arapahoe and
Laramie formations that are in connection with the overlying Quaternary deposits or the
ground surface (EG&G, 1991; Plate 5-1 of EG&G, 1995a). Lithologic criteria are used
to define the weathered bedrock; these criteria include color change and degree of iron-
oxide staining and they are described in greater detail in the Geologic and
Hydrogeologic Characterization Reports (EG&G, 1995a and 1995b).
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4.2.1

The unweathered bedrock generally exhibits lower permeability than the overlying
weathered bedrock and surficial deposits. This overall contrast in permeability is one
basis for differentiating the LHSU from the UHSU. The LHSU begins with the
shallowest low-permeability boundary within the bedrock (EG&G, 1995b). Higher
permeability bedrock in hydraulic connection with surficial deposits or the ground
surface is part of the UHSU.

The Hydrogeologic Characterization Report (EG&G, 1995b) concluded that
hydrostratigraphic units were the most useful classification for discussions of
groundwater flow. To remain consistent with that report, the groundwater
geochemistry is also discussed in terms of the hydrostratigraphic unit hosting the
groundwater.

Upper Hydrostratigraphic Unit

The UHSU is composed of two sub-units: the surficial deposits (unconsolidated

materials), and the weathered bedrock plus the hydraulically connected sandstones.
The degree of hydraulic communication between the UHSU sub-units corresponds to
the permeability of the units. Because the relative amount of hydraulic communication
between the UHSU sub-units is much greater than that between the UHSU and LHSU,

-weathered bedrock is included in the UHSU (EG&G, 1995b).

At the Rocky Flats site, unconsolidated materials are thicker on the ridge tops and
thinner along the slopes and bottoms of the stream valleys. Thickness of the
unconsolidated materials ranges from O feet to greater than 100 feet in the western
portion of the site. Weathered bedrock is commonly less than 15 feet thick but may
extend to 60 feet below the top of bedrock (EG&G, 1993c). Groundwater within these
units usually exists under unconfined conditions, but weathered-bedrock groundwater
is known to exist under confined conditions locally (EG&G, 1995b). ‘

Precipitation, streams, and engineered water-control structures supply water to the
UHSU. Recharge from precipitation and streams varies seasonally. During the spring,
when recharge from precipitation is greatest, the elevation of the UHSU water table
rises. Hydrographs for wells screened in the surficial deposits show a water-table peak
during the month of May. During such periods, when the water table is high, the
UHSU locally discharges to streams. During the winter, recharge from precipitation
decreases, and the UHSU is recharged by losing reaches of the streams. Engineered
structures such as ponds, ditches, and leaking pipes also‘locally act as sources of water
to the UHSU (EG&G, 1995b).

UHSU groundwater discharges through a number of different mechanisms. These
include transpiration by vegetation, evaporation in the capillary zone, discharge to
surface seeps, discharge to ephemeral streams, and limited infiltration to the underlying
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LHSU (EG&G, 1995b). Groundwater is typically transpired near seeps and along
streams where the water table is in the rooting zone of plants. Groundwater is -also
discharged to the atmosphere .via evaporation in the capillary zone. Evidence of this
evaporation is left in the form of caliche zones in the subsurface (EG&G, 1994b and
1995b). Caliche is not pervasive but caliche zones are locally present in Rocky Flats
Alluvium across the site (EG&G, 1995a and 1995b). Seeps also act as discharge points
for UHSU groundwater and commonly are located on the valley slopes along the
contact between surficial deposits and the underlying bedrock. Discharge to streams
varies seasonally and has been quantified only along Woman Creek (Fedors, 1993).
Infiltration to the LHSU is indicated by downward vertical gradients. Discharge to the
LHSU is expected to be limited because of the lower hydraulic conductivities
associated with LHSU claystones (EG&G, 1995b).

Seasonal variations in recharge and discharge result in variations in the potentiometric-
surface elevation, saturated thickness, and unsaturated zones in the unconsolidated
surficial deposits. In the spring months, the potentiometric surface is higher,
unsaturated zones are smaller, and saturated thickness is greatest (EG&G, 1995b, Plates
1 and 3). During the winter months, the potentiometric surface is lower, the
unsaturated zones are larger, and saturated thickness is least (EG&G, 1995b, Plates 2
and 4).

The direction of groundwater flow in the UHSU is largely controlled by the topography
of the ground surface and bedrock surface. Both surfaces slope gently to the east and
are incised by stream valleys. Groundwater generally flows from west to east across
the Rocky Flats site following the regional topography. The incised valleys in the
central area of the site have formed east-west trending ridges and east-draining valleys.
Generally, groundwater in the UHSU flows to the east along the ridge tops, flows north
and south along the valley sides, and flows east in the valley bottoms (EG&G, 1994c).

Locally, the direction of flow is controlled by channels in the bedrock surface and
variations in the lithology of the uppermost bedrock unit. In OU2 (refer to Figure 2-2),
bedrock channels and ridges locally direct groundwater movement within the surficial
deposits (EG&G, 1993d). A change in the lithology of the subcropping bedrock unit
creates an unsaturated zone in the unconsolidated materials in OU4 (refer to Figure
2-2). The lithology of the uppermost bedrock unit changes from claystone to
sandstone, allowing water ‘to flow out of the unconsolidated materials into the
weathered bedrock sandstone (EG&G, 1994b).

Hydrographs from adjacent well pairs screened in the UHSU indicate that vertical
hydraulic gradients are generally downward at Rocky Flats. The volume of
groundwater and rate of groundwater flow between the sub-units of the UHSU is
controlled by the local vertical gradient and hydraulic conductivities of the sub-units.
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In general, groundwater movement between the surficial deposits and weathered

bedrock is limited by the permeability of the subcropping bedrock (EG&G, 1995b).

The hydraulic conductivities of the unconsolidated Quaternary deposits differ by more
than an order of magnitude from those of the weathered claystone and sandstone of the
Arapahoe and Laramie formations. On average, the unconsolidated Quaternary
deposits have the highest hydraulic conductivities compared to other lithostratigraphic
units at the site (EG&G, 1995b). The geometric mean of hydraulic conductivities
measured in Rocky Flats Alluvium is 2.06 x 10 cm/sec (EG&G, 1995b). Valley-fill
alluvium has the highest mean hydraulic conductivity (1.15 x 10* cm/sec) (EG&G,
1995b) of the surficial deposits. The weathered claystone and sandstone/siltstone
bedrock of the Arapahoe and Laramie formations have mean hydraulic conductivities
of 8.82 x 107 and 2.88 to 3.89 x 10” cm/sec, respectively (EG&G, 1995b).

Lower Hydrostratigraphic Unit

All lithostratigraphic units in the unweathered portions of the Arapahoe and upper
Laramie formations, except for subcropping sandstones, compose the LHSU. The
LHSU has been described previously as consisting of only sandstone units within the
unweathered portion of bedrock (EG&G, 1991). In general, saturated sandstones that
lie within unweathered claystones and siltstones of the Arapahoe or Laramie formations
are confined units. These sandstone units are interpreted as not being directly
interconnected, and each may act as an isolated hydrostratigraphic unit. In addition,
recharge to these units occurs through the confining claystone and siltstone units.
Therefore, all unweathered bedrock is considered part of the LHSU (EG&G, 1993c).

Recharge to the LHSU results by leakage from the saturated UHSU. On a regional
scale, the flow of groundwater in the LHSU is from west to east. However, a sitewide
potentiometric-surface map for the LHSU has not been compiled because sufficient
data are lacking. In addition, the degree to which individual sandstone units within the
LHSU are interconnected is not known, and an accurate potentiometric-surface map
cannot be constructed from existing data (EG&G, 1995b).

The rate of groundwater flow is controlled by the hydraulic conductivity of the
unweathered bedrock of the Arapahoe and upper Laramie formations, and by the
hydraulic gradient. The confining claystones and siltstones of these formations are
much less permeable than the stratigraphic units of the UHSU. Hydraulic
conductivities of unweathered claystone range from approximately 10 to 10 cm/sec
with a geometric mean value of 2.48 x 10”7 cm/sec (EG&G, 1995b). Unweathered
sandstone units are slightly more permeable with a mean hydraulic conductivity of 5.77
x 107 cm/sec (EG&G, 1995b). Relatively strong vertical hydraulic gradients exist
within the LHSU. However, vertical migration of groundwater into the LHSU is
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impeded by the contrast in hydraulic conductivities at the contact between the upper
and lower hydrostratigraphic units.

Laramie/Fox Hills Aquifer

A regionally important aquifer known as the Laramie/Fox Hills aquifer (Robson, 1983)
is present at greater depth below the Rocky Flats site. This deeper hydrostratigraphic
unit is composed of the lower unit of the Laramie Formation and the underlying Fox
Hills Sandstone. These units subcrop beneath the Rocky Flats Alluvium and are locally
exposed in excavated gravel pits along the western boundary of the site. Recharge to
the aquifer occurs along the Front Range. Claystones of the Laramie Formation have
very low hydraulic conductivities; therefore, the U.S. Geological Survey (Hurr, 1976)
has concluded that operations on the Rocky Flats site could not impact the Laramie/Fox
Hills aquifer.

Groundwater Flow

A conceptual description of unconfined groundwater flow was developed for the Rocky
Flats site as part of the Well Evaluation Report (EG&G, 1994c) and expanded on in the
Hydrogeologic Characterization Report (EG&G, 1995b). Both reports describe three
general zones where the characteristics of groundwater flow are distinctive. These
zones trend north to south and occupy the western, central, and eastern portions of the
site.

The western zone is characterized by a relatively unbroken topographic slope formed
on the Rocky Flats Alluvium. In this zone, alluvial thicknesses are greatest, water-level
fluctuations are minor, and the alluvium is rarely, if ever, completely unsaturated.
Groundwater in the UHSU flows generally east with slight variations in flow direction
occurring along the top of the bedrock surface. The predominantly claystone bedrock
impedes downward vertical migration of groundwater and directs flow laterally.

The central zone has a gently eastward-sloping topographic surface that is incised by
east-west-trending drainages. Topographic highs are capped by thick alluvial deposits
and flanked by colluvium. Water flowing through the capping alluvium follows the
bedrock surface and either emerges at seeps, drains into hillside colluvium, or migrates
vertically into lower lithostratigraphic units (weathered or unweathered bedrock). The
potentiometric surface of groundwater in the UHSU generally resembles the ground
surface and paleotopographic (bedrock) surface. The potentiometric surface slopes-
gently to the east and more steeply north-northeast and south-southeast along hillslopes
of the incised drainage valleys. Groundwater flows from broad areas of recharge
located upgradient and on nearby topographic highs toward the erosional limit of
alluvium and then directly toward creeks in incised drainages. Groundwater and
surface water are in direct connection at seeps and in some alluvial deposits along these
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drainages. In areas of relatively steep topography, baseflow to creeks may occur. The
paleotopographic surface also plays a role in directing groundwater flow and in the
development of unsaturated zones in unconsolidated surficial deposits. Channels and
depressions on the top-of-bedrock surface may,act as conduits or even small basins for
groundwater. Surficial deposits on either side of these channels can be drained, or
dewatered, by flow toward the channel. '

The eastern zone is characterized by relatively flat surface topography, the absence of
thick alluvial deposits (Rocky Flats Alluvium), and more widespread valley-fill
deposits. The ground surface is generally covered by thin deposits of colluvium. The
hydraulic gradients are relatively low, and groundwater in unconsolidated deposits may
not flow directly toward the axes of stream valleys. Baseflow to creeks is probably also
diminished relative to the central zone as a result of the lower hydraulic gradients.

Interaction Between Upper and Lower Hydrostratigraphic Units

The degree of hydraulic interaction between the UHSU and LHSU was investigated for
the Hydrogeologic Characterization Report (EG&G, 1995b). Hydrographs from a
series of well clusters indicate varying degrees of hydraulic connection between the two
units. In general, the LHSU appears to be in limited hydraulic connection with the
UHSU within approximately 50 feet of their contact. The hydraulic connection is

“enhanced where the LHSU contains subcropping sandstone units. The vertical

saturated hydraulic conductivity of the LHSU (geometric mean = 5.83 x 10 cm/sec) is
an order of magnitude less than the horizontal saturated hydraulic conductivity. The

low vertical hydraulic conductivity indicates that the LHSU acts as a hydraulic barrier

to the downward flow of groundwater (EG&G, 1995b).

The seepage velocity (vertical transport rate) into the LHSU was calculated using the
average vertical hydraulic conductivity, a uniform hydraulic gradient of one, and an
average effective porosity of 0.10. The estimated seepage velocity, 5.83 x 107 cm/sec,
represents the advective transport rate of a non-reactive contaminant. However,
seepage rates may also be enhanced locally by fracture flow. Open, continuous
fractures have been observed in unweathered bedrock at depths as great as 60 feet
below the top of bedrock (EG&G, 1995a and 1995b). The fracture surfaces are stained
with iron-oxides that may have been precipitated from groundwater during downward
flow. Secondary permeability introduced by interconnected fractures may increase
permeability and, thereby, locally enhance the hydraulic interactions between the two
hydrostratigraphic units. Secondary permeability has only been qualitatively described,
however (EG&G, 1995b), and the effects of secondary permeability on the degree of
interaction between the UHSU and LHSU are not known at this time.
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5. Groundwater Geochemistry

Groundwater chemistry at the Rocky Flats site has been described in numerous
previous reports, including the following:

e Final Well Evaluation Report (EG&G, 19940)

e 1993 Groundwater Geochemistry Report (EG&G, 1993¢)

e Site-Wide Groundwater Flow Modeling at the Rocky Flats Site (EG&G, 1993g)
e Background Geochemical Characterization Report (EG&G, 1993f)

e Final Phase IIl RFI/RI Report: 881 Hillside Area (Operable Unit No. 1) (DOE,
1993a)

e Draft Phase II RFI/RI Report: 903 Pad, Mound, and East Trenches (Operable Unit
No. 2) (EG&G, 1993d)

e Draft Final Phase I RFI/RI Report: Solar Evaporation Ponds (Operable Unit No. 4).
(EG&G, 1994b)

e Final Technical Memorandum, Revised Work Plan, Present Landfill and Inactive
Hazardous Waste Storage Area (Operable Unit No. 7) (DOE, 1994a)

e 1991, 1992, and 1993 Annual RCRA Groundwater Monitoring Reports for
Regulated Units at Rocky Flats Plant (EG&G, 1992b, 1993h, and 1994c)

Each of these documents provides data that describe groundwater chemistry. However,
none of the existing reports describes the nature of sitewide variations in groundwater
chemistry or provides a comprehensive synthesis of geochemical data for UHSU and
LHSU groundwater. The Groundwater Geochemistry Report (Volume INI of the
Sitewide Characterization Study) evaluated more than 350,000 records of chemical data
for samples collected from 1990 through the first quarter of 1994. Data quality and
usability were also evaluated; results of this evaluation are presented in Appendix A.
The locations of the 532 wells (some of which have since been abandoned or removed
from the sampling schedule) are shown on Plate 1.

Analysis of chemical data retrieved from the Rocky Flats Environmental Database
System (RFEDS) followed the general data-analysis protocols summarized in an
EG&G Interoffice Correspondence (EG&G, 1994d). Data rejected (validation code =
“R”) by the independent, third-party validation subcontractor were excluded from the
working data set. All QC data (rinsates, lab blanks, etc.) were also set aside from the
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working data set for a separate evaluation (see Appendix A). Tables of sitewide
summary statistics for each analyte provide a general overview of the range of chemical
concentrations at the site (see Appendices B and C).

The remainder of this section presents a brief discussion of groundwater sampling as it
pertains to dissolved metals, descriptive chemical diagrams (Stiff, Piper, and ion-
variation diagrams), a discussion of probable flow paths for UHSU groundwater at the
Rocky Flats site, and an analysis of the variations in the composition of Rocky Flats
groundwaters along those flow paths. Man-made organic compounds cannot be
modeled as part of water/rock interactions; consequently, these organic chemicals were
not evaluated in detail for this report but are summarized in Appendix C. However, the
working data set includes records for both organic and inorganic analytes, and these -
data are available upon request.

5.1 Evaluation of Data for Total and Dissolved Constituents in Groundwater

Collecting a sample that is representative of groundwater chemistry is the first, and
most important, step toward understanding the chemical dynamics of a groundwater
system. As noted by Hem (1992), “...the accuracy of the data obtained depends
critically on the care used in sample collection, pretreatment, and preservation. If
proper care is not taken to avoid sample contamination or loss of the minor constituents
during manipulation, misleading results will be obtained.”

Geochemical modeling and the analysis of water/rock interactions for a groundwater
rely on data for dissolved constituents because the chemistry of a groundwater is
generally defined by the dissolved constituents it contains and transports. Data for
unfiltered (“total””) metals and radionuclides cannot be meaningfully modeled, because
such data generally describe the chemistry of suspended particulates, not the chemistry
of the solution.

Dissolved constituents are operationally defined by their passage through a 0.45-micron
membrane filter. In contrast, an unfiltered sample contains suspended particulates such
as clay-size particles of sediment derived from the surrounding geologic units or
amorphous iron-oxyhydroxide precipitates and their coprecipitates. =~ When the
unfiltered sample is acidified for preservation, the solubility of metals is greatly
increased, and the particulates may partially or completely dissolve in the low pH (pH
= 1.5) solution. This dissolution results in a solution that may contain relatively high
concentrations of metals. In particular, concentrations of those metals that compose
common rock-forming minerals — such as the family of aluminosilicate minerals —
may be drastically elevated above those in the corresponding filtered sample.

Typically, the concentration of “total” metals and “total” radionuclides will be
correlated with the amount of total suspended solids (TSS) measured in the unfiltered,
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unacidified sample collected for analysis of water-quality parameters. This type of
correlation, quantified by linear regression analysis, is exemplified by the results for
well 41691 (Figures 5-1 and 5-2). Because well 41691 underwent several episodes of
redevelopment and repeated sampling over a short period of time (i.e., first quarter of
1994), these data were used for correlation of total metals and total radionuclides with
TSS. Use of these data was based on the premise that samples were collected in a
consistent manner over a short period of time, thus providing a better opportunity to
look at one isolated variable, TSS, and its correlation with total metals and
radionuclides. High values (0.8 to 1.0) of the correlation coefficient indicate a strong
correlation between the two parameters. In this case, the strong correlation translates to
a high probability that the metals are contained in the suspended sediments rather than
in the solution. '

Description of Groundwater from the Upper and Lower Hydrostratigraphic Units

A variety of graphical presentations may be used to illustrate the chemistry of
groundwater, from simple variation diagrams and time-series plots to Stiff (1951),
Piper (1944), and Schoeller (1935) diagrams (see Hem, 1992 for more detail). These
diagrams offer a means for visual, qualitative assessment of groundwater chemistry.
Graphical methods employed in this report include Stiff, Piper, and ion-variation
diagrams and time-series plots. The plotted concentrations of major cations and other
metals were obtained from filtered samples (dissolved fraction) and the concentrations
of major anions from unfiltered samples (see discussion in Section 5.1). Unlike metals,
anion-forming elements (e.g., chlorine, sulfur, nitrogen, etc.) in dilute solutions are
present predominantly as dissolved ions (Hem, 1992).

Stiff Diagrams

Stiff diagrams for 370 wells are presented in Appendix D. Each diagram was plotted
from a representative sample collected from each well between 1990 and the first
quarter of 1994. For each well, a representative sample was identified through visual
examination and comparison of diagrams plotted from each available sample. Previous
investigations have demonstrated that the major-ion contents of groundwater show no
seasonal variation (EG&G, 1993f). Therefore, a single representative sample is used to
describe the groundwater composition at each location. Samples with compositions of
major ions that were visibly out of balance with respect to cation/anion equivalents
were not included.

Stiff diagrams depict the major-ion chemistry of a water by displaying the relative
proportions of selected ions in units of milliequivalents per liter (meq/L). The shape of
a Stiff diagram is determined by the concentrations and relative proportions of four
major cations (calcium, magnesium, potassium, and sodium) and four important anions
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(bicarbonate, carbonate, sulfate, and chloride). The shape of the Stiff diagram conveys
useful information on the general chemical character of the water and is particularly
useful as a pattern-recognition tool. The relative size of a Stiff diagram is meaningful
in that it is proportional to the concentration of total dissolved solids (TDS). The
higher the TDS content of the water, the larger the area of the diagram (providing that
the scale of display remains constant and the bulk of the TDS is represented by the
major ions plotted).

Because an aqueous solution is electrically neutral (charge balanced), with the sum of
the cations (in meg/L) equal to the sum of the anions, any deviations from neutrality
indicate an incomplete or inaccurate chemical analysis. A slight inequality on the Stiff
diagram (<10% charge imbalance) is typical, however, and may denote the presence of
ions in the water that are not included on the Stiff diagram. Waters containing high
concentrations of ions not plotted on the Stiff diagram, such as nitrate, may have
visibly unbalanced Stiff diagrams.

Stiff diagrams of UHSU groundwater are generally distinctly different from those of
LHSU groundwater (Figures 5-3 and 5-4). Figure 5-3 shows UHSU groundwater from
five wells: B401989, screened in colluvium; B302789, valley-fill alluvium; B110889
and B200889, Rocky Flats Alluvium; and B405489, weathered bedrock. Groundwater
from the various deposits of the UHSU shows similar shapes of Stiff diagrams and can
be generally described as a “calcium-bicarbonate water” (the dominant type of UHSU
groundwater). Stiff diagrams of UHSU groundwater from potentially contaminated
areas may reflect major-ion concentrations distinct from the typical character, as
discussed below in Section 5.4.

Figure 5-4 presents Stiff diagrams for LHSU groundwater from five wells: 23193,
screened in an interval of sandstone, silty sandstone, and clayey sandstone; 0886, sandy
siltstone; 0387, sandy siltstone and clayey siltstone; 2386, siltstone and silty claystone;
and 0887, silty claystone and claystone. The LHSU groundwater ranges from calcium-
‘bicarbonate (well 23193) to sodium-bicarbonate (0886), sodium-bicarbonate/chloride
(0387), sodium-chioride/sulfate (2386), and sodium-sulfate (0887) waters. The LHSU
groundwater generally has a sodium-bicarbonate to sodium-sulfate character (EG&G,
1993f). The groundwater from well 23193 is not chemically distinguishable from
UHSU groundwater. This well is screened across an interval of sandstone that may be
more permeable than other lithostratigraphic units comprising the LHSU. The
composition of LHSU groundwater in sandstone sub-units and its similarity to UHSU
groundwater may be the result of a relatively higher degree of hydraulic communication
between LHSU sandstones and the UHSU. The degree of hydraulic communication
between the hydrostratigraphic units is discussed in detail in the Hydrogeologic
Characterization Report (EG&G, 1995b).
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522 Piper Diagrams

Piper diagrams were prepared for a series of wells located along groundwater flow
paths in the UHSU and for selected LHSU wells (Figures 5-5 through 5-6). For each of
the well locations included, the same representative analysis is plotted on the Piper
diagram as was previously used to plot the Stiff diagram.

Piper diagrams are trilinear-style diagrams and focus on essentially the same major ions
as Stiff diagrams (i.e., calcium, magnesium, sodium, potassium, bicarbonate, carbonate,
sulfate, and chloride). For each sample, three points are plotted on the Piper diagram;
one point representing the relative abundances of the cations is plotted on the cation

' triangle, one representing the relative abundances of the anions is plotted on the anion
triangle, and the third point representing the relative proportions of all the major ions is
plotted from the triangles and projected onto the central diagram (see Figure 5-5).
Piper diagrams are useful for evaluating the evolution of water chemistry or identifying
waters of distinctly different chemistry. Mixing between waters of distinct
compositions can also be identified.

Two Piper diagrams, presented in Figures 5-5 and 5-6, show the chemical distinctions
between UHSU and LHSU groundwater. Figure 5-5 displays the compositions of
UHSU and LHSU groundwater from the Rock Creek area, and Figure 5-6 shows the
compositions of UHSU and LHSU groundwater from the Industrial Area. The Rock
Creek area was selected because groundwater from the area is considered unaffected by
production and waste-handling activities on the Rocky Flats site (EG&G, 1993f). In
contrast, the major-ion chemistry of groundwater from the Industrial Area may show
the effects of contaminant releases to the subsurface. As discussed in Section 5.2.1,
ground'water from the Industrial Area is more chemically variable than groundwater
from unaffected areas on the site.

-The Piper diagram for Rock Creek shows a tightly grouped set of analyses in the anion
portion of the diagram. The cation portion of the diagram shows a difference between
UHSU and LHSU groundwater. The LHSU groundwater is enriched in sodium relative
to the other cations and has more variable cation abundances than groundwater from
the UHSU. The same distinction between LHSU and UHSU groundwater is evident on
Figure 5-6. In the Industrial Area, groundwater from both units is more
compositionally diverse than in the Rock Creek area, but LHSU groundwater is
consistently more sodium rich than UHSU groundwater. The anion contents of
groundwater from the two units are not distinguishable.

The Piper diagram for UHSU and LHSU groundwater in the Industrial Area (Figure
5-6) shows water compositions of widely varying character. The variations displayed
by the data from UHSU wells may reflect natural variability or compositional changes
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resulting from contamination of groundwater related to activities within the Industrial
Area. Scatter among the LHSU data is probably the result of natural variations in
chemistry.

523 Ion-Variation Diagrams

Ion-variation diagrams display concentrations of selected ions over time or distance, or
show the correlation between two or more ions. Where data for selected constituents
are displayed over a range of sampling dates, the diagram is commonly referred to as a
“time-series plot.” Such plots depict the temporal variation in groundwater chemistry
at a given location. Concentration variations at one location over time may result from
seasonal fluctuations or from external inputs to the groundwater, such as the migration -
of contamination from another location. Contamination to groundwater may result
from the downward migration of contaminants from sources at or near the ground
surface or from the downgradient migration of a contaminant plume from an upgradient
source.

Concentrations of dissolved major and trace ions were plotted on time-series plots (see
Appendix E) for 36 UHSU wells along the four defined flow paths (Rock Creek,
Industrial Area, Woman Creek, and Southern flow paths). Non-detect values were
replaced with a value of 0.5 times the reported detection limit, but are otherwise not
distinguished on the plots.

Four plots are shown for each of the 36 well locations (Appendix E): one plot shows
trace metals (Fe, Al, Mn, and Zn); one plot shows TDS, SiO,, and major anions (HCO;
as CaCOs, Cl, SOy, and NO3); one plot shows the four major cations (Ca, Mg, Na, and
K); and one plot depicts the covariation of two alkaline-earth elements (Ba and Sr) and
of two redox-sensitive elements that form oxyanions (V and Se).

For the major cations, the time-series plots illustrate only minor variation in
concentrations. Calcium generally has the highest concentrations, whereas potassium
generally has the lowest concentrations of these four cations in the UHSU wells. The
concentrations of trace metals generally show good covariation (e.g., samples with
higher concentrations of iron also show higher concentrations of manganese for that
given sampling event; see graph for well B400489). Some of the variability seen in the
water-quality parameters may be the result of transcription or data-entry errors, because
(as seen for well B400389) it is not physically possible to have a TDS concentration
less than the concentration of any one ion. The alkaline-earth metals strontium and
barium show some degree of covariation in their concentrations (see plot for well
B302989). Selenium and vanadium are commonly below detection limits and have
multiple detection limits, so the variation in concentration illustrated for these two
elements is of debatable origin.
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Results of Graphical Analyses

Both the Stiff and Piper diagrams show that groundwater samples from the different
lithostratigraphic units of the UHSU are generally not distinguishable from one another
on the basis of their major-ion chemistry. That is, groundwater from the Rocky Flats
Alluvium, valley-fill alluvium, colluvium, and weathered bedrock is similar in
composition, as a dominantly calcium-bicarbonate groundwater (see Figure 5-3). In
contrast, groundwater of the LHSU ranges from a sodium-sulfate to a calcium-
bicarbonate composition. Only within the Industrial Area, where groundwater
composition is most likely to be affected by contamination, is the major-ion content of
the UHSU groundwater as variable as that of the LHSU groundwater (Figure 5-6).

The major-ion chemistry of the UHSU and LHSU groundwater generally supports the
current definition of the two hydrostratigraphic units. Hydrologic data, as discussed in
Volume II of the Sitewide Characterization Study (EG&G, 1995b), provides additional
evidence for limited hydraulic communication between most areas of the UHSU and -
LHSU.

Changes in Groundwater Chemistry Along a Flow Path

The chemistry of any groundwater is a reflection of the chemistry of the recharge water
combined with the effects of water/rock interaction. As groundwater moves laterally
through the rocks comprising a hydrostratigraphic unit, it acts as a reactive substance
by dissolving minerals, exchanging ions, and interacting to form new minerals. As
stated by Hem (1992), “solutes contained in natural water represent the net effect of a
series of antecedent chemical reactions...” That is, the overall chemistry of
groundwater evolves along the flow path as a direct result of water/rock interaction.
Typically, this means that the concentrations of certain ions, as well as the TDS of
water, will increase in a direction downgradient from the point of recharge. Additional
inputs of recharge solutions of different chemical composition (i.e., mixing) or passage
through contaminated materials will also impact the chemistry of a groundwater.

Selection of Wells Defining Probable Flow Paths in the Upper Hydrostratigraphic Unit

Wells along four probable flow paths were selected after a review of the
potentiometric-surface contours for the UHSU (EG&G, 1995b and 1994e; see Figure
5-7). Selection of a flow path was made with the assumption that groundwater flow is
perpendicular to the contours of the potentiometric surface. Sparse well coverage in
some areas necessitated the inclusion of wells nearby, but not strictly along, such a flow
path.

Flow paths were selected for the northern Buffer Zone (Rock Creek flow path), the
southernmost part of the Buffer Zone (Southern flow path), along Woman Creek
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(Woman Creek flow path), and through the center of the Industrial Area (Industrial
Area flow path) (refer to Figure 5-7). The flow path through the Industrial Area is
more problematic than the others because of the likely disruption of groundwater flow
by buried structures and building footings. The impact of these features on the
potentiometric surface has not yet been determined. From northernmost to
southernmost, the flow paths are as follows: .

Rock Creek Flow Path. The Rock Creek flow path begins near wells B111189,
B110989, and B110889 near the West Spray Field (OU11). It continues north of the
Present Landfill (OU7) to B200589, B200689, B200789; on to B200889; then toward
B202589 or toward B201589, B201189, and B205589, near the intersection of Rock
Creek and Highway 128.

Industrial Area Flow Path. The selection of wells defining a flow path through the
Industrial Area relied on the detailed potentiometric-surface map from the Industrial
Area IM/IRA Decision Document (DOE, 1994b). This flow path begins in the West
Spray Field (OU11) at wells B411289 and B411389 and flows to B410789, P415889,
and P415989, through the center of the Industrial Area past wells 4486, P115689, and
2187 south of the Solar Ponds (OU4). The path then leads down South Walnut Creek
through the B-series ponds (OU6) to wells 3586, 3786, and 3886, finally reaching the
boundary wells 0486 and 41691.

Woman Creek Flow Path. The Woman Creek flow path is perhaps the least well
constrained; lack of data for many of the wells (i.e., dry wells) reduced the number of
wells that could be used for modeling. The Woman Creek flow path begins at well
B400189 northeast of Rocky Flats Lake; continues to B400289; then to 6886 south of
the 881 Hillside (OU1); to 38591, 6486, and 6586; past Pond C-2 to well 6686; and on
to the boundary wells 0186 and 41491.

Southern Flow Path. The Southern flow path begins in the south Buffer Zone at well
B400389 just east of Rocky Flats Lake. It continues to wells B405789 and B400489,
toward B302789, on to B302889 and B302989 north of the D-series ponds, and finally
to boundary wells 0186 and 41491.

5.3.2 Changes in Groundwater Chemistry Along Four Flow Paths

The changes in groundwater chemistry along a flow path can be examined
quantitatively by geochemical modeling; the results of such modeling are presented in
Section 8 of this report. Qualitatively, however, compositional changes can be
illustrated and evaluated by use of the graphical methods described in Section 5.2;
discussions of these are given in the following paragraphs. ' :
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Groundwater along the Rock Creek flow path is considered to be largely unaffected by
plant activities and clearly shows the effects of water/rock interaction. The
concentrations of major cations (Ca, Mg, Na, and K) and TDS increase gradually in the
downgradient direction (Figure 5-8). From start to finish (approximately 2.5 miles), the -
concentrations of many major ions increase by approximately one order of magnitude
(Figure 5-8). For dissolved uranium isotopes, a similar downgradient increase is also
seen (Figure 5-16). Groundwater at the head of the Rock Creek flow path (well
B111189) contains uranium at much lower activities (<2 pCi/L for uranium-238) than
does groundwater sampled at the end of the flow path (>80 pCi/L for uranium-238 in
well B205589), yet the ratio of uranium-233,234 to uranium-238 remains essentially
constant all along the flow path. The ratio varies between slightly more than one to
slightly more than two. '

The significance of the uranium-233,234 to uranium-238 ratio is discussed in detail in
the Background Geochemical Characterization Report (EG&G, 1993f). To summarize
briefly, naturally occurring uranium should have a uranium-233,234 to uranium-238
activity ratio of approximately 1.06, with a range of approximately one to three in
natural waters. In contrast, the ratios of the relative activities of uranium-233,234 to
uranium-238 are approximately 0.09 for depleted uranium, 5.74 for power-reactor fuel,
and higher for weapons-grade uranium (EG&G, 1993f).

If the general trends in groundwater chemistry along the Rock Creek flow path are
compared with those for the Industrial Area flow path (approximately 3.6 miles in
length), the magnitude of the overall increases in concentrations is seen to be
comparable (about one order of magnitude increase in elemental concentrations from
the initial to final wells). Even though the groundwater within the central Industrial
Area shows increases in the concentrations of some major ions for some wells (possible
contamination), groundwater at the terminus of the Industrial Area flow path shows
only equal or less of an increase than that seen over a shorter distance for background
groundwater along the Rock Creek flow path (Figures 5-8, 5-10, and 5-12).

A pattern similar to that for major ions is seen for dissolved uranium isotopes in
groundwater from the Industrial Area flow path (Figure 5-16); the activities of all
uranium isotopes are variable, but less than the highest background values.
Additionally, the isotopic ratio of uranium-233,234 to uranium-238 remains essentially
constant throughout the entire flow path (see Figure 5-16), ranging from slightly less
than one to about two.

Major-ion concentrations and uranium activities show a similar upgradient-to-
downgradient increase in the Woman Creek and Southern flow paths (Figures 5-9, 5-
11, 5-13, 5-15, and 5-17). In the groundwater of Woman Creek, the impact of plant
activities is suggested in wells 38591, 6486, and 6586. However, the trend in
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groundwater chemistry — comparing initial wells to final wells — again approximates
that seen for groundwater along the unaffected Rock Creek flow path. As with the
Industrial Area flow path, the ratios for uranium isotopes remain essentially constant in
groundwater along the Woman Creek and Southern flow paths.

Comparison of the Stiff diagrams for the mean composition of groundwater at each
well along each of the four flow paths shows a clear increase in TDS and constituents
for the Rock Creek path and more irregular increases in TDS and other constituents for

‘the other three flow paths (Plate 2). Ignoring for a moment the Southern flow path, the

TDS concentrations of the initial wells for Rock Creek, Industrial Area, and Woman
Creek are approximately equivalent at 144, 138, and 140 mg/L, respectively. The TDS
concentrations in the final wells range from 455 mg/L for the Industrial Area to 1160
mg/L for the Rock Creek path. For the Southern path, mean TDS is 331 mg/L in the
initial well and approximately 500 mg/L in the final well.

TDS shows the 'highest variability within and immediately downgradient of the
Industrial Area (Figure 5-8 and Plate 2). The major-ion composition of UHSU
groundwater also undergoes a change in this portion of the Industrial Area.
Groundwater changes from a calcium-bicarbonate water within the Industrial Area
(well P115689) to a mixed sodium-bicarbonate/sodium-sulfate water along South
Walnut Creek (wells 3586 and 3786). At the end of the Industrial Area flow path
(wells 0486 and 4169) the groundwater is again a calcium-bicarbonate water.
Therefore, the observed major-ion variations have a limited extent and probably reflect
inputs from contaminant sources in the Industrial Area or along Walnut Creek (OU6).

The Piper diagram depicting the major-ion chemistry for each well along the four flow
paths (see Figure 5-18) shows that wells along the Rock Creek path exhibit the least
amount of variability in the relative proportions of major ions (i.e., exhibit the tightest
clustering of points of all four paths shown on the diagram). Conversely, wells along
the Industrial Area path exhibit the greatest amount of variability in the relative
proportions of major ions. Whereas bicarbonate is the dominant ion in groundwater
along the Rock Creek and Southern flow paths, groundwater along the Woman Creek
and Industrial Area paths shows local increases in the relative proportions of chloride
and sulfate. Such changes to the chemistry of groundwater along the Woman Creek
and Industrial Area flow paths may be indicative of groundwater affected by recharge
sources of possible contamination on the plant site.

Major-Ion Variations in Groundwater from the Operable Units

Stiff diagrams of UHSU groundwater from OUs 1, 2, 4, 5, 6, 7, and 11 (refer to Figure
2-2 for OU locations) are presented for wells representing both unconsolidated surficial
deposits and UHSU bedrock (see Plate 2 and Figures 5-19 through 5-25). The Stiff
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diagrams for the groundwater from these areas are much more variable and generally
more complex than the diagrams for UHSU groundwater in other areas of the site.

At OU4, the UHSU groundwater has high TDS concentrations, most notably in the
immediate vicinity of the Solar Evaporation Ponds and the portion of North Walnut
Creek located north of the Solar Evaporation Ponds. Several of the Stiff diagrams for
OU4 groundwater are not balanced with respect to the abundances of cations and
anions. Nitrate was added to the anion species plotted, but the diagrams remain
unbalanced. Random charge imbalances may reflect analytical or reporting errors in
the concentrations of cations and anions. However, the analyses of groundwater
samples from a number of locations within OU4 are consistently unbalanced and may
indicate the presence of negatively charged species not measured and accounted for by
routine water analyses. :

Leakage of process water and wastewater concentrated by evaporation from the ponds
provided a source of chemically distinct water to groundwater in the OU4 area.
Concentrated water is easily distinguished from the natural recharge waters by its high
TDS and major-ion contents. The chemical variations observed in groundwater from
OU4 are consistent with those expected from leakage from the ponds.

At OU4 groundwater in the immediate vicinity of the Solar Evaporation Ponds is most
affected by sources of contamination. The major-ion content of groundwater from
areas upgradient of the ponds (wells 2286 and P207489) is the same as in groundwater
farther downgradient of the ponds (wells 1386 and P208089). Thus, chemically
distinct sources of recharge to groundwater in OU4 appear to have only local effects on
groundwater chemistry in the UHSU.

At OUs 1 and 2 (Figures 5-19 and 5-20), UHSU groundwater has significantly lower
TDS concentrations and less variable major-ion contents than does UHSU groundwater
from OU4. No sources of concentrated water similar to that leaked from the Solar
Evaporation Ponds were present in these areas. Therefore, the major-ion chemistry of
the groundwater is probably not a good indicator of contamination at either OU1 or
ou2.

At OU7, the chemistry of groundwater as depicted on the Stiff diagrams is also
variable. In addition, the major-ion chemistry of groundwater from within the landfill
is distinct from groundwater outside the landfill. Within the landﬁll,' the major-ion
concentrations are higher than groundwater sampled upgradient of OU7. Groundwater
collected downgradient of (east of) the East Landfill Pond in No Name Gulch is also
distinct from the upgradient groundwater.
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UHSU groundwater from OUl1 is dilute and much less variable in composition
compared to groundwater from the other OUs. In UHSU groundwater, TDS
concentrations gradually increase in the direction of groundwater flow (i.e., generally
from west to east). The area upgradient of OU11 is the starting point for the Rock
Creek and Industrial Area flow paths. The pattern of increasing TDS in the
downgradient direction was also observed along these two flow paths (Section 5.3.2).
The same processes that lead to variations in the major-ion chemistry of groundwater
along the Rock Creek flow path may also be responsible for the variations observed
within OU11.

Piper diagrams displaying the compositions of UHSU groundwater from the OUs (1, 2,
4, 7, and 11 in Figures 5-26 and 5-27) show significantly wider variations in
groundwater chemistry than do diagrams for groundwater from areas of the site thought
to be unaffected by past activities at the plant (i.e., Rock Creek flow path in Figure 5-
18). These variations are especially evident on the Piper diagram of OU4 and QU7
groundwater (Figure 5-27), which shows a much wider diversity of compositions than
the does the diagram of groundwater from the Rock Creek flow path.

Comparison of the types of chemical variations observed in the OUs to the variations
observed along sitewide flow paths reveals chemical variability on two distinct scales.
The first type of variation occurs across large areas (i.e., the distance across the site).
The large-scale variation typically includes increasing TDS and major-ion
concentrations in the direction of groundwater flow. The second type of variation
occurs within OUs or along portions of the flow paths. This smaller-scale variation
reflects input from contaminant sources. The internal variations in groundwater
chemistry at each of the OUs is slightly different and reflects the types of contaminant
‘sources present. ’
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Radionuclide Activity, pCi/L
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Plotted Values
(mg/L)

Well B401989 - Colluvium

1.26 0.51
3.92 4.40
1.00 0.81
0.00 0.33

Well B302789 - Valley - Fill Alluvium

1.41 0.68
3.99 4.60
1.22 . 0.42
0.00 0.33
Well B110889 - Rocky Flats Alluvium
0.58 0.25
1.52 - 2.00
0.54 0.21
0.00 . 0.03
Well B200889 - Rocky Flats Alluvium
0.37 0.1
2.27 2.20
0.50 0.48
0.00 0.03
Well B405489 -Weathered Bedrock
0.75 0.08
2.01 2.60
0.63 0.46
0.00 0.20
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Plotted Values
(mg/L)

Well 23193 - Sandstones

1.64 0.08
297 4.40
0.88 0.50
0.00 0.03

Well 0886 - Sandy Siltstone

3.28 0.48
0.65 3.80
0.41 ' 0.77
0.00 0.43
Well 0387 - Sandy to Clayey Siltstone
5.28 282
1.32 4.60
0.62 0.08
0.00 0.03

Weli 2386 - Siltstone to Claystone

7.55 5.36
4.70 4.00
2.15 6.04
0.02 0.17
Well 0887 - Claystone
9.53 1.27
6.79 7.60
3.49 12.28
0.00 0.03
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-+ UHSU Wells 46192
4786
B110889
B110989
B111189
0290
B200589
B200689
B200789
B200889
B201189
B201589
B205589
B202589

() LHSU Wells 4686
4886
B203789
R203889
B203989

NOTE: Dissolved concentrations or activities are plotted
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+ UHSU Wells B411289
B411389
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Spatial Variations in Groundwater Chemistry

Spatial variations in groundwater geochemistry were analyzed using two different
methods: (1) geostatistical analysis (ordinary kriging) and (2) hand-contouring of
concentration data plotted on maps. The purpose of these analyses was to evaluate
sitewide variations in groundwater chemistry and to identify spatial trends in the
chemical composition of groundwater. The analyses were sitewide in scope and were
not intended to provide detailed descriptions of the variations in groundwater chemistry
within each of the OUs currently under investigation. Detailed RFI/RI reports are
being or have been compiled to describe the nature and extent of groundwater
contamination at each OU. '

Use of two different methods resulted in two distinct sets of maps. The maps generated
by geostatistical analysis are based solely on concentration values at each of the
monitoring-well locations: For the hand-contoured maps, the position of the
isoconcentration contours was inferred using the posted concentration data and taking
into account the shapes of topographic and potentiometric surfaces and the direction of
groundwater flow. The advantages and disadvantages of the two techniques are
discussed below. '

Kriging refers to the collection of generalized linear-regression techniques used for
minimizing the error variance associated with an estimate based on a prior model of
covariance. Ordinary kriging is the most commonly used variant of kriging and differs
from simple kriging in that the local mean is re-estimated at each location. Use of
geostatistical techniques, such as ofdinary kriging, has the advantage of producing a
"best" estimate of a parameter at a point in space. An estimate is defined as "best”
based on the criteria of minimizing the error variance associated with an estimate.
However, ordinary kriging will not take into account other types of information such as
groundwater flow paths and topography when estimating a value. Estimates derived
using ordinary kriging are only based on the locations and values of the actual data.
Therefore, professional judgment needs to be exercised when evaluating an ordinary
kriging (or any statistical) result to ensure that physical realities are also taken into
account. Hand-contouring of data has the advantage of being able to incorporate other
information, such as groundwater flow paths and flow divides; however, hand-
contouring does not provide a best estimate, in the minimum-error sense, and is
therefore more subjective.

Data from the existing monitoring-well network were used for the kriging analysis,
even though the existing network was not designed to provide information for a kriging
analysis. Therefore, the data provided by this network do not provide an optimal data
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6.1

6.1.1

set for kriging. Limitations to the data include clustering of data in regions associated
with OUs and scarcity of data in other areas. Patterns of spatial correlation inferred
from data in well-characterized areas, such as the OUs, may be less applicable to areas
of sparse well coverage, such as outlying areas of the Buffer Zone.

Isoconcentration maps were constructed for major ions (bicarbonate, carbonate,
chloride, sulfate, calcium, magnesium, sodium, and potassium), silica, fluoride, minor
and trace metals (barium, lithium, manganese, selenium, strontium, and zinc), uranium-
235, pH, and TDS. The ratios of divalent to univalent cations (Ca to Na ratio and
Ca+Mg to Na+K ratio) were also mapped to evaluate whether or not cation-exchange
processes are affecting cation distribution in groundwater. The ratio of calcium to
sodium should remain relatively constant unless Ca/Na exchange is occurring.

The concentration data used for both the geostatistical analysis and the compilation of
isoconcentration-contour maps were arithmetic-mean concentrations from each well
location. Arithmetic mean values were also used during groundwater geochemical
modeling (see Section 8) and using mean values during kriging allows comparison of
the two data sets. Using the arithmetic mean is further justified because it is a
conservative estimator for distributions skewed by a few high values and because it is a
non-biased estimator for non-skewed (normal) distributions. The mean values were
calculated using data from 1990 through the first quarter of 1994. Individual results
reported below the detection limit were replaced with values equal to one-half the
reported detection limit prior to calculating the mean. '

Geostatistical Analysis

The geostatistical method used, ordinary kriging, is an unbiased, linear-estimation -
technique that interpolates between the linear combinations of a spatially distributed,

random variable. In this case, the variable used was the mean concentration of an

analyte in groundwater. Ordinary kriging is linear because it estimates results from

weighted linear combinations of the available data; it is unbiased because it sets the

mean residual error equal to zero. In addition, ordinary kriging minimizes the error

associated with a particular estimate. In ordinary kriging, a probabilistic model in

which the bias and error variance can both be calculated is developed; weights are then

chosen to ensure the average error of the model is zero (unbiased condition) and the

error variance of the model is minimized (Isaaks and Srivastava, 1989).

Method

In order to calculate the weights used to provide an estimate, a model of the spatial
continuity of the data must be developed. The model of spatial continuity is given by
the model semivariogram, and the kriging weights are calculated using the covariance.
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The model semivariogram is derived based on the experimental semivariogram, which
is calculated with actual data using the following expression:

1 N(h)

(k) = m Z,(xi - yt)z

/
where N(h) is the number of data pairs at a given separation distance, h. The
experimental semivariogram essentially represents the mean squared difference in data
values for a given separation distance. Patterns in spatial continuity evident in the
experimental semivariogram are modeled by a function (the model semivariogram).

Model semivariograms could only be estimated for analytes from the UHSU. In
general, concentration data from the LHSU did not exhibit sufficient spatial continuity
necessary to derive a semivariogram model. The degree of interconnection between
sub-units within the LHSU is not known, and the chemical variation diagrams
described in Section 5.2 indicate that the composition of groundwater in the LHSU is
more variable than in the UHSU. In addition, there are fewer LHSU monitoring wells
(less than 60 wells with usable data) than UHSU wells (more than 350 wells with
usable data). The srr"xaller,number of LHSU wells makes it difficult to observe patterns
of spatial continuity that may exist at different separation distances. Therefore, the
inability to construct meaningful semivariograms for the LHSU may be due either to
the actual lack of spatial correlation or an insufficient amount of data to describe spatial
correlation on the scale that it exists.

Ordinary kriging was used to construct isoconcentration maps by the following steps:
(1) evaluate the probabilistic nature of the random variables (i.e., determine the
distribution of the mean concentrations), (2) determine the spatial correlation of the
random variables, (3) perform a structural analysis of the spatially distributed data, (4)
use ordinary kriging to calculate estimated concentrations, and (5) present the results in
the form of contour maps. The first four steps were performed using the Geostatistical
Software Library (GSLIB) software package (Deutsch and Journel, 1992). The
SURFER™ software package was used in the last step to contour the simulated output
from GSLIB. These steps are discussed in more detail below. ‘

The probabilistic nature of the random variables (Zx) was achieved by constructing -
histograms of the mean concentrations to determine the probability distribution -
(histograms are included in Appendix F). The histograms indicated that selected ions
were lognormally distributed. Kriging requires a normal distribution of the random
variables; therefore, the data were normalized by a log-transformation (Cooper and
Istok, 1988). Negative and zero values made log-transformations of uranium-235
measurements impossible; therefore, these measurements were normalized using a
normal score transformation (Deutsch and Journel, 1992).
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The spatial continuity of the data was analyzed by calculating an isotropic experimental
semivariogram for each analyte (Appendix F). Isotropic experimental semivariograms
were used because no patterns of anisotropy were evident in the data. The experimental
semivariogram represents the average degree of dissimilarity between two points at a
given distance.

Structural analysis was conducted by fitting a spherical mathematical model to the
experimental semivariogram. The spatial offset from the origin observed on the
semivariograms is termed the “nugget effect.” This spatial discontinuity at the origin is
generally caused by sampling/measurement error and/or “small” scale variability. The
separation distance where the semivariogram value becomes nearly constant is defined
as the range. The range is the distance at which the data are no longer spatially
correlated. The sill is defined as the value at which the semivariogram reaches the
range (Isaaks and Srivastava, 1989).

Structural analysis of the concentration data from the LHSU could not be performed for
most analytes due to the asymmetrical distribution and lack of spatial continuity of the
data. This may be attributed to the discontinuous nature of the LHSU sandstone units
being monitored (EG&G, 1995a). Calcium and magnesium were the only LHSU
analytes that showed a symmetrical distribution and adequate spatial correlation
required for kriging. However, isoconcentration maps are not presented for these
analytes because the spatial correlation present in the experimental variograms was not
believed to represent data from a single population due to dissimilarities in flow paths
and lithologies within the LHSU. The necessary input parameters for the structural
analysis are presented in Table 6-1 and with the model semivariograms in Appendix F.

The spherical model was used in the ordinary kriging analysis. Specifically, the nugget,
range, and sill of the model variogram were used as input parameters. Point estimates
were used to generate the simulated values and the log-transformed values Y(x) were
back-transformed using the following expressions:

2

Z(x) = exp [Y(x) +%] (Cooper and Istok, 1988)

2. . . .
where s° is the estimation variance.

The normal score back-transformation Z(x) of the “standard normal deviate” y; is given
by:

Z(x)= F'(G(y,)
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where F(x) is the cumulative distribution function (cdf) of the data and (G( Y )) is the

standard normal cdf (Deutsch and Journel, 1992). The input parameters used in GSLIB
for the ordinary kriging analysis are provided in Table 6-1.

The simulated estimates generated from the ordinary kriging analysis were contoured
using the SURFER™ software package. For optimal results (i.e., prohibited
reestimation of the simulated values by the SURFER™ gridding), the following
gridding procedures were followed: (1) the grid size in SURFER™ was identical to the
grid dimensions used in GSLIB (50 x 50), (2) the nearest number of search points was
set to one, (3) the Inverse Distance Method with a weighted power function set to one
was chosen, and (4) the Octant Search Method was used. The above procedure
provides a SURFER™ grid file identical to the simulated output from GSLIB. The
SURFER™ grid file was contoured using the SURFER™ TOPO module. This
procedure is described in greater detail by Shan and Stephens (1994).

Table 6-1
Input Parameters for Two-Dimensional Ordinary Kriging

Minimum = -100,000 Level 1
Maximum = 100,000
Radius = 40,000

X Block Size = 1 Minimum Number = 5

Y Block Size = 1 Maximum Number = 10

‘Grid Dimensions’ UHSU'

X: 50, Y: 50
X-Intercept: 2076000 X-Intercept: 2078000
Y-Intercept: 741900 Y-Intercept: 2094150
X Spacing: 363 X Spacing: 323
Y Spacing: 326 Y Spacing: 244

'grid dimensions reported in state plane coordinates

Results

Figures 6-1 through 6-19 are the isoconcentration-contour maps for the UHSU, and
were generated using the output from the kriging model. The kriging output consists of
estimated concentration values at regularly spaced intervals (two-dimensional grid)
across the analysis area. The kriged maps display major-ion concentration values at the
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grid nodes. These values were generated by a geostatistical analysis of the spatial
correlation among values at the measured points (as described above).

Two patterns are common to most of the maps. First, there is a general trend toward
increased major-ion content in the direction of groundwater flow (from west to east).
From the recharge zone in the west, ion concentrations increase in UHSU groundwater
to the east. The same pattern was evident on the ion-variation diagrams and Stiff plots
discussed in Section 5. Chloride, bicarbonate, and magnesium show the most regular
increase in estimated concentrations. Each of these analytes has higher concentrations
downgradient of the site than upgradient. Second, local sources of increased ion
content are present mainly within the Industrial Area and within OUs on the site; ion
contents are most variable in the Industrial Area and in parts of the Buffer Zone where
waste generation and disposal have occurred (i.e., in the OUs).

A number of ions, including calcium, - chloride, potassium, lithium, sodium,
magnesium, sulfate, ‘and TDS, show areas of extremely high concentrations in the
vicinity of OU4. Manganese, zinc, and bicarbonate have their highest concentrations in .
the vicinity of OU7. The area south and east of the Industrial Area includes OU1,
OU2, and OU5 and also shows high concentrations of zinc, chloride, selenium, and
TDS compared to other areas of the site. Concentration variations in the vicinity of the
specific OUs are discussed below in Section 6.2.2.

A number of analytes (Li, Na, Se, SO,, TDS) are shown with elevated concentrations
across a broad, northeast-trending area in the vicinity of the Walnut Creek drainages
and the drainage leading from OU7. These broad areas of elevated concentration are
not _evident on the hand-contoured isoconcentration maps that are described in the
following section and are probably an artifact of the kriging method, which does not
take into account the realities of groundwater flow and transport directions. The
differences between the kriged maps and hand-contoured isoconcentration maps are
discussed in Section 6.3. '

6.2 Isoconcentration-Contour Maps

Using kriging results as a basis for contour mapping produces a smoothing of the
original data and some of the extreme values (Deutsch and Journel, 1992). Therefore,
the kriged maps are less useful for detailed analysis of smaller-scale variations in areas,
such as the OUs, where outlier values or extremely high concentration values may be
present. For this reason, isoconcentration maps of the site were also prepared by hand-
contouring the mean concentrations of analytes for UHSU monitoring wells. These
maps honor all of the actual concentration data and also take into account other
information about groundwater flow and contaminant transport. In areas where
groundwater is well characterized, such as the OUs, the hand-contoured

tp\281020\ggrfinal doc 6-6 12/20/94



6.2.1

Groundwater Geochemistry Report

isoconcentration maps reflect groundwater conditions much more accurately than the
geostatistical estimates. The isoconcentration contours are most accurate in the areas
where well coverage is dense (i.e., the Industrial Area and OUs); in the outlying areas
of the Buffer Zone, wells are widely scattered and the contour locations more
approximate.

Sitewide Variations in Groundwater Chemistry

The isoconcentration maps presented in Figures 6-21 through 6-41 show a general
trend toward increasing major-ion concentrations from west to east across the site.
These trends are best shown by the groundwater constituents with the highest average

~ concentrations — calcium, magnesium, bicarbonate, chloride, and sulfate — and by

TDS. Concentrations of these constituents increase in the direction of groundwater
flow but also vary locally, with elevated concentrations in the Industrial Area and along
drainages downgradient of the Industrial Area. Similar trends were evident on ion-
variation diagrams and Stiff plots of groundwater along the UHSU flow paths (Section
5) and on the contour maps of kriging output (Section 6.1). The isoconcentration maps
also show sodium, potassium, and several minor metals (selenium, uranium-235, and
zinc) with nearly constant concentrations in UHSU groundwater from across the site,
except in groundwater from OUs 1, 2, 4, 6, and 7 (refer to Figure 6-20 for well
coverage and OU locations).

Two maps of the calcium-to-sodium ratio show that the relative abundances of calcium
and sodium remain unchanged over much of the site. The ratio varies significantly
within the Industrial Area where groundwater in the west portion of the area and in the
OU2 area has the highest calcium-to-sodium ratios and groundwater in the OU1 and
OU4 areas has the lowest calcium-to-sodium ratios. Variations in this ratio indicate
open-system behavior that could include cation exchange, precipitation and dissolution
processes, or mixing with chemically distinct water.

A number of the isoconcentration maps show relatively high concentrations of
groundwater constituents in wells located along the eastern boundary of the Rocky
Flats site (Figures 6-23 [Cl], 6-28 [Li], 6-29 [Mg], 6-35 [SOs], 6-36 [Sr], and 6-37
[TDS]). There are only a few data points located along this boundary (refer to Figure
6-20 for monitoring-well locations), however, and the extent of the concentration
variations cannot be determined at this time. The areas of elevated concentration
shown on the maps are based on extremely limited data and should not be interpreted
as contaminant “hot-spots” or plumes before additional data are available from areas
between the eastern boundary and the upgradient sources of contamination. Elevated
ion concentrations and radionuclide activities in the boundary wells are currently being
investigated by EG&G (DOE, 1993b).
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Groundwater is not as well characterized in the LHSU, and the isoconcentration-

contour maps (Flgures 6-43 through 6-52) provide only limited information to describe
major-ion distribution in groundwater. In general, the same areas of the site show
relatively high concentrations of the major ions in LHSU groundwater as were
identified for UHSU groundwater, but the sitewide pattern of increasing major-ion
content in the direction of groundwater flow (west to east) (EG&G, 1995b) is not
evident in the LHSU groundwater. However, the existing data are not adequate to fully
describe and evaluate sitewide variations in the composition of LHSU groundwater.

OU-Specific Variations in Groundwater Chemistry

Groundwater chemistry is also variable among specific areas of the site. These
variations are evident on the hand-contoured isoconcentration maps and, within
individual OUs, they are consistent with associated waste-generation and waste-
disposal activities that resulted in local contamination of the groundwater. The spatial
patterns displayed by the isoconcentration maps are also consistent with the more
detailed descriptions of groundwater contamination provided in RFI/RI reports for each

OU.

As previously discussed in Section 5.4, OU4 contains the Solar Evaporation Ponds
which were used for evaporative concentration of waste liquids. Leakage of
concentrated water from the Solar Evaporation Ponds in the past has contaminated the
groundwater in this area (EG&G, 1994c). The effects of groundwater contamination
are evident in the major-ion contents of UHSU groundwater. The isoconcentration
maps for barium, calcium, potassium, lithium, magnesium sodium, selenium,
strontium, uranium-235, chloride, fluoride, sulfate, and TDS show an area of high
concentration, relative to surrounding areas, underlying or immediately downgradient
of the Solar Evaporation Ponds. These constituents are consistent with the
groundwater contaminants described in Annual RCRA Groundwater Monitoring
reports for the Solar Evaporation Ponds (EG&G, 1992b, 1993h, and 1994c) and in the
Draft Final Phase I RFI/RI Report for OU4 (EG&G, 1994b).

At OU2, metals and major ions have not been associated with waste-related
contamination (EG&G, 1993d). None of the ions mapped, except barium, shows an
increase in concentration in the OU2 area compared to adjacent areas. Within' the
South Walnut Creek drainage north of OU2, however, several metals and major ions
are present in UHSU groundwater at concentrations higher than in surrounding areas.
Lithium, magnesium, sodium, zinc, uranium-235, sulfate, and TDS concentrations
increase in groundwater from the Walnut Creek drainage compared to other areas of the
site.
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OU7 includes the Present Landfill where a variety of wastes have been disposed. The
landfill generates a relatively low pH (potentially low Eh) leachate that contains
elevated concentrations of metals compared to background groundwater (DOE, 1994a).
The isoconcentration maps show OU7 as an area where the concentrations of some
metals (Ba, Mn, and Sr), major ions (Cl, HCOs, K, Mg), silica, and TDS are higher
than in the background areas. .

At OU1, selenium was found in UHSU groundwater at elevated concentrations relative
to background (DOE, 1993a). The origin of the selenium is not known; selenium-
bearing wastes or minerals may serve as sources, or selenium may have been mobilized
from native soils in the presence of chelating or low-pH waste products in the
subsurface (DOE, 1993a). Selenium is also a reduction/oxidation(redox)-sensitive
species, whose form and mobility are affected by redox (Eh) conditions. Therefore,
contaminant-related changes in physical conditions may have mobilized native
selenium. Selenium concentrations are also relatively high in UHSU groundwater from
areas of OUS and OU6.

Comparison and Discussion of Results

Some of the spatial distribution patterns revealed on the kriged maps are also evident
on the hand-contoured isoconcentration maps. The general trend toward increasing
major-ion contents in groundwater from west to east is evident on both types of maps.
Other spatial distribution patterns, however, were not evident on the hand-contoured
maps. The most striking example of this is in the vicinity of the Walnut Creek
drainages northeast of the Industrial Area. A number of the kriged maps, including

‘those for lithium, sodium, selenium, sulfate, and TDS, show relatively high -

concentrations across a broad northeast-trending area. This apparent “plume” does not
appear on the hand-contoured maps where elevated concentrations are shown only
within narrow bands along the drainage bottoms.

The majority of the wells in this portion of the Buffer Zone are located along drainage
valleys, and there is sparse well coverage on the hillsides between drainages. In
addition, potentiometric-surface maps of this area indicate that the primary direction of
groundwater flow is toward the east along the drainage bottoms, and not from south to
north across the topographic highs between drainages (refer to Plates 8 and 9 of
Hydrogeologic Characterization Report, EG&G, 1995b). The major pathways for

. offsite contaminant transport are along drainage bottoms where flow is directed from

west to east. An apparent plume appears on the kriged maps because the geostatistical
analysis assigns estimated values to grid points based on a linear-estimation technique
that does not consider the direction of groundwater flow or the presence of flow
divides. Therefore, the values from wells located within drainage bottoms are used to

- calculate estimated values between the drainages. The contouring software identifies
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and connects the points of equivalent concentration values, but these are the kriged
values and not the actual concentrations in groundwater.

The strength of the kriged maps is their presentation of general trends in the spatial
distribution of analytes identified by an unbiased, reproducible, geostatistical method.
The primary weakness of these maps, however, is that they may be misinterpreted by
the user, because the kriging method does not take into account information about
groundwater flow, such as realistic flow paths, aquifer continuity, and known sources
of groundwater contamination on the site. Other weaknesses include excessive
smoothing of small-scale variations and accentuated areas of extreme concentration
values. For these reasons, the kriging output displayed on the maps should not be used
to delineate areas of actual groundwater contamination or to describe the extent of
contaminated groundwater on the site. V '

Figures 6-2 and 6-22 provide examples of the limitations associated with using the
kriged maps to delineate areas of groundwater contamination. Both figures display
dissolved concentrations of calcium and indicate an area of relatively high
concentration in the vicinity of OU4/Solar Evaporation Ponds. However, on the kriged
map (Figure 6-2) the area of elevated concentrations is large and extends over areas of
sparse well coverage (refer to Figure 6-20 for well coverage). The kriging analysis uses
the spatial correlation of the data found in OU4, where wells are abundant, to estimate
the concentrations of calcium in the surrounding area. The hand-contoured map
(Figure 6-22) shows a smaller area of relatively high calcium concentration than the
kriged map. This map was generated from concentrations at well locations. The
isoconcentration contours are consistent with concentration data at each well location,
and the amount of extrapolation performed was subject to professional judgment taking
into account probable sources and flow direction. This example illustrates the potential
problems associated with using the kriging output to delineate areas of groundwater
contamination. '

What the kriged maps do illustrate are the statistically significant increases in major-ion
contents in UHSU groundwater from west to east across the site. Therefore, the maps
provide statistical confirmation for the types of compositional variations observed
qualitatively in the ion-variation diagrams discussed in Section 5 and quantitatively
modeled, as discussed in Section 8. »
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Environmental Isotopes in Groundwater at the Rocky Flats Site

An environmental-isotope study of groundwater at the Rocky Flats site was conducted
to better describe recharge sources, groundwater flow, and interactions between
hydrostratigraphic units. Stable isotopes can be used as tracers in the subsurface — in
combination with hydrogeological and hydrochemical investigations — to provide
information on the origin, age, and movement of groundwater, which cannot be
obtained by more conventional methods.

Ideal tracers for water movements are those that are incorporated into the water
molecule (i.e., the isotopes of oxygen and hydrogen). The isotopes of an element
exhibit the same chemical properties, but their behavior may vary slightly in some
physical, chemical, or biochemical processes due to their different weights. The
variation of '80 and deuterium (*H or D) contents in natural waters generally results
from the temperature-dependent isotope fractionation during evaporation of water,
condensation of water vapor, or by water/rock interaction. Thus, 80 and D analyses
generally allow recognition of groundwater of different local and temporal origin.
Therefore, where stable-isotope analyses of groundwater samples are carried out
parallel to hydrochemical analyses, one can obtain a more complete understanding of
the hydrogeological characteristics of an aquifer and the history of different
groundwater masses.

Tritium (3H), the radioactive isotope of hydrogen, can also be used as a tracer in
hydrologic processes. Though some tritium is naturally occurring, historically the main
source of tritium in precipitation has been atmospheric fallout originating from above-
ground detonation of thermonuclear bombs. Following nuclear tests, atmospheric
tritium concentrations increased sharply, reaching a peak between 1963 and 1964.
During these peak -years, average annual fallout values exceeded several thousand
tritium units (TUs — one atom of 3H.per 10'® atoms of 'H). Today, fallout contributes
much less tritium to precipitation, and the average contents in precipitation are much
lower (IAEA, 1992). Pre-1952 levels of natural tritium in precipitation are not well
known, but have been estimated from 10 to 15 TUs for North America. The half-life
decay rate of tritium is 12.43 years. Therefore, groundwater recharged prior to 1952
should have a present tritium content of less than 1.3 TUs (based on the assumed
natural content and adjusted for radioactive decay).

It is generally assumed that concentrations of tritium are not significantly affected by
reactions with geologic materials. Thus, if a sample of groundwater from a given area
contains several tens of TUs or larger, it can be assumed that all or part of this water
entered. the groundwater system since 1952. The presence of elevated tritium also
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indicates that anthropogenic pollution could also penetrate into those parts of the
aquifer under similar hydraulic conditions within comparable times if the contaminant
is not substantially retarded or decomposed by other chemical processes.

A pilot study conducted at Rocky Flats in 1991 (White, 1991) demonstrated that
groundwater from the site has a wide range of oxygen and hydrogen isotopic
compositions. The study recommended that additional groundwater samples be
collected and analyzed and that baseline data describing precipitation and surface-water
compositions also be compiled.

Based on the results of the pilot study, additional environmental-isotope analyses of
precipitation, surface waters, and groundwater from the Rocky Flats site and immediate
vicinity have been conducted. The objectives of the environmental-isotope
investigation are to better identify groundwater recharge areas, describe groundwater
flow directions and flow rates, and determine the extent of mixing between the upper
and lower hydrostratigraphic units. The following section explains the technical basis
for the use of stable isotopes as groundwater tracers, describes the data-collection
activities and analytical methods used to provide environmental-isotope data, '
summarizes the results of isotopic analyses, and discusses the implications of these
results for hydrogeologic and hydrochemical models of the Rocky Flats site. -

7.1 Technical Approach

The stable isotopes of oxygen (**0, "0, and '®0) and hydrogen (‘H and ’H or D) are an
integral part of any water mass. Although the overall terrestrial abundance remains
essentially unchanged, stable-isotope ratios (**0/*®0 and *H/'H or D/H) in waters vary
in response to temperature-dependent fractionation within the water cycle. During
evaporation, the lighter isotope is preferentially evaporated, enriching the remaining
liquid in the heavy isotope; the resulting water vapor is, therefore, relatively enriched
in the light isotope. This fractionation effect is enhanced at low temperatures and
reduced at high temperatures. In this way, 2H and 'O contents of precipitation show
characteristic differences in time and space.

The relative isotopic abundances of oxygen and hydrogen are usually expressed in
reference to their standard abundances in ocean water. For this purpose, an
internationally agreed sample of ocean water, called Standard Mean Ocean Water
(SMOW), has been selected. The isotopic composition of water is expressed as parts
per thousand (%o, per mil) difference from SMOW, the standard. ‘These differences are
written as 8D for the deuterium and §'%0 for '*0: |

8D %o = {(D/H (sample) - D/H (smow) Y/D/Hismow) } * 10°

8'%0 %o = {(**0/"°0 (sample) - '20/*°0 (smow) )/'20/*°0 smowy} * 10°
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7.1.1

Water with less deuterium than SMOW has a negative 8D, and water with more
deuterium than SMOW has a positive 8D; the same is true for §'°O.

Environmental-Isotope Ratios in Natural Waters

The isotopic composition of water vapor is controlled by several interrelated factors;
the composition of precipitation depends on the temperature at which the oceanic water
is evaporated into the air and, even more important, the temperature of condensation at
which clouds and rain or snow are formed. This temperature dependence is responsible
for the large variations in the isotopic composition of precipitation and, to a lesser
extent, groundwater.

Fractional condensation results in gradual depletion of heavy isotopes in the residual
moisture in air masses and subsequent precipitation from those air masses. Heavy
isotopes are also depleted from a cloud as it rises up mountains (the “altitude effect”),
and consequently the residual precipitation gets isotopically lighter. The isotopic
composition of precipitation is also affected by the amount of precipitation; the heavier
the rain event or the greater the amount of precipitation, the lighter the isotopic
compositions. The explanation for this effect is related to the “temperature effect”
(lower temperatures cause increased rainfall) and decreased fractionation during
rainfall (raindrops undergo less evaporation than water vapor). V

The global meteoric-water line defined by Craig (1961) describes the combined 8D and
5'80 dependences on temperature. The meteoric-water line is a convenient reference
line for understanding and tracing local groundwater origins and movements. Hence,
in each hydrochemical investigation, the local meteoric-water line has to be established
from samples of individual rain events or monthly means of precipitation. Prior to
establishment of the local meteoric-water line, the global meteoric-water line can serve
as an adequate frame of reference for the discussion of isotopic variations. In addition,
the composition of precipitation is reflected, directly or modified, in the composition of
groundwater from the same area.

The isotopic composition of most groundwater closely reflects the annual weighted-
average composition of precipitation in the recharge area. Minor shifts may result from
seasonally selective recharge. For example, isotopically heavy summer rains may be
consumed by vegetation, and only isotopically lighter fall-to-spring rains recharge
groundwater reservoirs. Under more arid conditions, evaporation of precipitation as it
falls to the ground can result in an enrichment of the heavy-isotope species in the rain
that reaches the ground surface.

Other physical and chemical processes also produce shifts in the stable-isotope
composition of water. Exchange with oxygen-bearing minerals causes a shift in
oxygen isotopic ratios in geothermal systems with temperatures generally higher than
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80°C. In strongly reducing environments, H,S may become an important component of
geochemical systems.. Exchange of hydrogen between H,S and H,O results in large

~shifts in the hydrogen-isotope composition of water. Normal groundwater is not
affected by these processes. »

7.1.2 Results of Previous Investigations

In a pilot study conducted for EG&G by the University of Colorado (White, 1991), the
environmental-isotope contents of groundwater samples collected during the first and
second quarters of 1991 were determined. A total of 221 measurements were
performed on samples from 124 wells. The results of these measurements indicated
that groundwater on the site is isotopically variable and that the isotopic compositions
of groundwater bodies may be used to trace groundwater flow and evaluate rates of
groundwater transport. The results of the pilot study are included in Appendix G.

Comparison of the results from first- and second-quarter samples revealed a slight shift
(one per mil) in the modal §'%0 value of groundwater to a higher value during the
second quarter. White (1991) described a general trend toward decreasing 8'*0 values
in groundwater from west to east across the site, and also concluded that some
groundwater in the vicinity of OU4 contained a component of "evaporated" water. The
differences in the isotopic compositions of groundwater from surficial materials and .
bedrock in the vicinity of Woman Creek also led White (1991) to conclude that no
mixing was occurring between groundwater in these two units (surficial deposits and
- bedrock). The tritium contents of groundwater were also found to be variable. Tritium
contents in groundwater from the Walnut Creek area were high (> 30 TU) and may
have originated from sources of tritium contamination on the site. Although historic
releases of tritium from the Rocky Flats Plant have been documented (AEC, 1973), the
sources of tritium contamination were not discussed in the pilot study. '

Although the results of the pilot study revealed isotopic variability in groundwater from
the Rocky Flats site, the data were not sufficient to identify and describe the chemical
and physical processes that lead to the observed isotopic variations. White (1991)
recommended additional analyses of stable isotopes in groundwater and other waters
from the site to aid in interpretation of the pilot study results. The pilot study
recommended that groundwater be collected from a large number of wells from across
the site and analyzed for oxygen and hydrogen isotopes. Collection and analysis of
precipitation and atmospheric moisture from the site, and routine sampling and analysis
of surface water and sources of potable water used on the Rocky Flats site were also
recommended. Data collected using evaporation pans to describe the evaporation rates
and the isotopic signatures of water experiencing evaporation were also considered
useful to further interpretation of the environmental-isotope results.
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7.1.3

7.2

7.2.1

7.2.1.1

Purpose of this Study

The environmental-isotope study was undertaken to compare the isotopic compositions
of groundwater to the isotopic compositions of potential recharge waters, and to relate
the isotopic variations in groundwater to the processes that are expected to affect
groundwater chemistry. Therefore, the objectives of the sampling and analysis were to
describe the compositions of potential sources of groundwater recharge (precipitation
and surface waters) and to obtain representative values of the environmental-isotope
composition of groundwater in each of the hydrostratigraphic units at the Rocky Flats
site.

Sampling and Analysis Methods
Sampling

From the first quarter of 1991 through the first quarter of 1994, groundwater samples
were collected for measurement of 6D, 8180, and, in some cases, tritium. Precipitation
and surface-water samples were collected for measurement of 8D and 3'%0, with some
samples also analyzed for trittum, during 1993 and 1994.

Precipitation and Surface Water

EG&G began collecting precipitation samples for isotopic analysis in April 1993. Grab
samples were obtained from a central location on the Rocky Flats site. Rain was
collected as it drained from the roof of trailer T891E at the end of a precipitation event.
Snow samples were obtained using a 2.5-gallon bucket as a collector or directly from
the ground surface by collecting snow from depths representing the entire snowfall
event. Snow samples were collected immediately following the snowfall event.
Nineteen precipitation samples were collected between April 1993 and May 1994
These included grab samples of rainfall and snow, and two composite samples
collected for the months of April 1994 and May 1994 (Table 7-1).

Surface-water samples were also collected in 1993 and 1994. Twenty-one grab
samples were collected from 15 locations on and off the Rocky Flats site (refer to Table
7-2 and Figure 7-1). The locations sampled on the site included several springs, a
water-filled clay pit, and Woman Creek. East of the site, Standley Lake and Great
Western Reservoir were sampled. West of the site, Coal Creek, the South Boulder
Creek Diversion Canal, and Rocky Flats Lake were sampled. Grab samples were
collected with sample bottles according to Standard Operating Procedure (SOP) SW.03
(EG&G, 1992c¢).

The temperature, pH, and conductivity of each surface-water sample were measured in
the field at the time of sampling. Each sample was then submitted for measurement of
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7.2.1.2

7.2.2

oxygen and hydrogen isotopes, including tritium. The results of isotopic analyses are
presented in Tables 7-1 and 7-2. ’

Groundwater

The groundwater investigation was designed primarily as a sitewide reconnaissance-
level effort to identify areas with sufficient variation to trace groundwater flow paths.
The number of monitoring wells selected for isotopic analysis reflects (1) the number
and complexity of potential source areas at Rocky Flats (ponds, spray fields, leakage
from pipelines, etc.); (2) the need to characterize background conditions; and (3) the
need to verify, on a larger scale, the vertical isotopic stratification observed in bedrock
during the pilot study.

Groundwater samples were collected from 253 monitoring wells and 13 well points.
The samples were collected during routine groundwater sampling activities and in
accordance with EG&G SOPs for groundwater sampling (EG&G, 1992c). Figure 7-2
shows the locations of the monitoring wells sampled for isotopic analyses. The wells
and well points sampled are screened at depths ranging from a few feet to more than
100 feet below the ground surface, and from multiple depths within each
hydrostratigraphic unit (UHSU and LHSU). Many of the wells sampled have well
screens that extend over wide intervals; these screens are typically 5 to 20 feet long,
and as long as 93 feet. '

In addition, the well screens and surrounding filter pack may extend across more than
one lithostratigraphic unit. Thus, groundwater from multiple depths and from more
than one lithostratigraphic unit can enter the wells. For these reasons, many of the
samples taken may represent mixtures of water from various depths in the
hydrostratigraphic unit.

During 1991, 1992, and the first quarter of 1993, 173 groundwater samples were
submitted for analysis of 8D and §'%0. Starting in the second quarter of 1993, analyses
for tritium were also performed on selected samples. Two-hundred eighty-eight
groundwater samples have been collected and analyzed since the second quarter of
1993. The results of isotopic measurements for groundwater samples are provided in
Appendix G.

During the collection of groundwater samples temperature, pH, and conductivity were
measured in the field. :

Analytical Methods

Isotopic analyses of precipitation, surface-water, and groundwater samples were
performed by the Environmental Isotope Laboratory at the University of Waterloo. The
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isotopié ratios of oxygen and hydrogen were measured using a multiple-cbllector, gas-
source mass spectrometer. Oxygen ratios were determined by first equilibrating the
water with carbon dioxide and then admitting the carbon dioxide to the mass
spectrometer (Epstein and Mayeda, 1953; Fritz et al., 1986). Hydrogen was prepared
by reducing the hydrogen in water with zinc (Coleman et al., 1982). Water vapor was
introduced to single-sample reaction vessels containing zinc. .Each vessel was then
“heated to approximately 450°C to release hydrogen for analysis by the mass
spectrometer. The deuterium and 'O isotope ratios (D/H, 180/'°0) are expressed as d
values (i.e., as the per mil deviation from the internationally accepted standard). The
reference standard used is called Vienna-SMOW as defined by Craig (1961) and the
International Atomic Energy Agency (Gonfiantini, 1978; IAEA, 1992).

Table 7-1
Isotopic Compositions of Precipitation Samples

PCO0001EG 4/13/93 | Snow, grab -14.62 -108 15.9 8.96
PCO0002EG 8/5/93 Rain, grab -8.99 -76.61 144 -4.69
PCOO0003EG 8/5/93 Rain , grab (2nd storm’) -7.26 -66.63 -8.55
PCO0004EG 8/6/93 Rain, grab -8.46 -63.1 151 4.58
PCO0005EG 9/2/93 Rain, grab 13.35

PCOO0006EG 9/14/93 Snow, grab -19.05 1392 1.1 13.2
PCO0007EG 11/15/93 Snow, grab -23.28 -176.3 1.1 9.94
PCO0008EG 11/12/93 | Snow, grab -21.33 -158 11.64
PCO0009EG 12/23/93 | Snow, grab -27.07 -210.2 10.3 6.36
PCO0010EG 1/28/94 Snow, grab -16.9 -118.5 1.1 16.7
PCO0011EG 1/31/94 Snow, grab -29.47 -219.5 16.26
PCO0012EG 2/14/94 Snow, grab -25.68 -191.6 8.9 . 13.84
PCO0013EG 2/23/94 Snow, grab -19.76 -139.6 10 18.48
PCO0014EG 3/1/94 Snow, grab -29.18 -222 11.44
PCO0015EG 3/8/94 Rain and snow, grab -15.1 -115.9 118 4.9
PCO0016EG 3/28/94 Snow (3/26 - 3/27 snowtall), grab -21.52 -162.6 13.9 9.56
PCO0017EG 4/1/94 Snow (3/29 snowfall), grab 146

PCO0018EG 5/4/94 Snow and rain, April composite -17.5 -120.5 12.85 10.5
PCO0019EG May Rain, composite

SMOW = Standard Mean Ocean Water; refer to Section 7.1 for definitior: of § values.
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Table 7-2
Isotopic Compositions of Surface-Watér Samples

Swi112 7/23/93 South Boulder Diversion Canal -17.42 -129.8 15.8 9.56
8/5/93 South Boulder Diversion Canal -17.42 -128.6 10.76
SW131 7/23/93 Antelope Spring -1217 -100.0 21.3 -2.64
SWO080 7/23/93 Orchard Spring -12.59 -98.53 24.2 219
SWO068 12/14/93 South Intercept Ditch (SID) ' -16.8 -128.7 217 5.7
SW00193 7/26/93 Clay pit west of QU11 -3.69 -60.19 13.9 -30.67
SW00293 7/23/93 Spring west of Apple Orchard -12.21 -101.6 - 23.2 -3.92
SW00393 8/5/93 Spring at ranch pond in Rock Creek -14.35 -113.3 16.9 1.5
SW00493 8/19/93 Spring in Rock Creek drainage -14.6 -108.6 25.85 8.2
SWO00593 12/14/93 Seep below SID -14.5 -111.9 28.9 a1
SW00693 12/14/93 Woman Creek. near SID seep -13.8 -111.6 22 -1.2
SW00793 12/14/93 Antelope Spring North -11.84 -98.6 -3.88
SW00793 12/14/93 Antelope Spring North -11.99 -100.9 221 -4.98
SW00893 1/28/94 Coal Creek at bridge to Plainview -15.31 -114.1 15.1 838
SwW00893 2/28/94 Coal Creek at bridge to Plainview -15.36 -117.6 15.5 5.28
SW00893 3/31/94 Coal Creek at bridge to Plainview -16.26 -124.3 15.4 A 5.78
SW00893- 5/3/94 Coal Creek at bridge to Plainview -16.63 -124.6 14.3 8.44
SW00993 2/28/94 Rocky Flats Lake © -935 -84.19 127 -9.39
SW01093 5/3/94 Standley Lake -14.84 -116.7 16.8 202
SW01194 5/3/94 Great Western Reservoir -14.37 -114.95 16.5 0.01

SMOW = Standard Mean Ocean Water; refer to Section 7.1 for definition of 8 values.

The deuterium excess, d, is calculated on the basis of the relationship between
deuterium and 'O content in fresh water on a global scale, as defined by Dansgaard
(1964):

d=38D-85"%0

Water samples analyzed for tritium by liquid-scintillation counting were eléctrolytically
enriched to yield precisions better than (2 TU (Packard, 1986; Taylor, 1977). The
results are reported as TUs. One TU is defined as one atom of *H per 10'® atoms of
hydrogen (‘H), which is equivalent to 0.118 Bq or 3.193 pCi/L of water.
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7.3

Results

The quality of isotope data was evaluated through comparison of results from duplicate
samples, comparison of duplicate laboratory analyses, and comparison of analyses of
split samples submitted to more than one laboratory. Duplicate samples were collected
and submitted along with real samples to the isotope laboratory. The results from these
duplicate pairs indicate good sampling and analytical precision, with values of relative
percent difference consistently less than five percent. The laboratory also supplied the
results of their routine duplicate analyses of samples. These analyses, in conjunction
with repeat analyses of internal standards, define the reproducibility, or precision, of
their analyses. The Environmental Isotope Laboratory at the University of Waterloo
reports reproducibilities of +0.2%o for 8'*0 and 8D and (0.8 TU for tritium analyses.
The results for laboratory-duplicate analyses (run at 1-in-10 frequency) were averaged
to provide a single result value per sample collected.

Comparison of results for 12 split samples submitted to both the University of
Colorado and University of Waterloo shows good agreement between data from these
two laboratories (refer to Appendix G). Relative percent differences from 0 to 14
percent were calculated for 8°O and 8D measurements of samples submitted to both
laboratories. These differences, however, are significant compared to the analytical
precisions reported by each of the laboratories (0.05%o 380 at the University of

. Colorado and 0.2%o 8'®0 at the University of Waterloo). No bias was observed in the

data from the University of Waterloo compared to data from the University of
Colorado.

The samples collected from the first quarter of 1992 through the second quarter of 1993
were stored for periods as long as 18 months (first-quarter 1992 samples) following
their collection and prior to isotopic analysis. Samples were initially stored at room
temperature, but some of the samples were also stored in a trailer where temperatures
may have been high during the summer. During the storage period, the samples may
have partially evaporated and thus become more enriched in the heavy isotopes than
their starting composition. No consistent bias in the results from the stored samples
has been observed except for samples collected during the second quarter of 1992.
These samples show consistently higher 80 contents and lower d values than other
samples collected from the same locations at different times. These results are
discussed in greater detail in Section 7.3.3, because it has not been determined whether
the isotopic characteristics of these samples are related to enrichment effects occurring
during long-term storage of the samples or to actual variations in the isotopic
compositions of groundwater. More rigorous sample-handling protocol has been
implemented since the second quarter of 1993.
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7.3.1

7.3.1.1

7.3.1.2

Isotopic Composition of Precipitation
Oxygen and Deuterium

The oxygen and hydrogen compositions of precipitatiori samples are plotted in Figures
7-3 and 7-4. The 8"®0 values range from -29.2 to -7.3 and 8D values range from -222 -
to -63. Both 'O and D contents are highest during the summer months when
temperatures are warm. Both isotopes also show variations among winter-storm
events, demonstrating that precipitation at Rocky Flats originates from storms of
different isotopic compositions.

The relationship between 6D and 3'80 is shown in Figure 7-4. A linear-regression line
calculated for all precipitation samples collected at Rocky Flats has the following
equation:

3D =7.38'%0 - 4.35 r=0.995 (rain and snow precipitation)

This line differs in slope and intercept from the global meteoric-water line described by
Craig (1961) and also shown on Figure 7-4. The global meteoric-water line has the
following equation:

D =850+ 10 (Craig, 1961)

A regression line calculated using only data from snow samples has the following
equation,

oD = 7.98"%0 + 9.69 r=0.995 ' “(snow precipitation only)

which more closely matches the global meteoric-water line. The improved agreement
1s expected because snow is less susceptible to processes of heavy-isotope enrichment
than is rain precipitation. The values falling farthest off the global line are for summer
rain precipitation. Samples of summer rain have the lowest d values. These values
indicate that the isotopic composition of the precipitation sample was probably affected
by evaporation either during rainfall below the cloudbase or during collection but prior

. to contamning and sealing the sample.

Weighted means for the §'%0 and 8D values of precipitation have not been calculated
because monthly composite samples have not been collected for one full year.

Tritium

The tritium content of precipitation at Rocky Flats shows a peak during the late spring
and summer months (Figure 7-3); tritium ranged from 8.9 to 15.9 TUs. This spring
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7.3.2

7.3.2.1

fallout peak is commonly observed at other locations in the northern hemisphere
(IAEA, 1992).

Tritium in precipitation has been reported by the International Atomic Energy Agency
(IAEA) at a number of stations in North America since the early 1960s. Monitoring
stations in St. Louis, Missouri, and Albuquerque, New Mexico, provide the longest
record of tritium contents in precipitation from the western and central United States.
Recent tritium contents in precipitation collected from these two stations are shown in
Figure 7-5 (data from R. Michel, U.S. Geological Survey). Seasonal variations in
tritium content are evident. During 1993, the tritium content of precipitation collected
at the Rocky Flats site was generally comparable to tritium contents at these two
stations (Figure 7-5).

Isotopic Composition of Surface-Water Samples
Oxygen and Deuterium

A limited number of grab samples are available to describe the isotopic compositions
of surface waters in the vicinity of Rocky Flats. In the 19 samples for which results are
available, 8'30 values range from -3.7 to -17.4 and 8D values range from -60.2 to
-129.8 (Figure 7-4). The highest '0 and D contents are found in water collected from
a clay pit located immediately west of the Rocky Flats Buffer Zone. The clay pit is a
closed basin with no outlet and minimal recharge (from surface runoff and incident
precipitation). Therefore, water in this pit is subject to evaporation and heavy-isotope
enrichment. Water from the South Boulder Diversion Canal has the lowest '*0 and D
contents. The water in the canal originates from precipitation that fell at a higher
altitude and probably at lower temperatures than precipitation at the Rocky Flats site.
Therefore, its relatively light isotopic composition is expected.

The compositions of surface-water samples are plotted with precipitation data on
Figure 7-4. The surface-water samples lie along a line with a lower slope than the
global precipitation line.

3D =5.28'%0 - 37.9 r=0.99 (surface-water samples)

Several of the surface-water samples also have low d values, indicating their probable
modification due to evaporation. The lowest d values are from the clay pit and Rocky
Flats Lake, both located west of the Buffer Zone. Some of the spring samples
(Antelope Spring) plot along the evaporation line and have low d values. These waters
have also experienced some evaporation and heavy-isotope enrichment. The
evaporation may have occurred at the ground surface, or the spring waters may emanate
from a source of relatively heavy groundwater. Antelope Spring is directly
downgradient of Rocky Flats Lake and appears to be related to a zone of high hydraulic
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conductivity in the UHSU (EG&G, 1995b). Therefore, the isotopic compositions of
water from Antelope Spring indicate that the spring water probably contains a
component derived and transported from Rocky Flats Lake.

7.3.2.2 Tritium

The tritium contents of surface waters are also variable and range from 12.7 TU in
Rocky Flats Lake to 28.9 TU in seep water discharging adjacent to the South Intercept
Ditch along the Woman Creek drainage. The tritium contents of seeps and springs are
consistently higher ‘than the tritium content of local precipitation. These seeps and
springs appear to receive baseflow from tritium-rich groundwater. Surface-water
bodies located within and downgradient of the Industrial Area may have received
additional tritium input from sources on the plant site.

Most of the surface-water locations were sampled only once and some of the samples
were collected during different seasons. Therefore, direct comparison of results from
different surface-water bodies is difficult. '

733 Isotopic Composition of Groundwater Samples

7.3.3.1 Oxygen and Deuterium

Groundwater from the Rocky Flats site has variable isotopic compositions of oxygen
and hydrogen. The results of 8'80 and 8D measurements of groundwater samples are
plotted with local precipitation, the global meteoric-water line, and data from surface-
water samples in Figure 7-6.

For the purposes of discussing the isotopic variations present in groundwater, the
samples have been grouped based on their origin from one of the following three
lithostratigraphic units:

1. Surficial deposits including Rocky Flats Alluvium, younger alluvial deposits,
colluvium, and valley-fill alluvium

2. Weathered bedrock of the UHSU

3. Unweathered bedrock of the LHSU

Histograms showing the frequency of 8'®0 values in groundwater from these three
distinct units are presented in Figure 7-7. These results show that the isotopic
" composition of groundwater within each of the lithostratigraphic units is variable. In
addition, the modal values for groundwater from surficial deposits and from weathered
bedrock (UHSU) are the same, whereas the modal values of these two units differ from
that of groundwater from unweathered bedrock (LHSU). The 3'%0 values in
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groundwater from surficial deposits range from -16.5 to -10.3 and from -19.2 to -10.1
in weathered bedrock. A slightly more restricted range of §'®0 values is observed in

the samples from the unweathered bedrock (from -15.5 to -10.5).

Figures 7-8 through 7-10 show the distribution of §'0, 8D, and d (deuterium excess)
over the depth to the midpoint of the well screen. Note that the midpoint of the well
screen 1s not necessarily representative of the depth of origin for the groundwater
sampled because the depth range of effective inflow into the well is unknown.
Therefore, the midpoint of the screen provides only a reference point to describe the
approximate depth of groundwater sampled.

These figures show the wide spread of isotopic compositions in the surficial deposits

and weathered bedrock of the UHSU, and also the similarity in the ranges of isotopic

compositions for these two lithostratigraphic units. The '0 and D contents of

groundwater are the most variable at shallow depths (less than approximately 50 feet)

in both the surficial materials and the weathered bedrock. These results indicate that

the two units (surficial deposits and weathered bedrock) have isotopically ¢
indistinguishable sources of recharge and strongly suggest that they are hydraulically

connected. These conclusions support the current definition of the UHSU presented in

Section 4 and in the Hydrogeologic Characterization Report (EG&G, 1995b).

The '30 and D contents of LHSU groundwater are also variable although a general shift
toward higher *0 and D contents is observed at depth in the LHSU. The histogram in
Figure 7-6 also shows a slight shift toward increased 0 and D contents in the LHSU
compared to the surficial deposits and weathered bedrock of the UHSU.

Deuterium-excess values are also variable in groundwater. The d values are calculated
using the slope of the global meteoric-water line as the frame of reference. Because the
slope and intercept of the local meteoric-water line deviates from the global meteoric-
‘water line, relatively lower d values are expected in the heavier waters. Therefore, care
must be taken in the interpretation of d values.

Low d values (<5) are found in groundwater from both the UHSU and LHSU,
including some groundwater from depths greater than 50 feet. UHSU groundwater
from some locations within the western portion of the Buffer Zone and in the vicinity
of the Solar Evaporation Ponds has low d values. In general, the deuterium-excess
values are variable through time at these locations. However, UHSU groundwater from
wells B405789 and B400489 in the western portion of the Buffer Zone south of
Woman Creek, several wells in the western Buffer Zone north of Woman Creek, and a
number of wells in the vicinity of the Solar Evaporation Ponds — including P208989,
P209589, and P209889 — have consistently low d values (<0).

tp\281020\ggrfinal.doc ) 7-13 12/20/94



Groundwater Geochemistry Report

Groundwater from the LHSU may also have low d values. LHSU groundwater from
wells 2386, 2586, 2786, and 3286 in the vicinity of the Solar Evaporation Ponds has d
values generally less than 5. LHSU groundwater from the Walnut Creek drainage
“(wells 1486 and B217289) and in the Buffer Zone north of Walnut Creek also has low
d values.

At a few locations, groundwater was sampled from clusters of two to three wells
screened at distinct depths. The '*0 and D contents of groundwater at these locations
vary with depth. Figure 7-11 illustrates the isotopic variations at two well clusters.
The first is located in the western portion of the Buffer Zone between Rocky Flats Lake
and Antelope Spring. This cluster includes three wells screened at prdgressively deeper
levels in the surficial materials (B405689 midpoint at 12.8 feet, B400489 at 29.3 feet,
and B405789 at 47.7 feet). Figure 7-11 shows that groundwater from greater depth
(well B405789) has consistently higher 130 contents and lower d values compared to
shallower groundwater.

In a second well cluster, located in the northern portion of the Buffer Zone (near Rock
Creek), two wells were sampled — one screened across surficial materials (B200789)
and one screened across the underlying weathered bedrock (B203489). Figure 7-11
shows that groundwater in the weathered bedrock has slightly higher 80 contents than
groundwater from the overlying surficial materials. However, the variations observed
in the d values are generally similar for groundwater from the two units.

At several monitoring wells, groundwater has been sampled and analyzed muitiple
times. At these locations, the 8'%0 and 8D values of the groundwater vary within a
range of +2%o or less. The groundwater samples collected during one quarter, the
second quarter of 1992, typically have the highest 3'80 values and lowest d values
‘compared to groundwater samples collected during the other quarters. The average
8'80 and d (D excess) values for groundwater from each monitoring well are presented
on Plate 3 and in Appendix G. Appendix G also contains time-series plots for 5'%0 and
d in groundwater from selected monitoring wells.

7.3.3.2 Tritium

Tritium concentrations are also highly variable in groundwater. In the UHSU,
measured tritium contents range from less than the detection limit (0.8 TU) to 3,703
TU. In the LHSU, tritium contents are uniformly low. A histogram of tritium contents
(Figure 7-7) shows nearly identical ranges and modes for the groundwater from
surficial deposits and weathered bedrock of the UHSU and a much more limited range
of values for the LHSU. In the LHSU, the majority of samples have no detectable
tritium.
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7.4

74.1

The distribution of tritium over depth to the midpoint of the well screen is shown in
Figure 7-12. UHSU groundwater from relatively shallow depths has more variable
tritium contents than groundwater from deeper levels (i.e., greater than approximately
50 feet). Groundwater from the LHSU has very low tritium contents regardless of the
sampling depth. Only one well screened in unweathered bedrock, well 4187 located in
the vicinity of 881 Hillside (OU1), yielded groundwater with tritium contents greater
than 5 TU. At the locations where low d values are found in LHSU groundwater, the
tritium contents are also very low (generally not detectable). These results indicate that
the dominant component of LHSU groundwater is much older than recent recharge and
also older than groundwater in the UHSU.

Discussion

The results of the stable-isotope and tritium measurements can be used to identify
sources of recharge to the hydrostratigraphic units at the Rocky Flats site, to evaluate
contaminant transport from the UHSU to the LHSU, and to trace groundwater flow.

Sources of Recharge to Groundwater

The meteoric origin of groundwater in the UHSU is evident from hydrologic data
collected at the site. Well hydrographs show peak water levels in the UHSU during the
month of May (Hydrogeologic Characterization Report, EG&G, 1995b) and indicate
that peak recharge occurs during the wettest season (March,} April, and May). The
isotopic compositions of groundwater fall within the range defined by - local
precipitation. However, typical '*0, D, and tritium contents in UHSU groundwater are
slightly higher than their contents in precipitation falling during the peak recharge
period of spring and early summer. The §'®0 value of a composite precipitation sample
collected for April 1994 was -17.5 (Table 7-1). In contrast, the 8'%0 values of

groundwater from the UHSU generally range from -13 to -15.

Similar shifts in the isotopic compositions of groundwater toward heavier values than
local precipitation have been observed in arid environments (Gat, 1981). In these arid
environments, the enrichment in heavy isotopes is accompanied by a decrease in the d
values of groundwater relative to precipitation. Evaporation from both rain and snow
may enrich recharge water in the heavier isotopes relative to the initial composition of
precipitation.

Possible causes of such an enrichment could be evaporation of water from near-surface
soil water (Dincer et al., 1974), a delay in infiltration of water at the surface followed
by evaporation (Gat and Tzur, 1967), evaporation of water from snowpack (Moser and
Stichler, 1980), and infiltration of spray-evaporated waters. Later recharge events may
then flush the heavy-isotope-enriched waters to the water table.
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At Rocky Flats, the large proportion of annual precipitation that falls as snow and
snowmelt may provide a significant portion of groundwater recharge. Evaporation
from snowpack at the ground surface leads to heavy-isotope enrichment of the residual
snow and subsequent snowmelt (Moser and Stichler, 1980; Sommerfeld et al., 1991).
The enriched snowmelt then serves as recharge to groundwater. To date, no isotopic
measurements of snowpack samples (seasonal accumulation) or samples of snowmelt
water from Rocky Flats have been performed.

Other sources of recharge may also be responsible for the shift to heavier isotopic
compositions in groundwater. The other possible sources at Rocky Flats include
influent streams; lakes, ponds, or water impoundments; recharge through fractures; and
recharge through the unsaturated zone. Recharge contributions from surface-water
bodies, such as influent streams and lakes or ponds, are distinguished by their modern
tritium contents (similar to modern precipitation). In addition, contributions from lake
or pond water have higher 8'%0 and 8D values and lower d values than local
precipitation because the lake water is subject to evaporation. The effect of recharge
from lakes is to raise the '®0 and D concentrations in groundwater above the local
average for precipitation. Recharge through a porous unsaturated zone into a porous
aquifer yields groundwater isotopic compositions that do not show the seasonal
variations observed in the precipitation. ‘

Recharge by precipitation through fractures or solution holes is more rapid than
recharge through a low-permeability porous media. Recharge along fractures is
distinguished by high (i.e., modern) tritinm concentrations, which may reflect seasonal
variations in the isotopic composition of local precipitation.

Even though precipitation is clearly the major source of recharge to groundwater in the
UHSU, evidence for additional sources of recharge to both the UHSU and LHSU is
discussed below. : ' _

7.4.1.1 Recharge to UHSU Groundwater

UHSU groundwater collected from a few wells located downgradient of Rocky Flats
Lake, and from the clay pit on the west side of the site, is isotopically heavier than
groundwater from most other areas of the site (refer to Plate 3). The higher 80 and D
contents suggest that this groundwater contains a component derived from isotopically
heavy sources such as Rocky Flats Lake and the clay-pit water.

Field observations at the clay pit indicate that the lithostratigraphic units comprising the
UHSU are not in direct hydraulic connection with the clay pit. Water in the clay pit is
at a lower elevation than the base of the UHSU and probably acts as a source of
recharge to the deep Laramie/Fox Hills Aquifer rather than to the UHSU. The source
of relatively heavy water in this area remains undetermined. At Rocky Flats Lake,
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however, the lake sits within alluvial deposits and is connected to the UHSU. Leakage
from Rocky Flats Lake to the UHSU can be identified by the relatively heavy isotopic
signature of the lake. The isotopic compositions of groundwater collected
downgradient of the lake indicate that the water contains at least a component of
relatively’ heavy water originating from Rocky Flats Lake. Mixing between
_precipitation and recharge from surface water produces the intermediate isotopic
compositions measured in the groundwater.

Temporal variations in the isotopic composition of water from Rocky Flats Lake have
not been described, thus a quantitative assessment of the relative contributions from the
surface-water body and precipitation to groundwater recharge is not possible. Isotope
data from well clusters located downgradient of Rocky Flats Lake demonstrate that the
proportion of groundwater derived from surface-water bodies is highest in the deepest
portion of the surficial deposits (Figure 7-11). Therefore, groundwater from wells
screened at shallower levels or across extended depths may not show the same isotopic
distinction from groundwater collected from the deep surficial deposits. For this
reason, the apparent scatter in the spatial distribution of groundwater enriched in heavy
isotopes (less-negative d values) may be a sampling effect related to well construction
and not representative of groundwater compositions.

Slightly less-negative 8'®0 and 8D values are also observed in UHSU groundwater
from the central part of the Industrial Area. In this area, groundwater from the
weathered bedrock tends to have less-negative 8'®0 values than groundwater from the
overlying surficial deposits and less-negative values than groundwater from other parts
of the Rocky Flats site. These groundwaters may have acquired their isotopic
compositions from a component of water derived from the evaporation ponds. The
isotopic compositions of the pond waters were never measured, but probably would
reflect the isotopic composition of process water with heavy-isotope enrichment from
evaporation (the isotopic composition of process water was never measured). At a few
locations (wells P209689 and P209889, refer to Plate 1 for well locations), the heavier
isotopic signature is evident only in groundwater from the weathered bedrock and not
in the surficial deposits, indicating that the UHSU may no longer be receiving recharge
from the isotopically heavier source. At other locations (wells P209289, P209389, and
3386, refer to Plate 1 for well locations), however, average 8'%0 values are greater than
-12 in groundwater from both the surficial deposits and weathered bedrock of the
UHSU. Thus, isotopically distinct sources of recharge appear to contribute to UHSU
groundwater within the Industrial Area. These sources have not been characterized.

The contributions to groundwater from streams, ditches, and retention ponds (A-, B-,
and C-series ponds) on the site could not be evaluated. Not enough data are available
to describe isotopic variations in these surface-water bodies. Groundwater from the
UHSU below the Walnut Creek and Woman Creek drainages generally shows higher
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8'®0 and 8D values than does groundwater from adjacent areas. However, the isotopic
compositions of these surface waters have not been well described, and contributions to
recharge from these sources cannot be identified. Additional surface-water samples are
currently (during 1995 fiscal year) being collected by EG&G to address this question.

In summary, there are at least two sources of recharge to the UHSU: (1) incident
precipitation and (2) infiltration from lakes, ponds, and water impoundments. These
two sources are generally isotopically distinct. Better characterization of local rainfall,
snow, and snowmelt, and additional characterization of surface-water bodies on the site
are required to quantitatively evaluate the relative inputs to UHSU groundwater from
these two sources.

7.4.1.2  Recharge to LHSU Groundwater

In the LHSU, groundwater has 8'30 and 8D values within the ranges defined by UHSU

groundwater and local precipitation. Therefore, one may conclude that the primary
source of recharge to the LHSU is leakage from the overlying UHSU. At increasing

depth within the LHSU, however, both 8'80 and 8D shift toward slightly less negative

values as shown in Figures 7-8 and 7-9. The less-negative d values of the deeper

LHSU groundwaters are distinct from the average d values of UHSU groundwaters.

The shift to less-negative 8'®0 and 8D values at depth could be related to water/rock

_ interactions or the residence time of the groundwater. At low temperatures (< 80°C),
oxygen exchange with rock minerals requires very long residence times (more than one
million years) and generally tends to increase the 30 content of the water, but without
modification of the D content (Fontes, 1981). Therefore, the slight isotopic shift
observed in both the '®0 and D contents of deep LHSU groundwaters is not consistent
with the results of water/rock exchange reactions. Alternatively, increased d values in
the deep LHSU may indicate an additional source of LHSU groundwater that is distinct

~in isotopic composition from UHSU groundwater (i.e., very- old groundwater/
paleowater).

The age of groundwater in the LHSU has not been determined. The calculated seepage:
velocity (refer to Hydrogeologic Characterization Report and Section 4.2.5) can be used
to estimate the vertical distance traveled by groundwater in the LHSU over a given
period of time. Given a vertical seepage velocity of 5.8 x 107 cm/sec (EG&G, 1995b),
groundwater collected from 50 feet below the top of the LHSU will be at least 100
years old (assuming vertical flow). Much older groundwater may be present at greater
depth in the LHSU. : '

The stable-isotope contents of groundwater from the LHSU may reflect different
climatic conditions at the time of recharge. A warmer or drier climate would result in -
higher 880 and 8D values than in present precipitation. If paleowaters are a
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component of LHSU groundwater, the initial isotopic compositions of the paleowaters
must be known in order to calculate the fraction of the LHSU groundwater derived
from this source. ' ’

Very low tritium contents in the LHSU groundwater support evidence for the presence
of old groundwater in that unit. Non-detectable amounts of tritium indicate that the
main component of groundwater in this unit is more than 40 years old.

74.2 Interaction Between Hydrostratigraphic Units

As discussed above, the contrast in tritium contents of groundwaters from the UHSU
and LHSU appears related to distinct sources of recharge for the two units, but may
also reflect large differences in the age of groundwater in the two units. The
approximate age of groundwater in the UHSU can be estimated based on the tritium
content of the groundwater and past precipitation (recharge).

Records of tritium content in precipitation from the western United States provide a
rough estimate of the historic content of tritium in precipitation at Rocky Flats. Figure
7-13 shows the tritium contents of precipitation from two stations in the central and
western United States. At both locations, the tritium content (weighted mean) in
precipitation peaked during 1963, at 1,545 TU at St. Louis and at 1,899 TU at
Albuquerque (IAEA, 1992). Recharge to groundwater since the onset of atmospheric
nuclear-weapons testing in 1952, and especially during the period of peak tritium
fallout, has had much higher tritium concentrations than recharge from any previous
period of time. Tritium contents in precipitation prior to 1952 were not measured. The
range of tritium contents in current precipitation (9 to 16 TU in 1993 and 1994),
however, provides good estimates of the upper concentration range for naturally
occurring tritium in pre-1952 precipitation. Using a value of 16 TU for pre-1952
tritium in precipitation, groundwater more than 40 years old would have tritium
contents of less than 1.6 TU today. Groundwater derived from precipitation since 1963
should have tritium contents between approximately 10 and 300 TU depending on its
age and the extent of more recent mixing with younger groundwaters. (These estimates
are based on calculations of tritium decay starting from the mean annual tritium
contents of precipitation collected in Albuquerque, New Mexico, from 1963 through
1987.) '

At Rocky Flats, groundwater from the LHSU generally has no measurable tritium. In
contrast, UHSU groundwater typically contains from 10 to 50 TU of tritium, though a
tritium content as high as 3,703 TU was measured. The main component of LHSU
groundwater, therefore, is older than the UHSU groundwater and apparently older than
the Rocky Flats Plant (1952). The UHSU groundwater has tritium contents consistent
with ages of less than 40 years, indicating that recharge to the UHSU is more recent. »
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7.4.3

The relatively sharp break in the vertical profile of tritium contents at the base of the
UHSU may be the result of a zone of lower permeability. A low-permeability zone
may also serve as an effective barrier to downward transport of contaminants.
However, despite the sharp break in tritium contents, there is evidence for mixing
between LHSU groundwater and recharge from the UHSU. Some LHSU groundwaters
with no detectable tritium do contain detectable concentrations of VOCs. At well 2087
located within OU2, LHSU groundwater contains detectable tetrachloroethene and
trichloroethene but no detectable tritium (EG&G, 1994d). The presence of man-made
VOCs in the groundwater clearly indicates that relatively recent recharge from the near
surface has occurred. Thus, tritium-depleted (i.e., old) LHSU groundwater may contain
a component of relatively young UHSU groundwater. Where VOCs are present in
LHSU groundwater but tritium is not detected, the VOCs provide a more sensitive
indicator of contaminant infiltration and transport.

Low-tritium groundwater may also result from a process of tritium diffusion in the
subsurface. Rauert et al. (1993) describe the loss of tritium from mobile groundwater
due to diffusion into immobile pore water in clayey or silty layers. However, they
concluded that this process probably has only minor effects on the tritium content of
groundwater. If this process takes place at Rocky Flats, a more regular gradient in the
tritium content of groundwater over depth would be expected. Tritium diffusion can
also occur along a flow path in fractured media. This process of tritium loss is
potentially significant (Foster, 1975; Day, 1977). At Rocky Flats, fractures are present
in the shallow bedrock, but the extent to which fractures control and direct groundwater
flow at the site is not known. ’

Groundwater Flow in the UHSU

The isotopic composition of groundwater can be used to trace the direction of flow if
isotopically distinct groundwaters are present. = At Rocky Flats, groundwater with
distinctive isotopic compositions is present in a few areas. Heavy-isotope-enriched
groundwater is present in the lowermost portion of the surficial deposits located
downgradient of Rocky Flats Lake. Vertical gradients in the isotopic composition of
groundwater provide evidence that the groundwater mixes slowly and incompletely
during flow through the subsurface. Most of the mixing may occur at discharge points
or in monitoring-well screens.

Similarly heavy-isotope-enriched water emanates from Antelope Spring and from
several smaller springs on the south side of Woman Creek farther downgradient of
Rocky Flats Lake. The spring water appears to originate from the base of the surficial
deposits, and its isotopic composition suggests that it ultim2ately originates, at least in
part, from a heavier source such as Rocky Flats Lake. Therefore, groundwater flow
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from Rocky Flats Lake appears to have a northward-directed component that feeds
springs along the base of the surficial deposits towards Woman Creek (within OUS).

Groundwater from weathered bedrock (UHSU) in the Industrial Area has the highest
tritium contents of any groundwater from the site. Groundwater samples from six
monitoring wells (P207389, P209389, P209489, P209589, P209689, and P210189),
located both upgradient and downgradient of the Solar Evaporation Ponds, have tritium
contents between 80 and 3,703 TU (refer to Plate 4). In contrast, samples of LHSU
groundwater from the same area have no detectable tritium, and groundwater samples
from the overlying surficial deposits have tritium contents ranging from 35 to 90 TUs.
The tritium contents of groundwater from the weathered bedrock are generally higher
than expected for groundwater derived from precipitation (see discussion in Section
7.4.2). The alternate source of tritium within the Industrial Area is not known, but may
be related to tritium releases that occurred at the site in 1968 and 1973 (AEC, 1973) or
to tritium-enriched waters leaking from the Solar Evaporation Ponds. The high-tritium
groundwater is easily traced, however, and could be used to monitor groundwater flow
paths from the Solar Evaporation Ponds toward Walnut Creek and eastern portions of
the Industrial Area. ‘ '

7.5 Conclusions

Additional environmental-isotope data from precipitation, surface-water, and
groundwater samples have helped to refine the conceptual model for groundwater flow
at the Rocky Flats site. The similarity in isotopic compositions of groundwater from
the various lithostratigraphic units of the UHSU supports the current definition of that
hydrostratigraphic unit. White (1991) concluded that groundwater from the surficial
materials and bedrock were isotopically distinct and, therefore, not mixing; the results
from this study demonstrate that there is no isotopic distinction between groundwater
from the diverse geologic units of the UHSU, and strongly suggest that all units within
the UHSU are hydraulically connected.

Although the average isotopic compositions of groundwater in surficial deposits and
weathered bedrock are not distinct, there are some areas on the site, such as east of
Rocky Flats Lake, where the UHSU groundwater exhibits vertical isotopic gradients.
The vertical variation in isotopic- composition indicates that bodies of groundwater
originating from distinct sources can remain unmixed during flow across a distance
greater than one mile, through the UHSU. '

Isotopic distinctions between groundwater from the UHSU and LHSU also support the
current flow-system model for the Rocky Flats site. The interaction between UHSU
and LHSU groundwaters is greatest within approximately 50 feet of the change in
permeability that marks the weathered/unweathered contact. The apparent shift to
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higher d values in the deep LHSU, as compared to the shallow portions of the LHSU,
has not been fully explained but may be related to the age of the deeper groundwater.

There are few spatial variations in the isotopic composition of groundwater. The large-
scale spatial variations observed by White (1991) were not found to be consistent
through time. The main source of recharge to the UHSU is precipitation. However,
groundwater in the UHSU has slightly less-negative d values than precipitation, and
this shift may be related to evaporation from precipitation prior to or during recharge.
Isotopically distinct sources of recharge can also be identified in groundwater, and
White’s (1991) original observation that groundwater may locally contain a component
of “evaporated” water was supported by the results of this study. Groundwater on the
west side of the site appears to contain a component of water derived from surface-
water bodies. Groundwater from the Industrial Area contains a component of
isotopically heavy water that may have originated from the Solar Evaporation Ponds or
other such sources on the site.

tp\281020\ggrfinal.doc 7-22 ' : 12/20/94



Section 7.0
Figures



711840

760000

750000

74C000

733000

2060800 2070000 2080000 2090000 2100000 2108800
| | | |

0¥BlILL

EXPLANATION

& Surface Water
Sampling Locatlon

Streams,Ditches, and
Drainages

Secondary Roads
_____ Lightduty Roads
e s Unimproved Roads
—_—— Industrial Area
Security Zone
Boundaries

= = = Buffer Zone
Boundary

000081

Surface Water
Impoundments

000064
I-:::——

Scale = 1 : 48000
1 inch = 4UUU feet

2000 o 40001t

e

State Plane Coordinate System
Colorado Central Zone
Datum: NAD27

EG:z:G ROCKY FLATS

_ n
B =
. STANDLEY
Lo DAKE Rocky Flats Site, Gulden, Colorado

AC00+%L

Surface Water
Sampling Locations for
Stable Isotope Data

Groundwater Geochemistry Report

“

000€€(

)

January 1995 Figure 7-1

I 1 1
2060800 2070000 2080000 2090000 1100000 2108800




158410

756500

7521250

748000

743750

741900

0737130

2078250
|

1082500

2091000

2094139

- ——— —_—

—
Pl

" £
& "
L4
"
(4
e e s no
N T
L

i

- .-.“——“."-.i:.'-ﬁ'—'r’vv_)wt:_-_-_-—_.-....“.._..—_.'_.'.a-.-.—:;;..i.;a.'-_.-'.'_';.-

i
n

— — . —

T
2073730

2078250

I
2082500

I
2081000

2094138

11485

006896!

067154

0008+%L

0SLERL

0061kL

EXPLANATION

Lithologic Unit

o Surficiel Deposits (UHSU)
° Weathered Bedrock (UHSU)

. Unweathered Bedrock (LHSU)

Streams,Ditches, and
Drainages

= Paved Roads

== Dirt Roads

— = — Industrial Area
and Security Zone
Boundaries

= === Buffer Zone
Boundary

Surface Water
Impoundments

|

Scale = 1 . 20400
1 inch = 1700 feet

880 o 1700t
| — ]

State Plane Coordinate System
Colorado Central Zone
Datum: NAD27

n
cyEBEG ROCKY FLATS

Rocky Flats Site, Golden, Colorado

Monitoring Wells
Sampled for
Isotopic Analyses

Groundwater Geochemistry Report

January 1995 Figure 7-2




Precipitation Samples 1993-1994
Rocky Flats Site

Day Number (January 1, 1993 = 1)

© SMOW = Standard Mean Ocean Water

50 T T T T T
v T VYe————v vV v v
0 0’/”‘@ 4
O\W %
-50 - -
C
.2
: -
Q
Q
E -100} / |
O
0 '
O
S
_8_ —-150 | -
v Tritium
o Delta 180 (SMOW) ‘
: o Delta D (SMOW)
—-250 | | | 1 i |
0 100 200 300 400 500

600

J\EBsB ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Precipitation Samples
from Rocky Flats Site
1993-1994

Groundwater Geochemistry Report

Date: January 1995

Figure 7-3

MES\Geochemistry tife blocks2.imptid/1 9/94




Rocky Flats Site
Precipitation and Surface-Water Samples 1993-1994

e 50 T T
o Precipitation
® Surface Water
-75 | ]
-100 |- —
O
=
v 125+ -
[
o
K]
e
-150 | .
-175 + _
J\EBs8 ROCKY FLATS
Rocky Flats Site, Golden, Colorado
— 2 OO | 1 |
-30 -25 -20 -15 -10 . =5 0
Isotopic Compositions
Delta 180 (SMOW) of Precipitation and
: Surface Water
SMOW = Standard Mean Ocean Water Groundwater Geochemistry Report
Date: January 1995 Figure 7-4

MES\Geochemistry title blocks.2.impt\9/19/94



35

30

Tritium (TU)

Precipitation

|

I

1

1

St. Louis, Missouri
Albuquerque, New Mexico
Rocky Flats

| |

1988

1989

1990 1991

1992 1993

1994

J\EB:B ROCKY FLATS
Rocky Flats Site, Golden, Colorado

1sotopic Compositions
of Precipitation

Groundwater Geochemistry Report

Date: January 1995

Figure 7-5

h@meocﬁemlsfry e Els-cﬁs.z.lmpKQH 9/94




° Globa! Meteoric-Water Line

-50 - T
o groundwater
e precipitation
-75 b v surface water
-100 t+
=
O
=
n
~ ~125}
o)
3
]
he)
-150
-175 |
—-200 L
-30 - =25

SMOW = Standard Mean Ocean Water

-20 - -15
delta 180 (SMOW)

-10

J\EG:E ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Isotopic Compositions of
Groundwater Samples

Groundwater Geochemistry Report

Date: January 1995 Figure 7-6

M\ES\Geochemistry title blocks.2.impt\9/19/94




s |
m Unweathered Bedrock |
80 m Weathered Bedrock |
0 Eurficial Deposits |
N |
] |
c
g
w40
20
0 i
-19 -18 A7 -16 -15
60
m Unweathered Bedrock
50 m Weathered Bedrock
0O Surficial Deposits
40
oy
{ =4
g a0
g
w
20
10 J’l
o " - - .. E. | ] i -:) 4............
0 10 20 30 40 50 60 70 8C 90 100 150  >200
Tritium (TU)
J\EBs6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado
5180 and Tritium Contents
in
Groundwater Samples
Groundwalter Geochemistry Report
SMOW = Standard Mean Ocean Water Date: January 1995 Figure 7-7

MIES\Geo litle vart blocks.2.impt8/19/84



-10 - . |
. . .
oeo . 08 o v ; .y . . R4
2 KPP A M .
% 8 : ao v o M ) : v v :v'
e g0 ®e o < v y % v
= o3’ 9 8 3 v 8
\(/)/ o% o ® *e 00 000, v ¥ v
— . 0 *. &.‘%Q %v. .
8 14 %? og%"o‘PBo . K
. %%“%%9 TR
y [) ® o
= RO
3 - -16 —°° .~ -
¢ o Surficial Deposits
-18 » Weathered Bedrock .
: + Unweathered Bedrock
-20 1 1 | |
0 50 100 150 200 250 '
_ J\EB:sB ROCKY FLATS
Dépth to Midpoint of Screen (feet) Rocky Flats Site, Golden, Colorado
5180 in Groundwater:
Variations with Depth to
Mid-Point of Screen
SMOW = Standard Mean Ocean Water Groundwater Geochemistry Report |
Date: January 1995 Figure 7-8

S Seochermstry te Blocks.2.mpha/19/94



-60

—-80 |-

-100 -

-120

Delta D (SMOW)

"-140 e

o Surficial Deposits 7]
e Weathered Bedrock
e Unweathered Bedrock

| i | 1

-160

SMOW = Standard Mean Ocean Water

50

100 150 _ 200 250
Depth to Midpoint of Screen (feet)

J\EB:8 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

8 D in Groundwater:
Variations with Depth to
Mid-Point of Screen

o 4

G

h

istry Report

Date: January 1995

Figure 7-9

M(ESGGOCFOMISE-Y. e 5‘00“3.!."“[)!@7 13753




25 T T T T
» o Surficial Deposits
20 ¢ Weathered Bedrock _
+ Unweathered Bedrock
15 %o |
00 Y
& c>Qo’ .8(;. ‘..
10 ° ° 8o v o
£ —g%%gg °:.0g8vo o o M v
9] 0%%0 .? g L v v v v
S » 8o G} i o V8 o v7 v v
[ O@,, Y o ° 4 v
29 WS gd o
S x [ ﬁ%.s o 0 © v v M o @
[} Ll 5 =~ O } 80 v, ) v 7 v o -
o o g e $.°8 S AN : .
o < % 08.0 N1 °® < § °
5 .8 . os [ - g% v ©
{(g:); on, o ® ' ’
0% Foe o . o7 © o e 7 o v v o
O __% v oO v 1
00 [} ° o %' ° ° v
& € oo 008 ° . M
o $ ° ° v . v .
-5L ) o ) B
[o]
~10 L | 1 |
0 50 100 150 200 250 0“ EG:3 ROCKY FLATS

Rocky Flats Site, Golden, Colorado

Depth to Midpoint of Screen (feet)

D Excess in Groundwater:
Variations with Depth
to Mid-Point of Screen

Groundwater Geochamistry Report

Date: January 1995 Figure 7-10

M\ES\Geochemistry title blocks2.impt9/19/94



Groundwater in Rocky Flats Alluvium (UHSU)
Western Buffer Zone, Soutn of Woman Creek
e [ I = s R DS S R s e S S e B
10
D excess
5
________ -m
0 .
| : 3
5 S o
]
-10
ESNONS (g =SSO e sae s ST
-15 /m
-20
1st 91 3rd 91 1st 92 3rd 92 1st 93 3rd 93 1st 94
Quarter —— B405389 (shallow)
- - - - B405789 (deep)
Groundwater in UHSU
MNorthern Buffer Zone Near Rock Creek
15 - " . o
m
. 2
0
-5
-10
5'%0 (smow)
15 |
-20 " s ki ot
1st 91 3rd 91 1st92 3rd 92 15t 93 3rd 93 15t 94
Quarter —— B200789 (surficiz| deposits)
- = = - B203489 (weathered bedrock)
J\EBsG ROCKY FLATS
Rocky Flats Site, Golden, Colorado
Vertical Isotopic
Gradients in UHSU
Groundwater
Groundwater Geochemistry Report
SMOW = Standard Mean Ocean Water Date: January 1995 Figure 7-11

MES\Geo title vert blocks.2.impl\9/19/94




Tritium in Groundwater

T

250

200

150

Tritium (TU)

100

50 |

o Surficial Deposits
¢ Weathered Bedrock
v Unweathered Bedrock

« Well 4587 (OU1)

bo o o oo b
100 150 200

Depth to Midpoint of Screen (feet)

N\ [EG:8 ROCKY FLATS

Rocky Flats Site, Golden, Colorado

Tritium in Groundwater:
Variations with Depth
to Mid-Point of Screen

Groundwater Geochemistry Report

Date: January 1995 Figure 7-12

M\ES\Geochemistry title blocks.2.impt\9/19/94



amis!

1000

-
o
o

o

Tritium (TU)
Annual Weighted Mean

——St. Louis, Missouri
------- Albuquerque, New Mexico

| i 1 1 1 | | 1 1 | |

1
1963 1966 1969 1971 1974 1977 1980 1983 1986 1989 1992

o Dlocks.2.1mp!

Tritium content of precipitation at St. Louis, Missouri and Albuguerque, New Mexico.
Annual weighted means plotted 1962-1987
Quorterly means with 1—sigma error bars plotted 1987-1993

J\EBGsB ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Tritium Contents of
Precipitation from
the Westem and Central
United States

Grot

dy Geochemistry Report

Date: January 1995 Figure 7-13

4







Groundwater Geochemistry Report

8.1

Geochemical Modeling of Groundwater

The geochemical models employed in this study use data for dissolved constituents
(i.e., filtered metals, filtered radionuclides, and water-quality parameters). Data for
unfiltered (“total””) metals and radionuclides cannot be meaningfully modeled, because
such data generally describe the chemistry of suspended particulates, not the chemistry
of the water. V

Geochemical models rely on the assumption that equilibrium conditions are achieved
between the aqueous and solid phases. However, the attainment of equilibrium in a
groundwater environment is, at best, problematic. There is also evidence to suggest
that aquifers dominated by silicate minerals are characterized by slow dissolution
kinetics (Kenoyer and Bowser, 1992a and 1992b). Silicate minerals (such as quartz,
feldspars, and clays) dominate the mineralogy of the hydrostratigraphic units at Rocky
Flats, suggesting that true water/rock equilibrium may not be achieved at the site.
However, until the kinetics for a multitude of environments and solution compositions
are better understood, the use of thermodynamic data and the assumption of
equilibrium conditions will continue to provide the best approximation for the complex
interactions between the aqueous and solid phases in a groundwater system.

Assuming the attainment of equilibrium or near-equilibrium conditions, the simplest
case of modeling water/rock interactions is that of dissolution/precipitation. Among
dissolution reactions, the weathering (both congruent and incongruent) of
aluminosilicates is probably most important. Other processes that can influence the

-composition of groundwater include the mixing of waters having different

compositions, sorption/desorption (including cation-exchange reactions), acid/base
reactions, oxidation/reduction reactions, complexation of ions, and dissolution/
exsolution of gases, as well as biological factors (Runnells, 1993). Bearing in mind the
inherent limitations of using thermodynamic equilibria to model a natural aqueous
system, results from such modeling can be used to predict changes in groundwater
chemistry and to provide probable answers to other geochemical questions.

Modeling Along a Flow Path

The evolution of groundwater chemistry along a flow path can be predicted, given a set
of interacting mineral phases and an initial solution composition (the “forward
problem,” Plummer, 1984), or, using the analytical results for initial and final
chemistries, a series of minerals and reactions along the flow path can be hypothesized
and tested (the “inverse problem,” Plummer, 1984). The inverse method can be
employed only where sufficient geochemical data are available.
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As described above, the inverse problem utilizes available geochemical data for the
initial and final water compositions and attempts to find a set of net-transfer reactions
that describe the change in water composition along the flow path (Plummer, 1984).
The results of this modeling may provide a number of plausible solutions, which must
then be scrutinized by the modeler for satisfying thermodynamic and mass-balance
constraints. For the Rocky Flats site, the inverse approach was used for modeling
because of the large amount of available chemical data for groundwater across the site.

The geochemical modeling performed for this study represents the “first
approximation” for the chemical evolution of groundwater as it traverses the site.
Geochemical modeling was only performed for groundwater of the UHSU, using wells
screened in both surficial -deposits and weathered bedrock. Well coverage for the
LHSU was too sparse to permit flow-path modeling.

8.1.1 Types of Geochemical Models

Three basic types of calculations are used to describe the geochemistry of a
groundwater system. Speciation calculations provide the basis for a measure of the
tendency of a particular mineral to dissolve or precipitate under a given set of
conditions. This tendency is quantified as the “saturation index” (SI value), which is
the log of the ratio of the ion-activity product (IAP) to the equilibrium solubility
product (Ksp). Examination of these calculated SI values can then be used to eliminate
from consideration any hypothesized reactions that are thermodynamically invalid.
Undersaturation is indicated by a negative SI value, although analytical uncertainty
generally broadens the “at equilibrium” value to 0.5 SI units (Siders, 1992). For the
purposes of this study, species SI values in the range of -0.5 to +0.5 were considered to
be at equilibrium, species with SI values less than -0.5 were generally considered to be
undersaturated, and species for which the SI values were greater than 0.5 were
considered to be oversaturated. The WATEQF model (Plummer et al., 1976) was used
in this study.

Speciation programs also compute the distribution of dissolved species, as well as the
speciated and non-speciated charge balance. The charge balance offers an important
check on the validity of the analytical results. Because aqueous solutions are
electrically neutral, the charge balance should be relatively close (within +10 percent)
to zero; large deviations from zero may indicate unacceptable analyses that should not
be used in modeling. Large imbalances in charge may be the result of analytical errors
or incomplete analyses (i.e., not all significant cations or anions were analyzed).

Mass-balance calculations constrain the chemistry of groundwater along the flow path,
based on the conservation of mass (NETPATH, Plummer et al., 1992). To perform this
type of calculation, a knowledge of the mineralogy of the water-bearing unit, as well as
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8.2

8.2.1

the initial and final water chemistries, is required. Because the possible reactions
called on to achieve mass balance are not constrained by thermodynamic data, their
feasibility must be checked prior to accepting the model.

Mass-transfer calculations employ thermodynamic data to predict solution composition
and transfers between the aqueous, solid, and gaseous phases in a system. MINTEQA2
is the mass-transfer program developed and used by the EPA. MINTEQA?2 utilizes the
same thermodynamic database as WATEQF (Truesdell and Jones, 1974). 1t also
includes algorithms for ion-exchange and sorption reactions, and permits the user to
select one of seven sorption models and to fix solids to precipitate (if oversaturated).
Mass-transfer modeling was not performed for this report.

Selection of Parameters for Modeling

For modeling the inverse problem, the composition of the initial and final solutions, as
well as mineralogy of the lithologic units, must be known. Physical parameters, such
as the temperature, pH, and Eh of groundwater, are also required as input parameters.

Mineralogical Analyses

To constrain the models as much as possible, and to promote the development of
realistic models, the mineralogy of the geologic units comprising the UHSU was
examined by standard petrography (thin-section analysis), XRF, XRD, SEM, and
microprobe. The results of these analyses were used to select input parameters for
modeling. The analytical results for analysis of geologic materials are reported in
Volume I of this study, the Geologic Characterization Report (EG&G, 1995a), but are
summarized below for the convenience of the reader.

Based on standard petrography, the mineralogy of the UHSU consists of quartz, clays
(clay minerals, including authigenic kaolinite, and clay-sized particles), lithic fragments
(chert, quartzite, gneiss), microcline/orthoclase, opaque minerals (oxides, hydroxides,
oxyhydroxides, pyrite, and carbonaceous fragments), muscovite/biotite, siderite, and
trace amounts of zircon, apatite, chlorite, calcite (including some carbonate cement),
hornblende, and rutile (as inclusions in quartz). The carbonate cement, which includes
some siderite, appears relatively recent and is present mostly at depth.

‘The results from quantitative mineral analysis by XRD confirm that the main
constituent is quartz, which constitutes 45 to 67 percent of the bulk mineralogy in the

six samples analyzed. Potassium feldspars (microcline and orthoclase) are dominant
over plagioclase, and the two most abundant clay minerals are kaolinite and mixed-
layer illite/smectite. ~ Additional minerals identified by 'XRD include dolomite,
clinopyroxene, siderite, apatite, undifferentiated clays, discrete illite, gibbsite, and
chlorite.
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8.2.2 Reduction-Oxidation (Redox) Potential

As stated by Hem (1992), redox potential (known as Eh or pe, where Eh=0.059*pe)
«..is a numerical index of the intensity of oxidizing or reducing conditions within a
system, with the hydrogen-electrode potential serving as a reference point of zero
volts.”

+

A number of factors determine the value of Eh within a given system. According to
Drever (1988), the four most important variables in determining the redox state of
groundwater are (1) the oxygen content of recharge water, (2) the distribution and
reactivity of organic matter and other potential reductants in the aquifer, (3) the
distribution of potential redox buffers in the aquifer, and (4) the circulation rate of the
groundwater. One implication of the presence of organic matter or other potential
reductants is that, for a site with organic contaminants in groundwater, the possible
alteration to a lower redox state in groundwater may affect the speciation, and hence
fnobility, of redox-sensitive species (Fe, Mn, As, Se, U, Sb, Cr, V, etc.). However,
speciation is also influenced by pH and solution composition and cannot be determined
from Eh alone.

Eh must be measured in the field at the time of sampling; Eh measured in the lab has
little relevance to actual groundwater conditions (Lindberg and Runnells, 1984). Use
of a closed, flow-through cell for measurement of Eh avoids alteration of Eh by contact
with atmospheric oxygen and therefore gives a better measure of in-ground redox
conditions than do methods that expose the sample to the atmosphere.

Numerous redox couples — NO,/NO5, Fe*¥/Fe*?, Mn**/Mn*?, As*/As*, etc. — affect
the measured Eh of a solution. Measurement of the relative abundance of such redox
pairs provides an estimate of the redox conditions; however, because of the inherent
disequilibrium (i.e., the various redox couples are not in equilibrium with each other), a
single value of Eh to define the redox state of a solution is necessarily inaccurate. As
noted by Hem (1992), “The measurement of electrode potentials in natural aqueous
systems that correspond to theoretical Eh values encounters many difficulties.”
However, Hem (1992) also acknowledges that “Measured redox potentials have been
shown to be useful in studies of systems that can be well characterized....” Drever
(1988) suggests that it may be best to simply consider oxygenated systems (i.e., those
systems defined by O, > H,0) as having a “high” Eh and those without free oxygen
(i.e., those systems defined by SO42 > H,S) as having a “low” Eh.

Redox potential has not, historically, been measured during the sampling of
groundwater at the Rocky Flats site. However, some data from a recent equipment-
testing program are available (EG&G, September 7, 1994, preliminary draft of the 1994
Well Evaluation Report); these data were obtained using a flow-through cell and
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8.2.3

8.3

indicate an Eh range of 0.09 to 0.32 volts for groundwater at the site. Alternatively, in
the absence of measured values for Eh — if the chemistry and general condition of the
groundwater are known — a general estimate of Eh may be made (see Garrels and
Christ, 1965, page 381). For a shallow, unconfined aquifer, some amount of free
oxygen may reasonably be assumed, and, as noted in the preceding paragraph, in the
presence of measurable oxygen, the Eh of the groundwater will remain high (i.e., an
“oxidizing” environment). For unconfined groundwater of the UHSU at the Rocky
Flats site, field measurements of dissolved oxygen in groundwater indicate the presence
of at least a few mg/L of dissolved oxygen.

Although field measurements of dissolved oxygen indicate an oxygenated groundwater
at the site, minerals suggestive of low Eh — such as siderite and pyrite, as well as
carbonaceous materials — have been identified in core samples from the weathered
claystone bedrock of the UHSU. This disparity suggests that variable redox conditions
may exist throughout the hydrostratigraphic unit and that modeling can offer only a
general approximation of the speciation and relative stability of redox-sensitive species.
Consequently, a mildly oxidizing Eh (0.2 volts at pH values near 7) was selected for the
speciation calculations using WATEQF. As noted above, this value of 0.2 volts is
supported by the limited data recently acquired for Eh during the testing of various
pieces of equipment for field sampling and analysis (EG&G, 1994e, Preliminary Draft
of 1994 Well Evaluation Report) and is consistent with general range of redox values
for natural waters (see Figure 8-1).

In summary then, the assumption of equilibrium redox conditions — as used by -
geochemical computer models for speciation and other calculations — is an erroneous
but necessary assumption. The state of any redox-sensitive species as determined by
the models should, therefore, be viewed with these limitations in mind.

Selection of Wells Defining a Probable Flow Path

Analytical data for wells along the flow paths described in Section 5.3 were used in the
geochemical modeling. Flow paths included the northern Buffer Zone (Rock Creek
flow path), the center of the Industrial Area (Industrial Area flow path), the area just
south of Woman Creek (Woman Creek flow path), and the southernmost part of the
south Buffer Zone (Southern flow path) (refer to Figure 5-7).

WATEQF Modeling

The mean chemistry of each of the wells along a flow path was input to WATEQF, and
the speciation and the SI output reviewed. Field data were used for pH, temperature,
and dissolved oxygen (DO). As noted earlier, Eh, which is not measured during
sampling at the Rocky Flats site, was estimated as 0.2 volts. The estimated Eh value
was used to calculate redox species in WATEQF. The Davies equation was used to
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determine the ion-activity coefficients, and alkalinity was entered as HCO; (as mg/L
CaCO;). A listing of analytes whose concentrations were entered into the model is
given as Table 8-1.

Table 8-1

Parameters Used in Geochemical Modeling

Major lons

Bicarbonate (as mg/L CaCOs)

Calcium

Chloride

Magnesium

Potassium

Sodium

‘ Sulfate v
' “Other Parameters

Aluminum

Arsenic

Barium

Cesium

Chromium

Fluoride

lron

Lead

Lithium

Manganese

Phosphate

Selenium

Silica

Silver

Strontium

Uranium

Vanadium

Zinc
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8.3.1

83.1.1

For uranium, the reported values for filtered radionuclide samples were used after a
conversion from pCi/L to mg/L was calculated for all isotopes (233+234, 235, and 238)
reported in the database. The conversion factors were calculated using half-lives
reported in Friedlander et al. (1964). The calculated conversion factors for uranium
are:

UP*? = 0.00297 mg/pCi, where XpCi/L*0.00297 mg/pCi = Ymg/L
U = 4.63 x 10-4 mg/pCi
U = 1.604 x 10-7 mg/pCi

Results of WATEQF Modeling

Mean values for the chemical composition of groundwater collected from each well
along the four flow paths were used as input for WATEQF, and a WATEQF analysis
was performed for each well. In general, the results of WATEQF modeling are
consistent with the mineralogy observed in the cores. Saturation indices for selected
mineral phases are presented in Table 8-2 for wells from all four flow paths; discussion
of each flow path is presented below.

Rock Creek Flow Path

For the Rock Creek flow path, samples from wells B111189, B110989, and B110889
were selected as probable representatives of the “initial water.” For the initial wells,
and on through well B200789, the results of the WATEQF runs indicate a slight
undersaturation (SI = -2.0 to -0.8) with respect to calcite; the groundwater reaches
equilibrium with calcite in wells B201189, B201589, B205589, and B202589 (SI = -
0.3 to +0.4). Throughout the flow path, the groundwater remains in equilibrium, or
oversaturated, with respect to illite, smectite, kaolinite, native silver, fluorapatite,
microcline, various iron- and aluminum-oxyhydroxides, and witherite. For several
phases, the groundwater chemistry ranges from generally undersaturated to
oversaturated; these include strontianite (SI =-1.1 to 1.1), barite (SI = -0.7 to 0.5), and
biotite (SI = -4.4 to 0.7). The groundwater is generally undersaturated with respect to
siderite (SI = -2.2 to -1.2), native selenium (SI = -3.0 to -0.3), fluorite (SI = -3.2 to -
0.5), rhodochrosite (SI = -3.3 to -1.1), gypsum (SI = -3.6 to -1.0), sepiolite (SI=-9.2 to
-5.0), and pyrolusite (SI = -14.8 to -13.0) (Figure 8-2).

A summary of the average condition of groundwater analyses from each of the wells
along the Rock Creek flow path is given below (Table 8-3). Temperature and pH were
measured in the field at the time of sampling; an Eh = 0.2 volts was assumed in the
model. Temperatures are in degrees Celsius, and ionic strength is shown as molarity
(M) (moles per liter of solution) of the solution.
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Table 8-2A

WATEQF Results for Rock Creek Flow Path

I B11; Well'B110989 | ‘Well B110889. | ‘Well B200589
_Miner SiValue IValues | SiValues
Al{OH)s amorphous __ |AI(OH)s -0.8 -0.5 -0.8 -0.9
Albite NaAlSi;Og -0.9 -0.6 -1.0 -1.8
|Barite BaSOa * -0.7 -0.7 -0.4
Biotite K(MgzFe)(AlSiz)O10(OH)2 -2.2 -1.6 -0.3 -4.4
Bimessite MnO,, delta -16.1 -15.7 -15.6 -17.4
Boehmite AIO(OH) 0.9 1.3 1.0 0.8
|Calcite CaCOa -1.5 -1.4 -0.8 -1.6
Celestite SrS0, -4.3 -4.1 4.0 -4.0
Chalcedony SiO2 0.2 0.2 0.1 0.1
Chilorite-A MgsAlSiz010(0OH)s -9.6 -8.6 -5.7 -12.5
Chlorite-B _MgsFeAIlSiz010(OH)s -7.0 -6.2 -2.5 -10.4
Chiorite-C MgsFe 6Al1 4Sis010(OH)s -9.4 -8.6 -5.2 -12.6
Diaspore AlIO(OH) 1.7 2.1 1.8 1.6
Dolomite MgCa(COs)s -3.6 -3.3 -2.0 -3.8
Fe(OH); amorphous {Fe(OH)s 1.2 1.4 1.9 0.5
Fluorite CaFz -2.4 -2.5
Fluorapatite Cas(POs)sF 2.0 1.2 3.6 1.3
Gibbsite Al(OH)3 0.4 0.8 0.4 0.3
Goethite FeO(OH) 4.0 4.2 4.6 3.3
Gypsum CaS0,-2(H20) -2.9 -2.8 -2.6 -2.5
|Hematite Fe203 13.5 13.9 14.8 12.2
Hydroxapatite Cas(POa4)3(OH) - -8.2 -9.0 -6.6 -9.1
lliite-A K Mg 25Al2 3Si3.5012H2 3.7 4.4 3.7 2.7
Illite-B K,Fe,H Mg Al-silicate 6.9 7.8 6.9 5.8
JKaolinite Al>Si20s5(0H)4 5.2 5.9 5.1 4.8
|Magnesite MgCOs -2.4 2.2 -1.6 -2.6
[Manganite MnO(OH) -8.3 -7.8 -8.1 -9.4
Microcline KAISizOs 2.2 2.4 2.0 1.3
MnHPO4 MnHPO4 -0.9 -0.7 -1.6 -1.4
Muscovite KAI3Sia010(OH)2 3.9 4.9 5.0 2.8
Pyrolusite MnO, ) -14.8 -14.3 -14.3 -16.2
Quartz SiO» 0.7 0.7 0.7 0.7
Rhodochrosite MnCOs -2.8 -2.1 -2.8 -3.3
Selenium, native Se -1.8 -1.4 -2.9 -0.3
Sepiolite-A Mg2Si307.5(0OH)-3(H20) -7.1 -7.1 -5.7 -8.3
Sepiolite-B Mg,Siz07.5(0H)-3(H20) -10.8 -10.8 -9.4 -12.1
Siderite FeCO3 -2.1 -1.7 -1.6 -2.2
Silica Gel SiOz -0.3 -0.3 -0.4 -0.4
Smectite-A Mg,Na,K H,Fe Al-silicate 6.9 7.3 7.0 5.9
Smectite-B Mg,Na, K H,Fe Al-silicate 5.7 6.1 6.1 46
Smectite-Ca Ca 17Al 3Si3 67012H2 5.2 5.9 5.1 4.6
Smectite-V K,V,Mg.Fe Al-silicate -0.1 0.4 -0.5 -0.9
Smithsonite ZnCOs -3.5 -3.5 -3.1 -3.8
Strontianite SrCOs -1.1 -0.8 -0.2 -1.2
Witherite BaCO3 0.6 0.6 1.1 0.4
Temperature set at mean value for well, pH set at mean value for well, Eh set at 0.2 volts for all wells.
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. Table 8-2A (continued)

WATEQF Results for Rock Creek Flow Path

I B2¢ | wellB201589
liner X Sl Values* ‘Sl'Values -
Al(OH)s amorphous __JAI(OH)s -0.8 -0.8 -0.9
Albite NaAlSiaOs -1.5 -1.4 -1.5 -1.2
Barite BaSOs -0.3 -0.3 -0.2 0.1
Biotite K(MgzFe){AlSi3)010(0OH)> -2.2 -1.2 -1.1 -0.7
|Bimessite MnO,, delta -16.1 -16.0 -15.7 -15.6
|Boehmite AIO(OH) 0.9 1.0 0.9 0.9
Calcite CaCO3 -1.0 -1.0 -0.7 -0.3
Celestite SrS0s4 -3.9 -3.8 -3.7 -3.1
Chalcedony SiO» 0.1 0.1 - 0.1 0.0
{Chlorite-A MgsAl2Siz010(OH)s -9.0 -8.0 -7.0 -5.2
Chlorite-B MgsFeAlSis010(OH)s -6.3 -4.7 -3.8 -2.1
Chiorite-C MgsFe sAl1.48i3010(OH)s -8.7 -7.4 -6.4 -4.7
Diaspore AIO(OH) 1.7 1.7 1.6 1.7
Dolomite MgCa(COs)- -2.8 -2.7 -2.1 -1.2
Fe(OH); amorphous |Fe(OH)s 1.1 1.8 1.5 1.6
Fluorite CaF2 -2.3 -2.2 -1.9 -1.1
Fluorapatite Cas(POa)3F 3.9 4.2 3.7 6.3
Gibbsite Al(OH)s 0.4 0.4 0.4 0.4
Goethite FeO(OH) 3.9 4.6 4.3 4.4
Gypsum CaS04-2(H.0) -2.3 -2.2 -2.2 -1.8
|Hematite Fe204 13.3 14.7 18.4 14.4
|Hydroxapatite Cas(PO4)3(OH) -6.1 -5.8 -6.3 -4.0
lilite-A K 6Mg 25Al2 3Si3.5012H2 3.4 3.5 3.4 3.1
lilite-B K,Fe,H,Mqg Al-silicate 6.5 6.7 6.4 6.1
|Kaolinite Al>Si>0s(OH)4 5.0 5.1 4.9 4.8
I_h@gnesite MgCOs 2.1 -2.0 1.7 1.2
Manganite MnO(OH) -8.4 -8.3 -8.1 -8.1
Microcline KAISiaOg 1.9 1.9 1.8 1.4
MnHPO, MnHPO, -0.9 -1.0 -1.5 -1.1
Muscovite KAI3Siz040(0OH)2 3.6 3.7 3.5 3.1
Pyrolusite MnO- -14.8 -14.7 -14.5 -14.3
Quartz SiO, 0.6 0.6 0.6 0.5
Rhodochrosite MnCO3 -2.7 -2.8 -2.7 -2.6
Selenium, native Se -1.8 -2.0 -2.4 -2.9
Sepiolite-A Mg»Si3O7.5(0H)-3(H20) -7.0 -6.7 -6.2 -5.6
Sepiolite-B Mg2SisO7.5(OH)-3(H20) -10.8 -10.4 -10.1 -9.4
Siderite FeCOs -2.1 -1.6 -1.9 -1.6
Silica Gel SiO» -1.4 -0.4 -0.4 -0.5
Smectite-A Mg,Na K, H,Fe Al-silicate 6.5 6.7 6.5 6.5
Smectite-B Mg,Na K,H,Fe Al-silicate 5.3 5.7 5.4 5.5
Smectite-Ca Ca 17Al2 2Si3.67012H2 4.9 5.0 4.8 4.6
- |Smectite-V K,V,Mg,Fe Al-silicate -0.6 -0.3 -0.9 -1.8
Smithsonite ZnCOs -3.3 -3.2 -3.2 -3.0
Strontianite SrCO3 -0.7 -0.6 -0.3 0.2
Witherite BaCOs 1.0 1.0 1.2 1.5
Temperature set at mean value for well, pH set at mean value for well, Eh set at 0.2 volts for all wells.
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Table 8-2A (continued)

WATEQF Results for Rock Creek Flow Path

‘Mineral .. “Fo
Al(OH)s amorphous _ JAI(OH)s
Albite NaAISi;Os
{Barite BaSO0, . 0.0
Biotite K(MgzFe)(AlSi3)O10(OH)» -0.1
Bimessite MnO;,, delta -14.5
|Boehmite AIO{OH) 0.8
Calicite CaCO3 0.1 .
Celestite SrS04 -2.7 -2.2 -3.2
Chalcedony SiO» -0.1 -0.1 0.1
Chlorite-A MgsAl>Siz010(OH)s -5.1 -3.2 -4.8
Chlorite-B MgsFeAlSizO10(OH)s -4.4 0.3 -1.3
Chiorite-C MgsFe sAl1 4SisO10(OH)s 4.5 2.5 -4.1
Diaspore AIO(OH) 1.6 1.6 1.9
Dolomite MgCa(COa). -0.4 0.4 -14
Fe(OH)s amorphous |Fe(OH)a 1.7 1.8 2.1
Fluorite CaF> -1.2 -0.5 -2.0
Fluorapatite Cas(PO4)sF 4.3 6.9 4.7
Gibbsite Al{OH)3 0.2 0.3 0.6
Goethite FeO(OH) 4.5 4.6 4.9
Gypsum CaS0s-2(H20) -1.5 -1.0 -1.9
Hematite Fe203 14.6 14.8 15.3
JHydroxapatite Cas(PQOaq)3(OH) -5.9 -3.5 -10.8
lllite-A K,sMg.,_z_gA|z,3Si3_5O1 2H> 2.9 3.2 4.2
lliite-B K,Fe,H,Mg Al-silicate 6.1 6.2 7.4 -
Kaolinite Al>Siz05(OH)4 4.4 4.5 5.3
[Magnesite MgCOs -0.8 -0.4 -1.3
Manganite MnO(OH) -6.9 -9.0 -6.8
[Microcline KAISi3Os 1.7 1.7 2.4
{MnHPO, MnHPO4 -0.8 -0.6 -0.1
[Muscovite KAI3Si3010(OH)2 3.1 3.3 45
Pyrolusite MnOz -13.2 -13.1 -13.0
Quartz SiO, 0.5 0.5 0.6
Rhodochrosite MnCOs; -1.2 -1.1 -1.3
Selenium, native Se - -3.0 -2.7 -2.8
Sepiolite-A Mg2SisO7.5(OH)-3(H20) -5.6 -5.0 -5.5
Sepiolite-B Mg,Si307.5(OH)-3(H20) -9.3 -8.7 -9.3
Siderite FeCOs -1.3 -6.4 -1.2
Silica Gel SiO2 -0.6 -0.6 -0.4
Smectite-A Mg.Na K,H,Fe Al-silicate 6.1 6.3 7.2
Smectite-B Mg,Na K,H,Fe Al-silicate 5.2 5.5 6.3
Smectite-Ca Ca.17Al2 3Si3 67012H2 4.0 4.3 5.3
Smectite-V K,V.Mg,Fe Al-silicate -1.1 -1.0 0.1
Smithsonite ZnCO3 -2.9 -2.8 -2.8
Strontianite SrCOs3 0.8 1.1 0.1
Witherite BaCOs; 1.5 1.9 1.4

Temperature set at mean value for well, pH set at mean value for well, Eh set at 0.2 volts for all wells.
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WATEQF Results for Industrial Area Flow Path

Table 8-2B

| ‘well P415889 -
Al(OH)a amorphous _ {AI(OH)s -1.3
Albite NaAlSizOg -1.2
Barite BaSOs -0.3
Biotite K(MgzFe)(AlSia)O10(OH)2 -3.2
IBimessite MnO,, delta -17.1
Boehmite AIO(OH) 0.5
Calcite CaCOs -0.9
Celestite SrSO4 -3.6
Chalcedony SiO2 . . 0.3
Chilorite-A MgsAl2Siz010(OH)s -12.4 -9.6 -6.6 -7.8
Chlorite-B MgsFeAlSizO10(OH)s 8.7 -8.4 -3.9 -5.8
Chilorite-C MgsFe.sAl:.4Si3010(OH)s -11.6 -10.3 -6.4 -8.0
Diaspore AIO(OH) 1.6 1.8 1.7 1.3
Dolomite MgCa(COs)s -4.0 -3.8 -2.0 -2.4
Fe(OH); amorphous {Fe(OH)s 2.1 -0.1 1.3 0.0
Fluorite CaF> -2.5 -2.3 -1.8 -2.3
Fiuorapatite Cas(POs)aF -0.8 2.4 3.1 2.1
Gibbsite Al(OH)3 0.3 0.5 0.3 -0.1
Goethite FeO(OH) 4.9 2.5 4.1 2.9
Gypsum CaS04-2(H20) -3.4 -3.1 -2.2 2.2
[Hematite Fe203 15.3 10.9 13.8 11.3
|Hydroxapatite Cas(PO4)s(OH) -11.1 -7.8 7.0 -7.9
lilite-A K,5M9£A|2,33i3_5012H2 2.7 3.9 3.2 2.6
lllite-B K,Fe H,Mg Al-silicate 6.0 7.0 6.3 5.4
Kaolinite Al>Si20s(0OH)s 4.8 5.4 4.8 4.4
Magnesite MgCOs -2.6 -2.5 -1.6 -1.8
[Manganite MnO(OH) -6.8 -8.1 -7.2 -9.3
IMicrocline KAISizOg 1.3 2.3 1.6 1.4
{MnHPO, MnHPO4 0.6 -0.4 -0.7 -2.6
{Muscovite KAI3Si3010(OH)> 2.9 4.2 3.2 2.1
Pyrolusite MnO, -13.5 -14.6 -13.6 -15.7
Quartz SiO2 0.6 0.8 0.6 0.8
Rhodochrosite MnCOs -0.8 -2.6 -1.7 -3.7
Selenium, native Se -0.7 -1.6 -2.3 -2.1
Sepiolite-A Mg>Siz07.5(0OH)-3(H20) -8.3 -7.1 -6.1 -5.8
Sepiolite-B Mg>Si307.5(OH)-3(H20) -12.1 -10.8 -9.8 -9.5
Siderite FeCO; 0.7 -3.4 -1.9 -3.1
Silica Gel SiO> -0.4 -0.3 -0.4 -0.2
Smectite-A Mg,Na,K H,Fe Al-silicate 6.3 6.8 6.5 6.4
Smectite-B Mg,Na K H,Fe Al-silicate 5.2 54 55 5.2
Smectite-Ca Ca. 17Al2 3Si3.67012H> 4.5 5.5 4.6 4.5
Smectite-V K,V,Mg,Fe Al-silicate -0.8 -04 -0.8 -1.9
Smithsonite ZnCO3 -3.4 -3.7 -3.2 -4.3
Strontianite SrCO3 -1.2 -1.1 -0.3 -0.4
Witherite BaCOa 0.7 0.5 1.1 0.9
Temperature set at mean value for well, pH set at mean value for well, Eh set at 0.2 volts for all wells.
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Table 8-2B (continued)
WATEQF Results for Industrial Area Flow Path

Al{OH)s amorphous __|A{OH)3 -1.3 -0.6
Albite NaAISizOa -1.1 -0.5
Barite BaSO, 0.1 0.9
Biotite K(MgzFe)(AlSi3)O10(OH). -1.5 -1.1
Bimessite MnO,, delta -14.6 -14.2
{Boehmite AIO(OH) 0.5 1.2
Calcite CaCOs -0.6 0.4
Celestite SrS04 -3.4 -1.6
Chalcedony SiOz 0.3 -0.1
Chlorite-A MgsAl2Si3010(OH)s -8.8 -4.7
Chiorite-B MgsFeAlSiaO10(OH)s -5.4 -2.7
Chlorite-C MgsFe sAl1.4Si3010(0OH)s -8.3 4.8
Diaspore AIO(OH) 1.3 1.9
Dolomite MgCa(COs)> -1.9 0.6
Fe(OH); amorphous  [Fe(OH)s 1.7 0.4
Fluorite CaFz -1.8 -0.8
Fluorapatite Cas(PO4)aF 2.5 6.0
Gibbsite Al(OH)3 -0.1 0.6
Goethite FeO(OH) 4.5 34
Gypsum CaS04-2(H20) -1.9 -1.9 -1.7 -0.4
Hematite Fe,03 14.4 15.5 13.3 12.3
{Hydroxapatite Cas(POa)s(OH) -7.8° -2.6 -4.2 -4.7
Illite-A K‘sMgifLAlz_asi:qsOmHz 2.9 3.4 2.6 3.5
lllite-B K,Fe,H,Mg Al-siiicate 6.0 7.2 5.2 6.4
Kaolinite Al2Si2Os5(0H)a 4.5 4.4 3.9 5.1
|Magnesite MgCOs -3.4 -1.3 -0.5 -0.2
Manganite MnO(OH) -6.7 -7.4 -5.8 -6.4
Microcline KAISi;Og 1.7 2.4 1.7 1.6
IMnHPO4 MnHPO4 0.4 -0.9 -0.3 1.0
Muscovite KAI3Si3010(OH)2 2.5 3.6 2.2 3.8
Pyrolusite MnO2 -13.3 -13.3 -11.9 -13.0
Quartz SiO2 0.8 0.6 0.7 0.4
Rhodochrosite MnCOa -0.5 -2.4 -0.3 0.4
Selenium, native Se -1.5 -4.0 -4.0 -0.9
Sepiolite-A Mg_zSiaO7.s(OH)-3(HzO) -6.2 -5.0 -4.2 -5.9
Sepiolite-B Mg2Sis07.5(OH)-3(H20) -9.9 -8.4 -8.0 -12.6
Siderite FeCOs -0.9 -1.6 -2.2 -1.5
Silica Gel SiO» -0.2 -0.4 -0.4 -0.6
Smectite-A Mg,Na,K,H,Fe Al-silicate 6.7 7.1 6.1 6.0
Smectite-B Mg,Na K, H,Fe Al-silicate 5.7 6.2 5.2 5.0
Smectite-Ca Ca.17Al2 23Si3 67012H2 4.5 4.4 3.8 4.7
Smectite-V K,V.Mg.Fe Al-silicate -0.9 0.0 -2.2 -0.5
Smithsonite ZnCOs -4.2 -2.9 -3.1 -0.5
Strontianite SrCO3 -0.2 0.1 1.0 1.2
Witherite BaCO3 1.3 1.5 2.5 1.7

Temperature set at mean value for well, pH set at mean value for well, Eh set at 0.2 volts for all wells.

tp\281020\ggrfinal doc

8-12

12/20/94



Groundwater Geochemistry Report

-

Table 8-2B (continued)
WATEQF Results for Industrial Area Flow Path

el | om SiValues

Al(OH); amorphous __|AI(OH)s -0.7

Albite NaAlSisOs -0.4

Barite BaSOs : 0.3

|Biotite K(MgzFe)(AISis)O10(0H)2 _ 0.6

IBimessite MnO;, delta -13.4

|Boehmite AIO(OH) 1.0

Calcite CaCOs 0.2 . .
Celestite SrSO4 -2.6 -1.7 -1.3 -1.6
Chalcedony SiO2 0.0 -0.4 0.0 -0.2
Chiorite-A MgsAl>SiaO10(OH)s -5.0 4.3 1.1 -1.6
Chlorite-B MgsFeAlSiz010(OH)s -0.6 -1.4 - 5.0 2.5
Chlorite-C MgsFe eAl1.45i3010(OH)s -3.7 -4.0 21 -0.5
Diaspore AIO(OH) 1.7 1.9 1.7 1.6
Dolomite MgCa(COa)2 0.0 0.4 1.0 0.2
Fe{OH)s; amorphous _{Fe(OH)s -2.6 1.6 2.3 2.6
Fluorite CaF2 -1.1 -0.7 -0.7 -1.1
Fiuorapatite Cas(POs)3F 8.0 4.1 9.3 7.0
Gibbsite Al(OH)3 0.5 0.5 0.4 0.3
Goethite FeO(OH) 5.4 4.4 5.1 5.4
Gypsum CaS04-2(H20) -1.2 -0.5 -0.3 -0.5

|Hematite Fe:03 16.3 14.4 15.8 16.3
Hydroxapatite Cas(POa)3(OH) -5.1 -6.4 -0.8 -3.0
Hlite-A K,sMg,zsNz,aSis,sOmHz -2.9 2.5 3.8 2.9
llite-B K,Fe,H Mg Al-silicate 6.3 5.7 6.7 6.0

JKaolinite Al;Si;05(0H)4 5.0 4.4 4.7 4.2
Magnesite MgCO3 -0.5 -0.3 0.1 -0.4
Manganite MnO(OH) -5.7 -6.8 -7.1 -7.0
Microcline KAISi3Og 1.6 0.7 2.1 1.6
MnHPO, MnHPO4 2.0 -0.6 -1.0 -1.1

IMuscovite KAI3Si3010(OH)2 3.5 2.8 3.8 3.1
Pyrolusite MnO»> -12.2 -13.1 -13.1 -13.1
Quartz SiO2 0.5 0.2 0.5 0.3
Rhodochrosite MnCOs 0.5 -0.5 -2.0 -1.8
Selenium, native Se -1.9 -2.0 -4.3 -3.1
Sepiolite-A Mg,Siz07.5(OH)-3(H20) -5.7 -6.1 -3.2 -4.5
Sepiolite-B Mg2Si307.5(0H)-3(H20) -9.6 -9.8 -7.0 -8.2
Siderite FeCO3 0.0 -0.9 -1.3 -1.0
Silica Gel SiO2 -0.5 -0.9 -0.5 -0.7
Smectite-A Mg,Na,K,H,Fe Al-silicate 6.6 5.4 7.0 6.1
Smectite-B Mg,Na K,H,Fe Al-silicate 5.8 4.6 6.3 5.4
Smectite-Ca Ca.17Al2.33Si3.67012H2 4.8 3.7 4.7 3.7
Smectite-V K,V,Mg,Fe Al-silicate -0.7 -1.3 -0.7 -1.9
Smithsonite ZnCO3 -2.9 -2.8 -1.7 -2.7
Strontianite SrCOs 0.8 1.1 1.6 1.1
Witherite BaCOs 1.6 1.4 1.8 1.4
Temperature set at mean value for well, pH set at mean value for well, Eh set at 0.2 volts for all wells.
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Table 8-2B (continued)
WATEQF Results for Industrial Area Flow Path

Al(OH)s amorphous  JAI(OH)s A A
Albite NaAISizOs -1.3 -1.2
|Barite BaSO0a 0.3 0.4
[Biotite K(MgzFe)(AISis)O1o(OH)» 0.7 -0.6
Bimessite MnQO;, delta -13.9 -14.0
Boehmite AIO(OH) 0.9 0.8
Calcite CaCOs -0.4 -0.5
Celestite SrS04 -2.9 -2.8
Chalcedony SiO, -0.1 0.0
Chiorite-A MgsAl>SisO10(OH)s -8.2 -6.6
Chlorite-B MgsFeAlSisO10(OH)s -3.4 -3.4
Chlorite-C MgsFe gAl1.4Si3019(OH)s -6.0 -6.0
Diaspore AIO(OH) 1.7 1.5
Dolomite MgCa(COs). -1.2 -1.5
Fe(OH); amorphous |Fe(OH)s 1.4 1.4
Fluorite CaF: -1.6 -1.6
Fluorapatite Cas(POs)sF 7.1 4.1
Gibbsite Al{OH)3 0.3 0.3
Goethite FeO(OH) 4.2 4.2
Gypsum CaS04-2(H20) -1.6 -1.5
Hematite Fez03 13.9 13.9
Hydroxapatite Cas(PO4)3(OH) -3.1 -6.2
Nite-A K,sMQﬁAIszia,sOvsz 3.1 3.2
lllite-B K,Fe,H,Mg Al-silicate 6.4 6.2
IKaolinite AlSi205(0H)s 4.5 4.5
ImMagnesite MgCOs -1.1 -1.3
[Manganite MnO(OH) -6.2 6.4
[microcline KAISisOg 1.9 2.0
[MnHPO. MnHPO,4 1.6 0.5
[Muscovite KAI5SizO10(OH)2 35 3.5
Pyrolusite MnO, -12.6 -12.9
Quartz SiO2 0.5 0.5
Rhodochrosite MnCO3 -0.4 -0.6
Selenium, native Se -2.2 -2.1
Sepiolite-A Mg2SisO7.s(OH)-3(H20) -6.2 -6.2
Sepiolite-B Mg2Si307.5(OH)-3(H20) -10.0
Siderite FeCO3 ) -1.6 -1.7
Silica Gel SiO; - -0.6 -0.5
Smectite-A Mg,Na K,H,Fe Al-silicate 6.0 5.9
Smectite-B Mg,Na K,H,Fe Al-silicate 5.0 5.0
Smectite-Ca Ca 17Al2 23Si3 67012H2 . 4.2 4.2
Smectite-V K,V,Mg,Fe Al-silicate -0.7 -0.6
Smithsonite ZnCO3 -2.5 -3.4
Strontianite SrCO3 0.2 0.1
Witherite BaCO; 1.5 1.4

Temperature set at mean value for well, pH set at mean value for well, Eh set at 0.2 volts for all wells.
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WATEQF Results for Woman Creek Flow Path

Table 8-2C

&

Well B400189 Well'38591
Al(QH)s amorphous _ JA(OH)s -0.8
Albite NaAISisOs -1.4
Barite BaSOs -0.5
|Biotite K(Mg:zFe)(AlSia)O10(OH)2 -4.3
|Bimessite MnO:, delta -17.9
Boehmite AlIQ(OH) 1.0
Calcite CaCOs3 -1.8
Celestite SrS04 -4.1
Chalcedony SiO» 0.3 .
Chilorite-A Mg;ﬂzSi:;Ow(OH)a -13.0 -10.4 -6.4 -4.3
Chlorite-B MgieAlSi;;Ow(OH)s -11.6 -8.2 -2.2 -0.5
Chilorite-C MgsFe sAl1.4Si3010(OH)s -13.6 -10.5 -5.2 -3.5
Diaspore AIO(OH) 1.8 1.7 2.1 1.5
Dolomite MgCa(COa), 4.3 -3.7 -1.9 -0.4
Fe(OH)s amorphous _|Fe(OH)s 0.2 0.8 25 2.2
Fluorite CaFz -2.7 -4.1 -2.0 -1.2
Fiuorapatite Cas(POs)sF 1.1 1.3 3.3 4.6
Gibbsite Al{OH)3 0.4 0.4 0.5 0.2
Goethite FeO(OH) 3.0 4.7 5.3 5.0
Gypsum CaS04-2(H.0) -2.5 -2.5 -2.2 -1.2
[Hematite Fe.03 11.5 12.7 16.2 -15.5
|Hydroxapatite Cas(PO4)a(OH) -9.3 -8.1 -6.8 -5.6
Wiite-A K_sMgﬁAhAaSia,sOmHz 3.6 3.6 3.3 2.6
Alllite-B K,Fe,H,Mg Al-silicate 3.0 6.7 6.4 5.7 -
Kaolinite AlSio0s(OH)4 54 5.3 4.9 4.1
[Magnesite MgCOs -2.8 -2.5 -1.5 0.7
Manganite MnO(OH) 9.7 -9.0 -6.4 -6.2
Microcline KAISi30s 2.2 1.9 1.6 1.3
IMnHPO. MnHPO, -1.2 -1.3 0.2 -0.2
Muscovite KAI3Si3010(OH)> 4.0 3.7 3.6 2.7
Pyrolusite MnO, -16.5 -15.6 -12.7 -12.4
Quartz SiOz 0.8 0.8 0.5 0.4
Rhodochrosite MnCO3 -3.5 -3.3 -0.9 -0.6
Selenium, native Se 0.2 -1.1 -2.4 -2.9
Sepiolite-A MggSi:;07.5(OH)-3(HzO) -8.3 -7.4 -6.3 -5.5
Sepiolite-B Mg:Sis07 s(OH)-3(H20) -12.0 -11.1 -10.2 9.2
Siderite FeCOs3 -2.3 -2.3 -0.8 -1.1
Silica Gel Si02 -0.2 -0.3 -0.6 07 °
Smectite-A Mg,Na,K,H,Fe Al-silicate 6.7 6.8 6.4 5.9
Smectite-B Mg,Na,K,H,Fe Al-silicate 5.2 5.5 5.6 5.1
Smaectite-Ca Ca 17Al: 3Si3.67012H2 5.4 5.3 4.6 3.7
Smectite-V K,V,Mg.Fe Al-silicate 0.2 -0.3 -0.8 -1.2
Smithsonite ZnCO3 -3.7 -3.4 -3.1 -2.9
Strontianite SrCO; -1.5 -1.2 -0.1 0.6
Witherite BaCOa 0.1 0.5 14 1.7

Temperature set at mean value for well, pH set at mean value for well, Eh set at 0.2 volts for all wells.
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Table 8-2C (continued)
WATEQF Results for Woman Creek Flow Path

: Mi ;
Al(OH)> amorphous _ JA(OH)3
Albite NaAlSizOg
Barite BaSO.
Biotite K(MgoFe)(AlSi3)010(0H).
Bimessite MnO,, delta
IBoehmite AlIO(OH)
Calcite CaCOs; ,
Celestite SrS0, -2.3 -2.6 -3.2 -2.7
Chalcedony SiOz 0.0 0.0 -0.1 -0.1
Chlorite-A MgsAl2SizO10(OH)s -3.1 -3.4 -4.7 -4.1
Chilorite-B MgsFeAlSisO10(OH)e 0.9 0.4 -1.2 -0.1
Chlorite-C MgsFe gAl1 4Si3010(OH)s -2.1 -2.3 -4.0 -3.1
Diaspore AIO(OH) 1.4 1.5 1.6 1.4
Dolomite MgCa(COs), -0.9 -04 -1.1 -0.8
Fe(OH)s amorphous |Fe(OH)s 2.1 2.0 1.9 2.3
Fluorite CaFz -0.6 -0.9 -2.0 -1.7
Fluorapatite Cas(POs)3F 7.4 5.9 5.8 5.5
Gibbsite Al(OH)s 0.1 0.2 0.3 0.0
Goethite FeO(OH) 4.9 4.8 4.7 5.1
Gypsum CaS04-2(H20) -1.1 -1.4 -1.8 -1.4
|Hematite Feo03 15.4 15.1 15.0 15.7
. |Hydroxapatite Cas(PO4)a(OH) -3.0 -4.4 -4.1 -4.4
lllite-A K.6Mg.25Al2.3Si3.5012H2 3.1 3.0 3.1 2.5
lllite-B K,Fe,H,Mg Al-silicate 6.0 5.9 6.2 5.7
Kaolinite Al>Si20s5(0OH)a 4.3 4.4 4.5 3.9
IMagnesite MgCOs -0.9 0.7 -1.1 -0.9
|Manganite MnO(OH) -7.4 -6.8 7.2 6.9
|microcline KAISizOs 1.9 1.6 1.8 1.4
JMnHPO, MnHPO, -0.7 -0.6 -0.6 -0.8
IMuscovite KAI3Si3016(OH)2 3.1 3.0 3.3 2.5
Pyrolusite MnO. -13.5 -13.0 -13.5 -13.0
Quartz SiO» 0.5 0.5 - 0.5 0.4
Rhodochrosite MnCO3 -2.3 -1.3 -2.0 . -1.7
Selenium, native Se -2.8 -3.4 -3.1 -3.8
Sepiolite-A Mg2Siz07.5(0OH)-3(H.0) -4.7 -4.9 -5.5 -5.1
Sepiolite-B Mg2SisO75(OH)-3(H20) -85 -8.7 -9.3 -8.8
Siderite FeCOs -1.6 -1.4 -1.6 -1.3
Silica Gel SiO» -0.5 -0.5 -0.6 -0.6
Smectite-A Mg,Na K, H,Fe Al-silicate 6.3 6.3 6.2 6.0
Smectite-B Mg,Na K,H,Fe Al-silicate 5.5 5.5 5.4 5.2
Smectite-Ca Ca.17Al2.3Si3 67012H2 4.0 4.2 4.2 3.5
Smectite-V K,V,Mg,Fe Al-silicate -0.8 -1.3 -0.9 -2.1
Smithsonite ZnCO3 -3.0 -3.1 -3.0 -2.7
Strontianite SrCO3 0.5 0.7 0.2 0.4
Witherite BaCOs 1.0 1.7 1.6 1.4

Temperature set at mean value for well, pH set at mean value for well, Eh set at 0.2 volts for all wells.
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WATEQF Results for Woman Creek Flow Path

¢ Table 8-2C (continued)

1Al(OH); amorphous

Al(OH)s

Albite NaAISizOg
|Barite BaSOs
|Biotite K(MgzFe)(AlSis)O10(OH)z .
Bimessite MnO,, delta -15.3
Boehmite AIQ(OH) 0.8
Calcite CaCOs -0.1
Celestite SrS04 -2.6
Chalcedony SiO> 0.0
Chlorite-A MgsAi2Siz010(OH)s -2.4
Chlorite-B MggFGAISiaOvo(OH)e 1.7
Chlorite-C MgsFe gAly.4Sis010(OH)s -1.3
Diaspore AIO(OH) 1.4
Dolomite MgCa(COa)> -0.5
Fe(OH); amorphous |Fe(OH)s 2.0
Fluorite CaF> -1.2
Fluorapatite Cas(POa)sF 5.6
Gibbsite Al{OH)3 0.2
Goethite FeO(OH) 4.8
Gypsum CaS04-2(H20) -1.4
Hematite Fe;03 15.4
Hydroxapatite Cas(POs)3(OH) -4.5
Ilite-A K_sMQgAIz,aSia,sOmHz 3.4
\llite-B K,Fe,H,Mg Al-silicate 6.1
IKaolinite Al>Si20s(OH)4 4.5
Magnesite MgCO; -0.7
Manganite MnO(OH) -8.0
Microcline KAISizOg 2.0
MnHPO4 MnHPO, -2.1
Muscovite KAI3Si3010(OH)2 3.4
Pyrolusite MnO» -14.1
Quartz SiO» 0.6
Rhodochrosite MnCO3 -2.9
Selenium, native Se -3.7
Sepiolite-A Mg2Si307.5(0OH)-3(H20) -4.4
Sepiolite-B Mg2Si307.5(0H)-3(Hz0) -8.3
Siderite FeCOs -1.7
Silica Gel SiO» -0.5
Smectite-A Mg,Na K, H,Fe Al-silicate 6.5
Smectite-B Mg,Na,K,H,Fe Al-silicate 5.7
Smectite-Ca Ca.17Al2.2Si3.67012H2 4.3
Smectite-V K.V,Mg,Fe Al-silicate -1.1
Smithsonite ZnCO3 -3.1
Strontianite SrCO3 0.7
Witherite BaCOg3 1.8

Temperature set at mean value for well, pH set at mean value for well, Eh set at

0.2 volts for all wells.
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Table 8-2D .
WATEQF Results for Southern Flow Path

JAI(OH)s amorphous _ |Al(OH)s . . . .
Albite NaAlSi;Og -0.9 -1.1 -1.2 -1.2
Barite BaSO. 0.1 0.0 0.3 0.2
IBiotite K(Mg2Fe)(AlSi3)O10(0OH). 2.2 -0.4 -1.1 0.0
Bimessite MnO., delta -14.2 -15.1 -16.7 -14.8
Boehmite AIO(OH) 1.9 1.1 1.0 0.8
Calcite CaCOs 0.0 -0.8 -1.0 0.0
Celestite SrS0s -3.6 -3.6 -3.9 -3.1
Chalcedony SiO, -0.1 0.1 0.1 0.0
Chlorite-A MgsAl>SisO10(OH)s -3.2 -6.5 -7.2 -4.7
Chilorite-B Mg;FeAISiaOm(OH)a 0.8 -3.4 -4.3 -1.0
Chilorite-C MgsFe sAl1 4Sis010(OH)s -2.2 -6.1 -6.8 -3.8
Diaspore AlIO(OH) 2.6 1.9 1.7 1.4
Dolomite MgCa(COa). -1.0 -2.4 -2.6 -0.7
Fe(OH)s; amorphous |Fe(OH)s 3.5 2.0 1.5 1.6
Fluorite CaF> -1.8 -0.5 -2.5 -1.6
Fluorapatite Cas(POa)sF 7.6 4.8 2.7 7.2
Gibbsite Al{OH)3 1.3 0.5 0.4 0.2
Goethite FeO(OH) 6.3 4.7 4.3 4.5
Gypsum CaS04-2(H20) -1.8 -2.0 -2.4 -1.7
Hematite Fe20s 18.1 15.0 141 -14.4
{Hydroxapatite Cas(PO4)3(OH) -2.1 -5.9 7.2 -2.8
lilite-A K,sMQgA]z,sSis,sOmHz 5.3 3.9 3.7 3.1
lllite-B K.Fe,H,Mg Al-silicate 8.9 7.3 6.8 5.9
Kaolinite AlLSi>Os(OH)4 6.5 5.3 5.1 4.5
lin_m;nesite MgCOs -1.3 -1.9 -1.9 -0.9
Manganite MnO(OH) - -6.9 <7.6 -8.1 -7.4
Microcline KAISizOs 2.7 2.2 2.1 1.7
MnHPO, MnHPO, -0.3 -0.9 -1.5 -0.5
Muscovite KAI3Siz010(0OH)> 6.2 4.2 3.9 3.1
Pyrolusite MnO, -12.9 -13.8 -14.5 -13.6
Quartz SiO» 0.5 0.6 0.7 0.5
Rhodochrosite MnCO3 -1.8 -2.3 -2.8 -1.9
Selenium, native Se -3.9 -2.8 -2.3 -3.2
Sepiolite-A Mg»Si307.5(OH)-3(H20) -5.8 -6.1 -6.3 -5.4
Sepiolite-B Mg>Siz07.5(OH)-3(H20) -9.5 -9.8 -10.0 -9.2
Siderite FeCO3 -0.2 -1.7 -2.0 -1.7
Silica Gel SiO» -0.6 -0.4 -0.4 -0.5
Smaectite-A Mg,Na,K,H,Fe Al-silicate " 8.1 7.2 6.9 6.1
Smectite-B Mg,Na K H,Fe Al-silicate 7.3 6.2 5.8 5.3
Smectite-Ca Ca 17Al2 3Si3.67012H> 6.5 5.3 5.1 4.2
Smectite-V K,V,Mg,Fe Al-silicate 0.5 -0.2 -0.4 -1.1
Smithsonite ZnCO3 -2.8 -3.0 -3.3 -3.0
Strontianite SrCO3 0.1 -0.5 -0.6 0.5
Witherite BaCOa 1.8 1.1 1.0 1.9

Temperature set at mean value for well, pH set at mean value for well. Eh set at 0.2 volts for all wells.
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" Table 8-2D (continued)
WATEQF Results for Southern Flow Path
% Well 41419
Miner: I :Values
Al(OH); amorphous _ |AI(OH)s -1.0
Albite NaAlSizOs -0.7
|Barite BaSO4 0.5
Biotite K(MgzFe)(AlSi3)O10(OH)2 1.4
Bimessite MnO,, delta -15.3
Boehmite AIO(OH) 0.8
Calcite CaCOs -0.1
Celestite SrS04 -2.6
Chalcedony SiO» 0.0
Chlorite-A MgsAl>Siz010(OH)s g -2.4
Chlorite-B MgsFeAlSisO10(OH)e 0.9 -0.1 1.7
Chilorite-C MgsFe 6Al1.4Si3010(0H)s -3.6 -2.0 -3.1 -1.3
Diaspore AIO(OH) 1.5 1.6 1.4 14
Dolomite MgCa(COs)e -0.7 -0.2 -0.8 -0.5
Fe(OH)s amorphous _|Fe(OH)s 1.9 1.9 2.3 2.0
Fluorite CaF2 -1.3 -1.4 -1.7 -1.2
Fluorapatite Cas(POs)sF 4.5 7.8 5.5 5.6
Gibbsite Al{OH)3 0.3 0.4 0.0 0.2
Goethite FeO(OH) 4.7 4.7 5.1 4.8
Gypsum CaS04-2(H20) -1.6 -1.2 -1.4 -1.4
JHematite Fe:03 14.9 15.0 15.7 15.4
Hydroxapatite Cas(POa)3(OH) -5.6 -2.2 -4.4 -4.5
ite-A K_sMgz_sAb_aSia,sO]sz 2.9 3.3 2.5 3.4
lllite-B K,Fe,H,Mg Al-silicate 5.9 6.2 5.7 6.1
Kaolinite Al>Si2Os(OH)4 4.4 4.6 3.9 4.5
[Magnesite MgCOs -0.9 -0.6 -0.9 07
IManganite MnO(OH) -7.5 -7.6 -6.9 -8.0
IMicrocline KAISizOs 1.5 1.8 1.4 2.0
MnHPO, MnHPO4 -1.7 -0.9 -0.8 -2.1
Muscovite KAI3SizO10(OH)2 _ 2.9 34 25 3.4
Pyrolusite MnO2 -13.7 -13.7 -13.0 -14.1
Quartz SiO, 0.4 0.5 0.4 0.6
Rhodochrosite MnCOs3 -2.1 -2.2 -1.7 -2.9
Selenium, native Se -3.1 -2.6 -3.8 -3.7
Sepiolite-A MgzSi307.5(OH)-3(H-0) -5.4 -4.8 -5.1 -4.4
Sepiolite-B Mg2SisO7 s(OH)-3(H20) -9.2 -8.7 -8.8 -8.3
Siderite FeCOs -1.6 -1.5 -1.3 -1.7
Silica Gel SiO, -0.6 -0.6 -0.6 -0.5
Smectite-A Mg,Na,K,H,Fe Al-silicate 6.1 6.3 6.0 6.5
Smectite-B Mg,Na,K,H,Fe Al-silicate 5.2 5.6 5.2 5.7
Smectite-Ca Ca 17Al2.3Sia.67012H2 4.0 4.4 3.5 4.3
Smectite-V K,V,Mg,Fe Al-silicate -1.4 -1.1 2.1 -1.1
Smithsonite ZnCOs3 -3.2 -2.8 -2.7 -3.1
Strontianite SrCO3 0.5 0.8 0.4 0.7
Witherite BaCO3 1.8 1.8 1.4 1.8

Temperature set at mean value for well, pH set at mean value for well, Eh set at 0.2 volts for all wells.
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Table 8-3
Groundwater Analyses for Rock Creek Flow Path

B111189 -2.10% 2.057x10°
B110989 +14.7% 2.741x10°
B110889 +3.98% 3.652x10%
B200589  -6.22% 2.794x10°
B200689 +1.14% 3.295x10°
B200789 +13.4% 3.563x10°
B200889 +11.1% 4.192 x10°
B201589 +7.10% 6.845x10°
B201189 +7.51% 1.205 x10%
B205589 +2.95% 1.977 x107?

8.3.1.2 Industrial Area Flow Path

Groundwater along this flow path is generally in equilibrium with calcite; however,
values for the initial wells in the West Spray Field, B411289 and B411389, show a
slight undersaturation with respect to calcite (SI=-1.70 and -1.64, respectively). Barite
and strontianite show a pattern similar to that for calcite; the initial wells show a slight
undersaturation with respect to these two minerals. The remainder of the wells contain
groundwater that is essentially at equilibrium with respect to barite and strontianite.
Groundwater along the flow path is also at equilibrium, or oversaturated, with respect
to quartz, illite, smectite, kaolinite, native silver, muscovite, witherite, fluorapatite,
microcline, gibbsite, magnetite, and hematite. = The groundwater is generally
undersaturated with respect to siderite (SI = -3.4 to 0.0), sepiolite (SI = -8.3 to -3.2),
fluorite (SI = -3.1 to -0.6), gypsum (SI = -3.4 to -0.3), native selenium (SI = -4.3 to
-0.7), and pyrolusite (SI =-15.7 to -11.9) (Figure 8-3).

A summary of the average condition of groundwater analyses from each of the wells

along the Industrial Area flow path is given below. Temperature and pH were

measured in the field at the time of sampling; an En of 0.2 volts was assumed in the

model. Temperatures are given in degrees Celsius, and ionic strength is shown as
_molarity of the solution.
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8.3.1.3

Table 8-4
Groundwater Analyses for Industrial Area Flow Path
B411289 +1.54% 2.022x10°3 6.84 12.3
B411389 +15.0% 1.969 x10° 7.01 12.6
- B410789 +9.73% 4.931 x10° 7.14 13.0
P415889 +7.00% 5.125 x10° 7.05 12.8
P415989 +8.31% 6.746 x10° 6.90 13.3
4486 +5.39% 7.281 x10° 7.38 16.3
P115689 +7.98% 1.615 x10? 7.45 11.5
2187 +0.33% 4.443 x10? 6.98 11.3
3586 +4.83% 2.076 x10? 7.15 10.6
3686 +8.75% 3.742 x10? 7.11 12.8
3786 -3.76% 4,196 x10? 7.60 11.9
3886 +6.25% 2.946 x10? 7.44 12.4
0486 -0.01% 8.986 x10° 7.14 12.5
41691 +3.20% 8.898 x10? 7.14 11.2
Woman Creek Flow Path

The initial wells (B400189, B400289) along the Woman Creek flow path show a slight
undersaturation with respect to calcite (SI = -1.84 and -1.48, respectively); groundwater
in the remainder of the wells is near equilibrium with calcite (SI = -0.67 to 0.07).
Groundwater along the Woman Creek flow path is at equilibrium, or oversaturated,
with respect to chalcedony, quartz, illite, smectite, kaolinite, native silver, witherite,
fluorapatite, microcline, gibbsite, magnetite, and hematite. The groundwater along the
flow path is consistently undersaturated with respect to rhodochrosite (SI = -3.5 to
-0.6), siderite (SI = -2.4 to -0.8), sepiolite (SI = -2.0 to -.4), gypsum (SI = -2.5 to -1.2),
and pyrolusite (SI< -12.0) (Figure 8-4).

A summary of the average condition of groundwater analyses from each of the wells
along the Woman Creek flow path is given below. Temperature and pH were measured
in the field at the time of sampling; an Eh of 0.2 volts was assumed in the model.
Temperatures are given in degrees Celsius, and ionic strength given as molarity of the
solution.
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' Table 8-5
Groundwater Analyses for Woman Creek Flow Path

B400189 +1.62% ~ 2.253x10° 6.64 13.4
B400289 +11.1% 2.477x10° 6.92 12.4
6886 +5.46% 5;101 x10° 7.22 11.3
38591 +1.28% - 1.462x107 7.33 12.4
6486 +1.87% 1.443x10? 7.46 11.7
6586 +5.19% 1.208 x10? 7.39 11.5
6686 +6.16% 7.129 x10°? 7.34 12.2
0186 -1.50% 9.294 x10° 7.42 13.2
41491 -2.90% 9.686 x10° 7.52 10.6

8.3.1.4 Southern Flow Path

Groundwater along this flow path is generally in equilibrium with calcite; however,
values for wells B400489 and B405789 (at the start of the flow path) show a slight
undersaturation with respect to calcite (SI = -0.8 and -1.0, respectively). Groundwater
along the flow path is also at equilibrium, or oversaturated, with respect to chalcedony,
quartz, illite, smectite, kaolinite, native silver, muscovite, witherite, fluorapatite,
microcline, gibbsite, magnetite, hematite, barite, and strontianite. The groundwater is
generally undersaturated with réspect to siderite (SI = -2.1 to -0.2), sepiolite (SI = -8.0
to -4.4), fluorite (SI = -2.5 to -0.5), gypsum (SI = -3.1 to -1.2), rhodochrosite (SI = -2.9
to -1.7), native selenium (SI = -3.9 to -2.4), and pyrolusite (SI = -14.5 to -12.9) (Figure
8-5).

A summary of the average condition of groundwater analyses from each of the wells
along the Southern flow path is given below. Temperature and pH were measured in
the field at the time of sampling; an Eh of 0.2 volts was assumed in the model.
Temperatures are given in degrees Celsius, and ionic strength given as molarity of the
solution.
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: Table 8-6
Groundwater Analyses for Southern Flow Path

B400389 +4.33% 6.336x10°
B400489 -0.19% 4.098 x10° 7.24 13.3
B405789 +4.32% 3.574 x10° 7.18 12.5
B302789 -0.23% 8.317 x10° 7.37 11.0
B302889 +7.11% 8.819 x10° 7.37 120
B302989 +3.58% 1.313 x10* 7.43 11.3
) 0186 -1.50% 9.294 x10° 7.42 13.2
41491 -2.90% 9.686 x10° 7.52 10.6

8.3.2 Discussion of WATEQF Results

In accordance with the mineralogical analyses, illite/smectite and kaolinite clays are
predicted to form and be stable in the current geochemical environment of UHSU
groundwater. However, as noted in Section 3, kaolinite was the only clay conclusively
identified as forming authigenically (see Geologic Characterization Report, EG&G,
1995a). Other mineral phases seen in the core samples — including quartz, microcline,
and iron oxides — are also predicted as stable phases by the WATEQF modeling.
Another mineral phase, sepiolite, was initially suggested by the results of XRD
analyses, but discounted upon review of the diffractograms; modeling supports the
latter (that is, all groundwaters were shown to be significantly undersaturated with
respect to sepiolite).

There is some disagreement between mineralogical analysis and modeling for siderite
and pyrite; these phases were observed in samples of core but generally are predicted to
be unstable by the modeling. However, many phases exist outside of their stability
fields (e.g., diamond at the Earth’s surface), but the chemical reactions transforming the
mineral phase may proceed so slowly that no change is perceived on the human time-
scale. The pyrite and siderite observed in core samples from Rocky Flats may reflect
localized areas of reducing conditions, or represent reducing conditions at their time of
crystallization and do not necessarily indicate reducing conditions at present.

Goethite and other oxyhydroxides and oxides for which the groundwater is
oversaturated are likely candidates to influence the concentration of iron in
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groundwater. Concentrations of other elements associated with such oxyhydroxides
and oxides, either by coprecipitation or adsorption, may also be strongly influenced by
such phases. The results of WATEQF modeling, which indicate oversaturation of
hematite, goethite, and amorphous Fe(OH); in every well (see Table 8-2, SI values), are
consistent with SEM photos showing iron-hydroxide floccules (EG&G, 1995a). The
saturation state of all groundwater samples with respect to calcite and gypsum is shown
in Figure 8-6.

For metals that form carbonate minerals, such phases may control the solubility of the
metal. Carbonate phases include calcite (CaCO;), witherite (BaCOs), rhodochrosite
(MnCO3), strontianite (SrCO;), and siderite (FeCOs). Uranium also forms various
carbonate complexes, and, as noted by Hem (1992), “Uranyl complexes with carbonate
and sulfate may influence the behavior of dissolved uranium.” Under oxidizing
conditions with neutral or higher pH, the solubility of uranium increases over that of
more reduced (i.e., U™ forms (Hem, 1992). Radium will also form carbonate and
sulfate species (Hem, 1992).

The results of modeling suggest that carbonate species are important for at least barium
and strontium, and possibly manganese. The groundwater ranges from moderately
undersaturated to moderately oversaturated with respect to these “pure” carbonate
phases (see Table 8-2, SI values). However, metals dissolved in groundwater may be
controlled by the solubility of impure (substituted) calcium carbonate or other “impure”
phases. Generally speaking, thermodynamic values are calculated for pure phases
rather than impure ones. Because a variety of metal cations can substitute in the crystal
lattice for calcium in calcium carbonate, these cannot be specifically modeled unless
thermodynamic data exist for such an impure phase. ‘

Sulfate minerals may also influence the concentrations of dissolved calcium, strontium,
and barium in groundwater. Gypsum (CaSOy), celestite (SrSOy), and barite (BaSO,)
are phases seen to exhibit reversible behavior (Jones, 1992). The groundwater is at
approximate equilibrium (SI = -1.0 to + 1.0) with respect to barite in virtually every
well along the four flow paths. This indicates the likelihood that the concentration of
dissolved barium in UHSU groundwater is controlled by barite solubility.

Dissolved manganese displays a wide range of concentration, and the calculated SI
values indicate that the UHSU groundwater is undersaturated with respect to several
mineral phases likely to control the equilibrium solubility of manganese. The
groundwater is undersaturated with respect to the manganese oxyhydroxide, manganite
[MnO(OH)]; the manganese carbonate, rhodochrosite (MnCO3); and the manganese
oxides, birnessite (MnQO;) and pyrolusite (MnO;). Pyrolusite, which forms the
well-known “desert varnish” — the black veneer seen on exposed rocks across the
desert southwest — is well below equilibrium solubility in the flow-path wells
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evaluated for this report. Any manganese oxide contained within the UHSU, along
fractures and elsewhere, is predicted to dissolve into the groundwater until the
equilibrium concentration of manganese is attained or different redox conditions are
encountered. (As noted earlier, manganese is one of the redox-sensitive species, whose
form and mobility are affected by redox conditions.)

8.33 Conclusions from WATEQF Modeling

As noted in Section 8, WATEQF uses thermodynamic data to calculate equilibrium
status of a solution, without regard to kinetic factors. Some reactions may not be easily
reversible due to kinetic barriers. Minerals that have been observed to exhibit
reversible behavior include carbonates (calcite, dolomite, siderite, rhodocrosite),
sulfates (gypsum, celestite, barite), phosphates (hydroxyapatite, vivianite),
oxyhydroxides (amorphous Fe(OH);, goethite, hematite, gibbsite, birnessite,
manganite), silicates (silica gel, silica glass, chalcedony, quartz, kaolinite, sepiolite),
sulfides (FeS amorphous, mackinawite), and fluorite (Table 8-7).

One salient point that comes from the WATEQF modeling is that the concentrations of
various dissolved metals are generally not greatly in excess of those expected on the
basis of thermodynamic calculations of solubility controlled by naturally occurring
mineral phases; barium, manganese, selenium, and strontium are notable examples of
such metals. (See example in Appendix H for WATEQF output for Industrial Area
well 2187.) The calcu_latcd mean TDS for well 2187 is nearly 2,500 mg/L, with a
calculated ionic strength (IS) of 4.44 x 102 M. For barium in well 2187, Slyitheriee = 1.7,
Slaire = 0.9; for manganese, Syvnnpos = 1.0, Skhodochrosie = 0.4, Slpyrolusite = -13.0; for
selenium, Slative selenium = -0.9; and for strontium, Slgrontianite = 1.2, Sleetestite = -1.6.

In summary, naturally occurring mineral phases may well control the amount of some
dissolved metals in groundwater at the Rocky Flats site. Metals that readily substitute
for calcium in the crystal lattice of calcium carbonate may have concentrations
regulated by the equilibrium solubility of that mineral. This potential exists for the
alkaline earth metals (magnesium, strontium, barium, etc.), as well as for some
transition metals (manganese and iron), and possibly for zinc, lead, and uranium as
well. Sulfate species, such as barite (BaSO4), may also play a major role in regulating
the concentrations of certain metals in solution. Additionally, Hem (1992) noted that
“Redox equilibria appear to control behavior of iron in groundwater and also may be
extended to other oxidizable or reducible elements that can be coupled to the iron
system.” Thus, the behavior of some species — especially trace metals — may be
coupled to that of iron. The precipitation, coprecipitation, or adsorption of these metals
along with iron oxides and oxyhydroxides could be the factor controlling the amount of
these metals in solution.
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One phase that is predicted to be oversaturated in all the models is naumannite (AgySe).
Whether or not such a phase actually exists at Rocky Flats is debatable; the solubility of
this phase may be so low that detection-limit concentrations are sufficient to trigger its
appearance as an oversaturated phase in the model output. The same argument may
also hold true for native silver, which is also predicted as oversaturated in all the

models.

Table 8-7
WATEQF List of Minerals with Reversible!

Precipitation/Dissolution

* “Mineral: - o i -Cheimical Formula:~ .~

Carbonates
calcite CaCO
dolmite CaMg (COz3)2
siderite FeCOs
rhodocrosite MnCO3
Sulfates

| gypsum CaS04.2H20
celestite SrSO4
barite BaSOs
Phosphates
hydroxyapatite Cas(PO4)OH
vivianite Fes(POa)2.8H:0
Fluoride

fluorite CaFz
Oxyhydroxides
Fe(OH)s; amorphous Fe(OH)a

| goethite FeO(OH)
gibbsite Al(OH)3
birnessite MnO»
manganite MnO(OH)
Silicates

silica gel Si0,.2H.0
silica glass Si02.H0
chalcedony SiOz
quartz SiO,
kaolinite Al>SioOs(OH)
sepiolite ppt. Mg2SisO7.s(OH).3H0
sepiolite Mg:8i307.5(0H).3H:0
Sulfides
FeS amorphous FeS

mackinawite FeS

! from Jones (1992)
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84 NETPATH Modeling

 The NETPATH program requires the user to choose “initial” and “final” wells, which
define the flow path and the initial and final groundwater chemistries. The
mass-balance modeling is then used to describe the chemical evolution of the
groundwater along this user-defined flow path, in terms of mineral dissolution and
precipitation, as well as ion-exchange reactions. The user also determines which
elements and minerals should be considered in the modeling. The best definition of
groundwater evolution along the user-determined flow path requires the use of site-
specific mineralogy in the model. To this end, mineralogic and petrographic data from
the Geologic Characterization Report (EG&G, 1995a) were used for the input of site-
specific mineral chemistry for the mass-balance modeling of groundwater at Rocky.
Flats. ‘

Ideally, NETPATH modeling is applied to truly evolutionary waters along a well-
defined, confined groundwater system. The UHSU at the Rocky Flats site is a largely
unconfined groundwater system, and groundwater along the four flow paths is subject
to mixing via recharge solutions at any point along the defined paths. Recognizing this
inherent limitation, the models produced here offer a first approximatiori of how the
chemistry of groundwater may evolve along a flow path at Rocky Flats. As more
hydrologic and geologic data become available, the flow paths and the specific
water/rock interactions used in the geochemical modeling can be more narrowly
defined to produce more realistic models. '

Compositional data for groundwater are entered as mg/L, which the NETPATH
program recalculates to millimoles per kilogram (mmol/kg). For dilute solutions, such
as the groundwater at Rocky Flats, one liter of water is essentially equal to one
kilogram (i.e., mg/kg = mg/L). Selected mineral phases may be “fixed” as mandatory
for all models (i.e., the program must include the designated fixed phases in every
model), and phases can also be marked for precipitation, dissolution, or either. After
the user accepts all the input specifications and initiates the program, NETPATH tests
all possible models, then provides a listing of all models found to generate the final
water composition from the initial water composition. The user must then examine all
models found and determine which are most realistic, given the results of
thermbdynamic calculations and all other known factors.

Using the mineralogical and compositional data obtained by petrographic and
geochemical analyses, a set of phases was selected as representative of the UHSU
substrate. Table 8-8 lists the user-specified constraints and phases defined for the
model.
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Table 8-8
User-Specified Constraints and Phases

carbon caicium biotite illite
aluminum magnesium kaolinite smectites'
sodium potassium quartz microcline
fluoride SiO, calcite siderite
barium strontium | dotomite chiorite
iron manganese CO,gas | fluorapatite
| gibbsite goethite
K-mica MnO,
pyrite albite:
strontianite | witherite
FeOOH Ca-Na ion
exchange
K-Na ion Mg-Na ion
exchange | exchange

Ca-montmorillonite, K-montmorilionite, Na-montmorillonite

Quartz, microcline, illite, and kaolinite were fixed as mandatory for inclusion in all
models; kaolinite, montmorillonites, and quartz were set for “precipitation only,” and
several of the above phases (pyrite, biotite, microcline, albite, siderite, dolomite,
exchange complexes) were set for “dissolution only.”

Under dilute groundwater conditions, divalent cations will generally replace
monovalent cations from the sorption sites. In accordance with this, exchange
complexes were fixed so that calcium and magnesium cations would replace sodium
ions from the matrix materials. Marine or near-marine shales and sandstones, such as
the Arapahoe/Laramie Formation at Rocky Flats, “...would be expected to have sodium
ions adsorbed on most exchange sites” (Hem, 1992). The calcium-bicarbonate
chemistry of present-day UHSU groundwater may therefore result in displacement of
remaining sodium ions from the sorption sites and replacement with calcium (and
magnesium) ions. Statistically however, as noted in Section 6 (Figures 6-39 and 6-40), .
there is no evidence of an east-to-west trend in the Ca/Na or Ca+Mg/Na+K ratios
across the site. Thus, further refinements of the model should take this into account.

Data from microprobe analyses were used to calculate mole percents for some specific
phases, including biotite, FeOOH, siderite, microcline, and albite (Table 8-9); these
site-specific compositions were then used in the NETPATH modeling, along with
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8.4.1

stoichiometric compositions for other phases included in the model. The system was
designated as open to CO,. In general, the following limitations were used in the mass-
balance modeling:

e Microcline, illite, kaolinite, and SiO, were fixed for mandatory inclusion in all
models

e Kaolinite, montmorillonites (smectites), and SiO, were set for precipitation only

o Biotite, siderite, pyrite, albite, microcline, MnO,, and dolomite were set for
dissolution only

¢ Exchange reactions were all set for incorporation of divalent cations and potassium
onto the solid phase and release of sodium cations to solution

Table 8-9
User-Specified Phase Compositions
Biotite 2.145 Si0,, 1.0 Al, 0.663 Fe, 0.58 K, 0.517 Mg, 0.032 Ca, 0.037 Mn
FeOOH 1.0 Fe, 0.08 Ca, 0.034 SiO,, 0.017 Mg, 0.016 Mn
Siderite 1.0 CO,, 0.771 Fe, 0.17 Ca, 0.15 Mg, 0.007 Mn, 0.004 SiO;
Microcline 3.0 SiO,, 1.0 Al, 0.675 K, 0.052 Na, 0.012 Ca, 0.009 Mg, 0.005 Mn,
0.002 Fe
| Plagioclase (albite) 3.397 SiO,, 1.0 Al, 0.416 Na, 0.182 K, 0.017 Ca, 0.01 Fe
Montmorillonite 2.4 Si0,, 1.0 AL, 0.2 Mg, 0.1 Ca, 0.1 Na

Results of NETPATH Modeling

Mass-balance modeling was conducted for each of the four flow paths (Rock Creek,
Industrial Area, Woman Creek, and Southern). The results for each of the flow paths will
be discussed in turn, followed by a discussion of conclusions derived from the
NETPATH modeling, and an overview of probable water/rock interactions at the Rocky
Flats site.

Those models requiring more than 10 millimoles of dissolution or precipitation were
excluded from consideration as viable models. For example, 10 mmol of SiO, equates to
about 600 mg/L, clearly unrealistic for groundwater at the Rocky Flats site, where SiO,
concentrations are generally 10 to 20 mg/L.. However, 10 mmol calcium equates to
approximately 400 mg/L calcium, which is within the concentration range of dissolved
calcium in site groundwater. Species-specific concentration limits could be established
for future modeling efforts.
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84.1.1

84.1.2

Rock Creek Flow Path

The Rock Creek path is perhaps the most well-defined of the four flow paths and
represents groundwater evolution unimpacted by industrial activities at the former plant
site. Well B111189 was defined as the initial well of the flow path, and well B202589
was defined as the final well for NETPATH modeling. Using the mean values for
chemistry of these two wells, and the specifications given above, more than two-million
possible models were tested by NETPATH; of these, 82 models were found to fit the
user-specified constraints. Initial review of these 82 models resulted in the elimination of
those models requiring relatively large (10 mmol or greater) amounts of dissolution or
precipitation. This culling left 59 models for a more in-depth review.

All remaining models included microcline, illite, kaolinite, SiO,, strontianite, witherite,
fluorapatite, CO, gas, and at least one iron-containing phase (i.e., FeOOH, goethite,
biotite, pyrite, or siderite). These remaining 59 models were individually evaluated for
“geochemical reasonableness.” This “reasonableness” takes into account the known
mineralogy and groundwater chemistry at the Rocky Flats site. For example, dolomite
was identified as a minor constituent in the geologic units examined for the Geologic
Characterization Report (EG&G, 1995a), so it is probably unrealistic to invoke large
amounts of dolomite dissolution to describe the changes in groundwater chemistry. On
the other hand, dissolution of microcline and precipitation of clays would be a more
realistic model, given the known mineralogy. SEM analysis showed evidence of
dissolution of feldspar grains and the precipitation of authigenic kaolinite. Illite/smectite
clays are predicted to precipitate, based on their calculated saturation indices, but
evidence of authigenic illite/smectite was not seen in the six-samples analyzed by SEM.

Several of the models for the Rock Creek path offer rather small amounts (0.001 to 2.00
mmol/L) of dissolution and precipitation to describe the changes in groundwater
chemistry along the flow path. These models are compatible with the known bedrock
mineralogy and with the known groundwater geochemistry. In general, the models call
for the precipitation of kaolinite, SiO,, and FeOOH or goethite (iron phases seen in SEM
micrographs taken for Geologic Characterization Report, EG&G, 1995a), along with the
dissolution of microcline, calcite, chlorite, fluorapatite, pyrite, strontianite, and witherite;
illite may dissolve or precipitate.

Industrial Area Flow Path

For the Industrial Area flow path, well B411289 was selected as the initial well and wells
41691 and 0486 were chosen as final wells. Because two final wells were used, two
separate modeling runs were made; the output from each is discussed below.

tp\281020\ggrfinal.doc 8-30 12/20/94



Groundwater Geochemistry Report

84.1.3

Using well 41691 as the final well, more than two-million models were tested; of these,
24 models satisfied the user-specified limitations. Only four of these 24 models called for
excessive amounts (i.e., more than 10 mmol/L) of dissolution or precipitation.

Using well 0486 as the final well, more than two-million models were tested; of these, 23
models satisfied the user-specified limitations. Only 4 of these 24 models called for
excessive amounts (i.e., more than 10 mmol/L) of dissolution or precipitation.

The models produced using either of the two final wells are generally similar, with the
exception of biotite (dissolution) and chlorite (dissolution or precipitation) appearing only
in some models for final well 0486. The most realistic models are characterized by
relatively small amounts (0 ‘to 3 mmol/L) of dissolution and precipitation of
approximately one-dozen mineral phases. The precipitation of SiO and kaolinite and the
dissolution of microcline, strontianite, witherite, fluorapatite, and pyrite are common to
all the models; illite may precipitate or dissolve in small amounts. For final wells 0486
and 41691, other phases that appear in the models include (1) (dissolution only) albite,
siderite, dolomite, ion-exchange reactions for K/Na, Mg/Na, and Ca/Na; (2) (precipitation
only) FeOOH; and (3) (either precipitation or dissolution) goethite, MnOOH, and MnO,.

Woman Creek Flow Path

Well B400189 was deﬁned. as the initial well for the Woman Creek flow path. Two
wells, 0186 and 41491, were selected as possible final wells. Models using each of these
final wells were run separately.

More than two-million models were tested, and (using well 41491 as the final well) 91 '
models fit the user-specified limitations. Only 2 of the 91 models required more than 10
mmoles of dissolution or precipitation; these were excluded from consideration as viable
models. Several models looked exceptionally realistic; model 19 called for the
precipitation of illite (.0133 mmol/L), kaolinite (0.30563 mmol/L), SiO, (-0.49897
mmol/L), and goethite (0.498 mmol/L), as well as the dissolution of calcite (0.811
mmol/L), chlorite (0.32097 mmol/L), fluorapatite (0.038 mmol/L) pyrite (0.497 mmol/L),
strontianite (0.005 mmol/L), witherite (0.001 mmol/L) and the exchange of magnesium
for sodium (i.e., sodium released into solution). This model agrees not only with the
results of WATEQF modeling but also with the known mineralogy as analyzed in core
samples (see EG&G, 1995a). ’

Using well 0186 as the final well, more than two-million models were tested; 97 models
fit the user-specified limitations. Only 2 of these 97 models required more than 10
mmoles of dissolution or precipitation and were excluded from consideration as viable
models. Model 35 offered a credible scenario, with the precipitation of illite (0.00167
mmol/L), kaolinite (0.9937 mmol/L), SiO; (0.33128 mmol/L), and goethite (0.499
mmol/L), in addition to the dissolution of calcite (1.952 mmol/L), chlorite (0.10128
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mmol/L), fluorapatite (0.014 mmol/L), pyrite (0.498 mmol/L), strontianite (0.003
mmol/L), witherite (0.001 mmol/L) and the exchange of calcium for sodium (i.e., calcium
replaces sodium on the solid surfaces).

8.4.1.4 Southern Flow Path

Well B400389 was taken as the initial well, and, like the Woman Creek path, two wells
were selected as final wells (41491 and 0186). Models using each of these final wells
were run separately. |

For the path using well 41491, more than two-million models were tested; 51 of these
were found to fit the user-specified limitations. None of the 51 models required more
than 10 mmoles of dissolution or precipitation. Several realistic models requiring small
amounts (0.0 to 2.6 mmol/L) of dissolution and precipitation were found by NETPATH.
Common to five such models is the precipitation of kaolinite, Si0,, and an iron-bearing
phase (FeOOH or goethite); the dissolution of microcline, chlorite, fluorapatite, pyrite,
strontianite, witherite; and some ion-exchange reactions (Ca/Na, Mg/Na, or K/Na). Illite
appears in these five models, either precipitating or dissolving in small amounts 0.12
mmol/L or less); calcite is present in three of the five models, showing precipitation in
one model and dissolution in the other two.

For the path using well 0186, more than two-million models were tested; 126 of these
were found to fit the user-specified limitations. Two of the 126 models required more
than 10 mmoles of dissolution or precipitation and were eliminated from consideration as
viable models. Alternative probable models (0.0 to 2.4 mmol/L) include those that
indicate the precipitation of kaolinite, SiO,, and FeOOH or goethite and the dissolution of
microcline, illite, biotite, calcite, chlorite, fluorapatite, pyrite, strontianite, and witherite;
exchange reactions include calcium, magnesium, and potassium replacing sodium on the
solid surfaces.

8.4.2 Discussion of NETPATH Results

Evaluation of NETPATH models indicates the feasibility of producing final water
compositions from initial water chemistry by water/rock interactions using realistic
mineralogy and reasonable amounts of dissolution, precipitation, and ion-exchange.
Specifically, the dissolution and precipitation of reasonable amounts of mineral phases as
the groundwater migrates downgradient can explain the changes in the chemical
composition of the groundwater. Mixing of other solutions is not required to produce the
chemistry reported for groundwater samples collected from the eastern boundary of the
site.

Evaluation of groundwater data from wells along the eastern, downgradient boundary of
the Rocky Flats site indicates only a few metals, water-quality parameters, and
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radionuclides above background levels. Review of the chemistry of background wells
shows that upgradient background concentrations (for some analytes) exceed some water
standards, without even considering the added effect of geochemical evolution as
groundwater migrates along a flow path. The dissolution of naturally occurring minerals
by groundwater as it traverses the site may add additional .inorganic constituents to the
water. Such a scenario of increasing concentrations due to groundwater evolution (i.e.,
water/rock interaction) along a flow path is consistent with the results of modeling
performed for this report.

Conclusions from NETPATH Modeling

As noted earlier in Section 8.4, NETPATH modeling is best applied to evolutionary,
confined groundwater systems. Because much of the UHSU is an unconfined
groundwater system, the results discussed here can only be considered a first
approximation of groundwater evolution at the Rocky Flats site. As additional geologic
and hydrologic data are collected, these data can be used to refine the geochemical
models.

In summary, the results from NETPATH modeling show that groundwater at the Rocky
Flats site undergoes chemical evolution as it traverses the site. The mixing of additional
solutions (i.e., inorganic contaminants) is not required to produce a credible model that
explains the overall changes in groundwater chemistry from west to east across the site,
although localized mixing with other solutions is suggested in parts of the main plant area
(see Figures 5-8 to 5-17).

Conclusions and Implications from Geochemical Modeling

Groundwater chemistry at the terminus of all four flow paths can be realistically modeled
without the necessity of mixing with another solution (such as a contaminant-bearing
solution). However, the model results can neither prove nor disprove the existence of
groundwater contamination and contaminant transport. As can be seen in the chemical
variation diagrams (Figures 6-20 to 6-40), there are some locations where input from the
OUs does appear to have affected groundwater in the immediate vicinity. Whether this
localized influx has the potential for downgradient migration, or whether it will be
attenuated within a short distance of the OUs, is a critical concern. A better
understanding of the hydrogeology of the site, and the refinement of hydrologic and
geochemical models will assist in addressing this concern.

Unlike the Rocky Mountain Arsenal, where offsite migration of contaminants in
groundwater has been definitively demonstrated (EPA, 1986 and 1993; ESE, 1988; also
refer to Appendix I), evidence to date suggests that groundwater transport of
contaminants derived from the Rocky Flats site to offsite locations is minimal to none.
Analysis of boundary-well data is currently being performed as part of the OU2 remedial
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investigation (DOE, 1993b), and the reader is referred to this document for a more
detailed evaluation of these data.

Other factors, unrelated to contaminant transport via groundwater, may have also affected
the chemistry of samples collected from some Rocky Flats wells. For example,
groundwater data for unfiltered samples collected from boundary well 41691 strongly
suggest that plutonium- and americium-contaminated surficial soils may accidentally
have been carried into the well-bore during drilling and installation of this well. The
activities of plutonium and americium in unfiltered samples from this well have ranged
from 0.26 to 2.20 pCi/L and exhibit a strong correlation with TSS (see Figure 5-2).
However, activities of dissolved plutonium and americium in this well are (and have
been) less than the site-specific standard of 0.05 pCi/L (CDPHE WQCC, 1994). The
strong correlation of total metals and radionuclides with TSS in well 41691 (see Figures
5-1 and 5-2) is consistent with the hypothesis that these radionuclides represent cross-
contamination by plutonium-contaminated soils, which are known to occur in the Buffer
Zone east of the main plant site (Litaor, 1993). The aseptic installation of additional
wells in the Walnut Creek drainage should provide evidence as to the mechanism by
which plutonium and americium came to reside in the sediments of monitoring well
41691. '

Contaminant-transport models use the concentrations of dissolved (i.e., filtered) metals;
data from unfiltered metals samples of groundwater are not used in transport modeling.
Particularly for a clay-rich matrix, such as the geologic materials at the Rocky Flats site,
pore sizes would not permit the migration of particulates via groundwater. In addition,
flow velocities would be too low to suspend the particulates for transport. Thus, the
focus of contaminant-transport and geochemical models is on the dissolved fraction, the
constituents in solution. Geochemical modeling of groundwater must use the
concentrations of dissolved constituents in order to produce meaningful results.

What the geochemical modeling of Rocky Flats groundwater does show is the natural
evolution in groundwater chemistry along the flow path. The significance of the
geochemical evolution of groundwater as it traverses through geologic materials relates to
the definition of background. Many environmental studies use as a baseline the
concentration of chemicals in a pre-determined background area. The concept here is that
if a site contains concentrations of chemicals that exceed those in the background, then
contamination of the site is suspected or declared. The possible flaw in this reasoning
comes about if the background area is upgradient of the site and the chemical
composition of groundwater evolves due to natural water/rock interactions as it traverses
the site. In this case, the background area would contain less-evolved groundwater, with
correspondingly lower concentrations of inorganic constituents than downgradient
groundwater at the site. Compounding this potential problem is that the density of
sampling is generally much higher at the site than in the background area. The question
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then becomes, “Is it possible to obtain a fair estimate of background groundwater that is
independent of an upgradient bias?”

Thus, background studies are potentially biased by the lower concentrations of many
constituents in the upgradient (background) samples. Although the background study
conducted at the Rocky Flats site (Background Geochemical Characterization Report,
EG&G, 1993f) attempted to minimize the degree of upgradient bias by including as some
of the background wells those that were sidegradient to the main plant area (rather than
all upgradient wells), statistical comparisons of background-to-site chemistry still do not
take into account the geochemical evolution of groundwater along a flow path. Persons
evaluating the results of such statistical tests should consider groundwater evolution as
another variable, and apply their professional assessment of statistical results in light of
an inherently heterogeneous and complex natural system.

The modeling results and concepts discussed here can be used to provide additional
information that should be included in weight-of-evidence discussions of possible
groundwater contamination by metals and other inorganic analytes. For example, if a
groundwater is undersaturated with respect to a particular mineral phase, and that
mineral phase is suspected to control the solubility of an inorganic chemical (i.e., a
metal such as barium or manganese), then such modeling results — along with
geochemical evolution of groundwater along a flow path — could be a critical factor in
the evaluation and assessment of potential contaminants.
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9.1

Summary and Recommendations

The evaluation of groundwater chemistry has provided additional evidence to support” -
and strengthen the current interpretation of hydrologic flow systems at the Rocky Flats
site and has helped to define the types of chemical variations that are present in
groundwater from the site.

Definition of Hydrostratigraphic Units

The Hydrogeologic Characterization Report (Volume II of the Sitewide Geoscience
Characterization Report, EG&G, 1995b) presented the following definition of the two
uppermost hydrostratigraphic units at the Rocky Flats site. The UHSU is composed of
alluvial, colluvial, valley-fill, and artificial-fill deposits, weathered portibns of the
bedrock, and unweathered, subcropping sandstones in the bedrock. The hydraulic
connection among these sub-units is suggested by the similarity of potentiometric heads
in the various sub-units and covariation in hydraulic head through time at numerous
well clusters. The LHSU is a separate unit composed of unweathered bedrock. The
hydraulic separation of the UHSU and LHSU is supported by the contrasting
permeabilities of the units, and well-hydrographs that indicate different responses in the
two units to seasonal recharge events. These definitions were fully supported by the
geochemical data evaluated for this report.

As noted in Section 5 of this report, the major-ion chemistry of the UHSU and LHSU
groundwater generally supports the current definition of the two hydrostratigraphic
units. The major-ion composition of groundwater is much less variable in the UHSU
than in the LHSU. Groundwater in the UHSU is generally distinct in composition from

groundwater in the LHSU, although groundwater in the two hydrostratigraphic units

can be similar. These observations are consistent with hydrologic evidence for two
distinct hydrostratigraphic units that experlence only limited hydraulic communication
with each other.

The environmental-isotope compositions of groundwater reveal that the dominant
component of the LHSU groundwater is much older than recent recharge and also older
than groundwater in the UHSU, further confirming the current hydrostratigraphic-unit
concept. The isotopic data indicate that the main component of LHSU groundwater is
apparently older than the Rocky Flats Plant (1952). In short, the isotopic distinctions
between groundwater from the UHSU and LHSU support the current flow-system
model for groundwater at the Rocky Flats site.

Results of the environmental-isotope study also indicate that the two sub-units of the

UHSU (surficial deposits and weathered bedrock) have isotopically indistinguishable
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sources of recharge. The similarity in isotopic compositions of groundwater from the
various lithostratigraphic units of the UHSU supports the current definition of that
hydrostratigraphic unit and strongly suggests that all units within the UHSU are
hydraulically connected. These conclusions support the current definition of the UHSU
presented in Section 4 and in the Hydrogeologic Characterization Report (EG&G,
1995b).

Evolution of Groundwater Chemistry in the UHSU

The sitewide evolution in groundwater chemistry, illustrated in the flow-path variation
diagrams in Section 5 of this report, is supported by objective statistical analysis. The
isoconcentration maps produced from kriging analysis illustrate statistically significant
increases in the major-ion content of UHSU groundwater from west to east across the
site. These maps provide statistical evidence for the types of compositional variations
observed qualitatively in the ion-variation diagrams discussed in Section 5 and the
hand-contoured isoconcentration maps described in Section 6.

Groundwater chemistry at the terminus of all four flow paths can be realistically
modeled without the necessity of mixing with another solution (such as a contaminant-
bearing solution). However, as shown in the chemical variation diagrams (Figures 5-8
to 5-17), there are some locations within the former Rocky Flats Plant where input
from the OUs does appear to have affected UHSU groundwater in the immediate
vicinity. Whether this localized influx has the potential for downgradient migration, or
whether it will be attenuated within a short distance of the OUs, is a critical concern. A
better understanding of the geology and hydrogeology of the site and the refinement of
hydrologic and geochemical models will assist in addressing this concern.

The evidence to-date suggests that groundwater transport of contaminants derived from
the Rocky Flats site to offsite locations is minimal to none. In addition, as discussed in
Section 8, the sitewide evolution in groundwater chemistry can create an “upgradient
bias” when the chemistry of upgradient background wells is compared to that of any
downgradient well. The implications of this bias should be addressed in any
comparison of upgradient and downgradient groundwater chemistry.

The evaluation and modeling of chemical data, as performed for this report, also
emphasize the importance of determining whether the concentrations of various
dissolved metals are consistent with those expected on the basis of thermodynamic -
calculations of solubility controlled by naturally occurring mineral phases.
Alternatively, the behavior of some speciés may be coupled to that of iron. The
precipitation, coprecipitation, or adsorption of other metals (especially trace rrietals)
along with iron oxides and oxyhydroxides could be the factor controlling the amount of
these metals in solution.
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The modeling results and concepts discussed here can be used to provide additional
information that should be included in weight-of-evidence discussions of possible
groundwater contamination by metals and other inorganic analytes. Persons evaluating
the results of statistical comparisons between background and site data should consider
the geochemical evolution of groundwater as another variable and apply their
professional assessment of statistical results in light of an inherently heterogenous and
complex natural system.

Recommendations

Based on the results of this study, the following tasks are recommended to improve the

description of groundwater chemistry at the Rocky Flats site:

Investigate historic records for descriptions of the chemistry of historic process
water. Determine the effects that releases of process water would have on the .
chemistry of UHSU and LHSU groundwater. '

Obtain Eh and dissolved oxygen (DO) data in the field at the time of groundwater
sampling. Use a flow-through cell to prevent contamination with atmospheric
oxygen. Eh measurements are particularly important to obtain in areas where
organics are detected. Information on redox couples (sulfate/sulfide, ferric/ferrous
iron, etc.) would also be useful to describe redox conditions.

Characterize groundwater chemistry in the area between the eastern boundary of the
site and OUs 1, 2, 5, and 6 to better define both natural, evolutionary changes in
groundwater chemistry and changes due to input from contaminant sources in this
area.

Resolve the charge-imbalance problem for groundwater from the Solar Evaporation
Ponds by determining the presence and abundance of other anions in groundwater:

Although inherently difficult, attempts should be made to collect representative
mineralogical data for the surficial deposits at Rocky Flats, as was done for bedrock

'(Geologic Characterization Report, EG&G, 1995a).

Examine in more detail the chemistry of groundwater in OU4 (Solar Evaporation
Ponds), OU5 (Woman Creek), and OU6 (Walnut Creek) as it relates to the
observed variations in chemistry along the Industrial Area and Woman Creek flow
paths. ‘

Perform reaction-path modeling to describe chemical changes from well to well to
compliment the mass-balance modeling of the overall change (from initial to final
well) in chemistry along a flow path performed for this report.
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Perform additional groundwater sampling and analyses of groundwater from the
LHSU. The existing monitoring-well network is not sufficient to characterize
changes in groundwater chemistry as water flows across the site.

Perform sitewide evaluation of surface-water chemistry and integrate with this
study to identify the regions of the site where groundwater/surface-water
interactions take place and the effects of such interactions on groundwater and
surface-water chemistry.

The following tasks are recommended to improve the reliability of interpretations of
isotopic data from groundwater and to support hydrogeologic investigations of
groundwater flow:

Improve the description of local precipitation by continuing to collect and analyze
precipitation samples for stable isotopes and tritium. Describe the local meteoric-
water line for Rocky Flats. -

Evaluate the shift in the isotopic composition of recharge water relative to that of
local precipitation. Collect seasonal evapotranspiration data from the site, and
collect and analyze samples of accumulated snowpack and snowmelt.

Collect additional surface-water samples from streams and ponds .in the Walnut
Creek and Woman Creek drainages. The isotopic compositions of these waters
may be useful in describing mixing between groundwater and surface water and
other groundwater/surface-water interactions (i.e., identifying losing and gaining
reaches of these streams, evaluating the effectiveness of pond dams in preventing
downgradient releases of contaminants).

Determine the environmental-isotope compositions of water currently discharged

from facilities on the site (potable water and wastewater) and estimate the isotopic
composition of process water historically generated on the site

Use high-tritium groundwater in the Industrial Area to monitor the direction and
rate of groundwater flow within weathered bedrock of the UHSU. ‘

Use the available hydrologic and isotopic data to refine flow paths within RFETS
hydrostratigraphic units.
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