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Executive Summary

The Geologic Characterization Report is Volume I of a three-part document presenting the
results of the Sitewide Geoscience Characterization Study. This sitewide study was conducted to
provide a comprehensive geologic, hydrogeologic, and geochemical framework for the Rocky
Flats site to be used in future sitewide and site-specific operable-unit programs. In addition to
this Geologic Characterization Report, the Sitewide Geoscience Characterization Study includes
the Hydrogeologic Characterization Report (Volume II) and the Groundwater Geochemistry
Report (Volume III). The purpose of the Geologic Characterization Report was to compile and
integrate all available stratigraphic, mineralogic, petrologic, palynological, geochemical, seismic,
and structural information in order to cevelop a conceptual model for the Rocky Flats site and to
collect new data if certain data were not available. Data from the Geologic Characterization
Report have been used to support the Hydrogeologic Characterization Report and the
Groundwater Geochemistry Report.

Quaternary surficial geologic deposits overlie Cretaceous bedrock units and cover most of the
ground surface at the Rocky Flats site. The lateral distribution of surficial deposits was mapped
by the U.S. Geological Survey, and the map is one of eleven new sitewide maps presented in this
report; map units include artificial fill, alluvial deposits, and colluvial deposits. The Rocky Flats
Alluvium is the most laterally extensive Quaternary deposit and forms a large alluvial deposit
that is as much as 100 feet thick. The Rocky Flats Alluvium represents an alluvial-fan
depositional setting; proximal-, mid-, and distal-fan deposits are present at the site.

Groundwater flow within the surficial deposits is affected by the underlying bedrock topography
and the hydraulic conductivities of the surficial deposits. Preferential vertical pathways for
groundwater recharge and contaminant transport to underlying bedrock units may be present
where the sand and gravelly sand lithofacies are in contact with the bedrock. Two updated maps,
the Elevation Map of the Bedrock Surface and the Isopach Map of Surficial Deposits, and two
new sitewide maps, illustrating the distribution of Unified Soil Classification System soil types at
the surface and immediately above the bedrock unconformity, are provided in this report to aid in
interpreting groundwater flow paths.

Cretaceous bedrock underlies the surficial deposits and is composed of sandstone, siltstone, and
claystone. A sitewide Subcrop Map of Bedrock Lithofacies illustrates the lateral extent of these
lithofacies at the bedrock unconformity. The predominant, near-surface bedrock units are the
Arapahoe and Laramie formations. The lateral distribution of these units is depicted on the
Geologic Map of the Rocky Flats Environmental Technology Site and Vicinity. - Seven new
regional cross sections present the distribution of surficial deposits and bedrock beneath the site.

The Arapahoe Formation is one of the regional aquifers within the Denver Basin. It is 0 to 50
feet thick beneath the Rocky Flats site, not 150 feet thick as previously reported. The Arapahoe
Formation was deposited in a fluvial environment; the base of the unit is defined locally by a
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basal conglomeratic sandstone or a medium- to coarse-grained sandstone. Fluvial deposits have
been identified using available subsurface and outcrop information; information is summarized
on two new maps illustrating the distribution and thickness of fluvial deposits and their internal
sandstones. Although Arapahoe Formation sandstones exhibit the highest hydraulic conductivity
values for bedrock units, the formation is not a pathway for the offsite migration of contaminants
because it is discontinuous, breached by modern streams along the edges of the pediment, and
therefore not hydraulically connected to the Arapahoe aquifer in the Denver Basin.

.The Laramie Formation is 600 to 800 feet thick beneath the site and was deposited in a delta-
plain environment. Most lithologic units in the upper Laramie Formation are composed of
claystone, although the upper Laramie Formation contains discontinuous sandstone lenses that
were previously thought to be part of the Arapahoe Formation. Due to their discontinuous
nature, very fine grain size, and high silt and clay content, these sandstone lenses are not potential
pathways for offsite migration of contaminants.

Bedrock of the Arapahoe and Laramie formations is weathered to depths of 60 feet. The depth of
weathering is influenced by the presence of subcropping sandstones, fractures, and fault zones.
Two new maps that illustrate the approximate thickness of the weathered bedrock and the
elevation of the base of the weathered bedrock across the site are presented in this report.

Mineralogic, petrographic, palynological, and geochemical analyses were conducted on
sandstone, siltstone, and claystone samples from the Arapahoe and Laramie formations. These
results have been incorporated into this study and provide useful information on the
characteristics of the bedrock units beneath the site. Petrographic and geochemical data
generated during this study were also used to support geochemical modeling presented in the
Groundwater Geochemistry Report.

Thorough documentation of previous and ongoing structural studies at Rocky Flats is provided in
this report. A structure contour map and three new structural cross sections were prepared during
this study. Two stratigraphic markers in the upper Laramie Formation were identified by detailed
core logging and downhole geophysical logging. Several shallow, high-angle, reverse faults have
been identified preliminarily on the basis of offsets in the “A” claystone. Inferred fault
displacement ranging from 10 to 120 feet was interpreted. Trenching one of the inferred faults
confirmed that the unconformity between the Laramie Formation and the overlying Rocky Flats
Alluvium is not offset, and therefore, the fault is not capable and does not pose a seismic risk for
the site. Fracture zones associated with the faults may, however, be conduits for groundwater
flow.

Recommendations for additional work focus on analyzing the mineralogy of surficial deposits;
on determining the location, geometry, and hydrogeological properties of inferred faults and
fracture zones; and evaluating the effects of faults and fractures on groundwater flow and
migration of contaminants. This work will help to better define the geologic, hydrogeologic, and
geochemical conditions at Rocky Flats.
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1. Introduction

This report is Volume I of a three-part document presenting the results of the Sitewide
Geoscience Characterization Study, which was performed by EG&G Rocky Flats, Inc.
(EG&G). The study was designed and directed by geosciences personnel of EG&G’s
Environmental Restoration Program Division (ERPD). This report presents a
conceptual model of the geology at the U.S. Department of Energy’s (DOE’s) Rocky
Flats Environmental Technology Site (RFETS). The discussion of geology
complements and supports the Hydrogeologic Characterization Report (Volume II)
(EG&G, 1995a) and the Groundwater Geochemistry Report (Volume 1) (EG&G,
1995b) and provides the conceptual framework for discussions of geology related to
other sitewide and operable unit (OU) investigations.

11 Background

The Rocky Flats site (formerly called the Rocky Flats Plant) is located approximately

16 miles northwest of Denver, Colorado, in northern Jefferson County (Figure 1-1).

‘The site occupies approximately 10 square miles; boundaries and major features are

illustrated in Figure 1-2. Buildings are located within an industrial complex of
approximately 400 acres surrounded by a Buffer Zone of approximately 6,150 acres

(Figure 1-2). Rocky Flats is a government-owned, contractor-operated facility that has
been in operation since 1952. EG&G 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 properties of nuclear
materials, and fabricating steel and beryllium components. In January 1992, the
primary mission of Rocky Flats was changed; the work force is now engaged in
environmental restoration, waste management, decontamination and decommissioning,
and economic development. The current name of the facility (RFETS) was adopted in
July 1994 to reflect this change in mission. The facility is referred to as the Rocky
Flats site in this report. '

Wastes produced during plant operations include hazardous wastes, low-level and
transuranic radioactive wastes, and mixed wastes. Historically, these wastes have been
disposed onsite, stored in containers onsite, or disposed offsite. As a result of these
practices, the Rocky Flats site 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
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Agency (EPA) and the Colorado Department of Public Health and Environment
(CDPHE) are the regulatory agencies that oversee assessment and cleanup activities at
16 OUs on the site. Figure 1-3 illustrates the current locations of the OUs at the Rocky
Flats site.

Of the 16 OUs, one (OU3, Offsite Areas) is located outside site boundaries, one
(OU15, Inside Building Areas) includes areas within buildings, and the remaining 14
are outside-of-building areas within site boundaries. Table 1-1 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
1-3. THSS boundaries are also included on each of the plates. Areas within the OUs
are discussed throughout this report.

1.2 Purpose and Scope of the Geologic Characterization Report

The purpose of the Geologic Characterization Report was to compile and integrate all
available stratigraphic, mineralogic, petrologic, palynological, geochemical, seismic,
and structural information to develop a conceptual model for the Rocky Flats site. In
addition, samples were selected for analysis to describe the mineralogic composition of
bedrock, identify spatial variations in mineralogy for geologic characterization and
geochemical modeling, support stratigraphic correlation efforts, determine the
depositional environment of the bedrock strata, and identify post-depositional alteration
or deformation of the bedrock.

The data presented in this report have been used in two accompanying reports
(Hydrogeologic ~Characterization Report [EG&G, 1995a] and Groundwater
Geochemistry Report [EG&G, 1995b])) to describe the subsurface conditions that affect
groundwater flow and groundwater geochemistry and to define hydrostratigraphic
units.

This report represents a collaborative effort among EG&G geologists; sources of
information used in preparation of the report include the following:

e Published reports in the scientific literature and reports from state and federal
agencies

e Previous geologic reports prepared by EG&G, Rockwell International, or their
subcontractors, particularly the 1991 Geologic Characterization Report (EG&G,
1991a), the 1992 Geologic Mapping Report (EG&G, 1992a), the 1993 Palynology
Report (DOE, 1993a), and a structural modeling study (Selvig, 1994)

* Previous seismic investigations at Rocky Flats and vicinity (EG&G, 1991b, 1992b,
1993a, 1993b, and 1994a; DOE, 1994a)
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e Data collected and analyzed during various RFI/RIs at individual OUs (e.g., DOE,
1992a, 1993b, 1993c, 1994b, 1994c, and In Progress)

¢ Data collected or compiled through December 1994, in conjunction with the present
study, including:

- — Lateral distribution of Recentﬂ and Quaternary surficial deposits (USGS, 1994)
— Lithology and stratigraphy of Recent and Quaternary surficial deposits

— Lithology, stratizraphy, mineralogy, petrology, palynology (Okamura, 1994),
and geochemistry of the Cretaceous bedrock units

— Location of inferred faults within shallow bedrock units

Personal communication with EG&G geologists and other technical staff performing
investigations of the various OUs provided important information used to supplement
field data, laboratory analyses, and technical reports.

Eleven new sitewide maps and ten new cross sections were created using the integrated
data; these illustrate the surficial geology, the thickness and types of surficial deposits,
the elevation and lithofacies types at the top-of-bedrock surface, the thickness of the
weathered bedrock, the elevation of the base of the weathered bedrock, and the
distribution and thickness of fluvial deposits within the Arapahoe Formation. The data
were also used for stratigraphic correlation purposes; these correlations have aided in
the identification of several inferred faults in shallow bedrock underlying the site. The
approximate locations and crientations of inferred faults are illustrated on a new
structural contour map. Vertical displacement of stratigraphic units is shown on
structural cross sections. These maps and cross sections provide a framework for other
sitewide and OU-specific studies. '
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Table 1-1
Operable Units at the Rocky Flats Site

Ou 1 881 Hillside 11
ou2 903 Pad, Mound, and East Trenches 20
ou3 Off-Site Releases 4
OU 4 Solar Zvaporation Ponds 1

ous Woman Creek 10
oue Walnut Creek 20
ou7z Present Landfill 2
ous 700 Area 38
ou9 Original Process Waste Lines 1

OouU 10 Other Dutside Closures 19
OuU 11 West Spray Field 1

OouU 12 400/800 Area 12
OuU 13 100 Area 15
OouU 14 Radioactive Sites

Oou 15 Inside Building Closures

QU 16 Low-Priority Sites
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2. Regional Setting

The Rocky Flats site is located approximately 4 miles east of the Front Range on a
‘pediment that dips approximately one degree to the east. The pediment and alluvial
cover .are dissected by several small, eastward-flowing streams. Bedrock
unconformably underlying the alluvium dips to the east at approximately one to two
degrees. This section describes the physiographic and geologic setting of the Rocky
Flats site and surrounding area.

2.1 Physiography and Topography

The Rocky Flats site is located at an elevation of approximately 6,000 feet above mean
sea level (MSL) on the western margin of the Colorado Piedmont section of the Great
Plains Physiographic Province (Spencer, 1961; Thornbury, 1965; Hunt, 1967). The
Colorado Piedmont is terminated abruptly on the west by the Front Range section of
the Southern Rocky Mountain Province.

The Colorado Piedmont is an area of dissected topography reflecting folding and
faulting of bedrock along the edge of the Front Range uplift, subsequent pediment
erosion, and burial by fluvial processes. More recent processes have incised drainages
and removed portions of the alluvial cover. The Rocky Flats pediment is the most
extensive pediment in the area (Scott, 1963). The Rocky Flats site occupies the eastern
edge of this pediment, which extends approximately 5 miles northeast from the mouth
of Coal Creek Canyon. In eastern portions of the Rocky Flats pediment, the nearly flat
surface gives way to lower, gently rolling terrain of the High Plains section of the Great
Plains Physiographic Province.

Four miles west of the site, the eastern margin of the Front Range is characterized by a
narrow zone of hogback ridges formed by steeply east-dipping Paleozoic and Mesozoic
strata (the Fountain Formation and the Dakota Group, respectively). Fifteen miles west
~of the eastern margin of the Front Range, along the Continental Divide, the mountains
reach elevations of 12,000 to nearly 14,000 feet above MSL. The core of the Front
Range is composed of Precambrian basement (igneous and metamorphic assemblages).

. The northern portion of the Rocky Flats site is drained by Rock Creek, which is a
northeast-trending tributary of Coal Creek. The central and southern portions of the
sitc are drained by ephemeral tributaries of Big Dry Creek. These include Walnut
Creek, South Walnut Creek, and Woman Creek, which flow eastward across the Rocky
Flats pediment (Figure 1-2). All of the streams on the Rocky Flats pediment are
separated from the Front Range foothills by Coal Creek. Small drainage basins and
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low recharge from snowmelt or rainfall at higher elevations account for the ephemeral
nature of these creeks.

22 Regional Geology

2.2.1 Lithology and Stratigraphy

The Rocky Flats site is located between the Front Range to the west and the Denver
Basin to the east (Figure 2-1). Precambrian igneous and metamorphic rocks constitute
the core of the Front Range; the complex history of these rocks has been documented
by Tweto and Sims (1963), Gable (1986), and Finiol (1992). Unconformably overlying
the Precambrian basement is the Pennsylvanian-Permian Fountain Formation, which
was formed as an alluvial-fan deposit following the uplift of the ancestral Rocky
Mountains. The Fountain Formation consists of arkosic sandstones and conglomerates
(LeRoy and Weimer, 1971). Permian and Triassic sandstones, claystones, and
limestones (Lyons Sandstone and Lykins Formation) overlie the Fountain Formation.
The Lyons Sandstone is a fine- to medium-grained conglomeratic sandstone deposited
in an eolian environment. The Lykins Formation is a playa lake deposit composed
predominantly of siltstone and claystone but with two laminated limestone horizons
(LeRoy and Weimer, 1971). Paleozoic rocks of the Front Range are described in
LeRoy (1946), Lavington and Thompson (1948a), Van Horn (1967), and Kent (1972).

The Lykins Formation is unconformably overlain by Jurassic sandstones, claystones,
and shales that were deposited in fluvial, flood-plain, and lacustrine environments
(Ralston Creek and Morrison formations). The Ralston Creek Formation is a
calcareous siltstone and silty shale deposit (LeRoy and Weimer, 1971); the Morrison
Formation is a shale and siltstone deposit with thin interbeds of limestone and
sandstone (Heaton, 1939; Brady, 1969).

Sandstones of the Lower Cretaceous Dakota Group were deposited in a coastal
environment as the Western Interior Seaway flooded the North American continent
(Waage, 1955; Weimer, 1973 and 1976; Weimer and Land, 1972; Mozeley, 1985;
Frank, 1987). The Dakota Group is overlain by Upper Cretaceous calcareous and
noncalcareous shales (Benton Shale, Niobrara Formation, and Pierre Shale). The
Benton Shale and Niobrara Formation consist of calcareous shales interbedded with
thin shallow-marine limestones (Barlow, 1985; Rodriguez, 1985). The Pierre Shale is a
silty shale that was deposited in a prodeltaic, shallow-marine environment (Camacho,
1969; Porter, 1976; Bachtiar, 1991). |

The Pierre Shale is overlain by the Upper Cretaceous Fox Hills Sandstone, which is a
cross-bedded sandstone that was deposited in a delta-front and beach environment
(Lovering et al., 1932; Horner, 1954; Covington, 1966; Camacho, 1969; Rahmanian,
1975). The Upper Cretaceous Laramie Formation overlies the Fox Hills Sandstone and
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is a sequence of sandstones and claystones with thin coal beds that was deposited in

“fresh to brackish water in a delta-plain environment (Moody, 1947; Gude, 1950;

Horner, 1954; Camacho, 1969; Rahmanian, 1975). The Laramie Formation is
conformably overlain by the Arapahoe Formation. The Arapahoe Formation consists
of local conglomerates and conglomeratic sandstones in the lower part; these are
overlain by alternating fine- to medium-grained sandstones and claystones deposited in
fluvial and flood-plain environments during the Late Cretaceous (Weimer, 1973 and
1976).

(

Tertiary igneous activity resulted in the deposition of volcanic rocks in some locations
along the Front Range (Lovering and Goddard, 1938; Robinson, 1972; Larson and
Hobblitt, 1973; Soister and Tschudy, 1978; Soister, 1978). However, none are present
at the Rocky Flats site.

There are few bedrock outcrops at the site. The Arapahoe and upper Laramie
formations crop out in some places along stream beds in the vicinity of the Rocky Flats
site, whereas the lower Laramie Formation and Fox Hills Sandstone crop out in the
gravel pits along the western border of the Rocky Flats Buffer Zone, and the Pierre
Shale crops out along Coal Creek west of the site (Plate 2-1). -

Several figures have been included in this report to illustrate the geological
characteristics of the site. These include Figure 2-2, a stratigraphic section illustrating
the sequence of sedimentary rocks underlying the site and approximate thicknesses of
each formation; Figure 2-3, a geologic cross section illustrating the relative positions of
Precambrian intrusive and younger sedimentary rocks; and Plate 2-1, a geologic map of
the Rocky Flats site and vicinity. Additional geologic maps of the area include those of
Lovering and Goddard (1950a), Hunter (1955), Malde (1955), Sheridan et al. (1958,
1967), Spencer (1961, 1986), Scott (1962, 1963, 1972), Wells (1967), Wrucke and
Wilson (1967), Braddock et al. (1970), Chase and McConaghy (1972), Lindvall (1972),
Van Horn (1972, 1976), Machette (1977), and Trimble and Machette (1979).

Structural Geology

The Rocky Flats site is situated along the western margia of the Denver Basin,
approximately 4 miles east of the Front Range uplift (Figure 2-1). The Front Range is
the easternmost range of: mountains in the Southern Rocky Mountain Province. The
Denver Basin is a north-south-trending, asymmetrical basin with a relatively steep
western flank and shallow eastern flank. The basin is more than 13,000 feet deep at its
deepest point and contains bedrock of Paleozoic, Mesozoic, and Cenozoic age (EG&G,
1991a).

The major tectonic events that affected sedimentation in the Denver Basin include the
uplift of the Ancestral Rockies during the Pennsylvanian period and the Laramide
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Orogeny during the Late Cretaceous through middle-Paleogene period (Tweto, 1975).
During the Laramide uplift, erosion removed approximately 3,000 feet of sedimentary
cover, exposing the Precambrian core and supplying volumes of sediment to the
surrounding areas. Along the Front Range, these sediments are represented by the
Laramie, Arapahoe, Denver, and Dawson formations. Among these formations, only
the Laramie and Arapahoe formations are present at the Rocky Flats site; the Denver
and Dawson formations are present south of the site near Golden and east of the site in
the Denver Basin. The Laramie and Arapahoe formations are significantly finer
grained than the younger Denver and Dawson formations, which suggests that they
were farther from the sediment source at the time of deposition. This also suggests that
Laramide uplift began farther to the west and subsequently progressed eastward to the
existing location of the Front Range (Tweto, 1975; Hamilton, 1981 and 1988).

The Rocky Flats site is located within the Rocky Mountain foreland, which developed
during the Laramide Orogeny. Laramide structural features include basement-cored
ranges that trend north-northwest and are flanked by asymmetrical, elliptical basins.
The orientations of these ranges are consistent with a shortening direction oriented
northeast-southwest (Brown, 1988; Erslev, 1993). Many of the ranges are bounded by
low-angle thrust faults that dip under the ranges and form asymmetrical folds (Erslev,
1986; Erslev et al., 1988; Kittleson, 1991 and 1992; EG&G, 1995a; Selvig, 1994).
Based on fold asymmetry and vergence, these ranges reflect basin-directed slip. Other
ranges are bounded by blind faults and flanked by monoclinal folds. Many of the
structures associated with Laramide faulting reflect tectonic transport toward the ranges
(Selvig, 1994). '

West of the Rocky Flats site, Front Range fold geometries imply displacement toward
both the mountains and the Denver Basin. Sedimentary rocks along the Front Range
south of Coal Creek Canyon are generally overturned and attenuated by the west-
dipping Golden fault, indicating basinward slip (Van Horn, 1957). North of Coal

. Creek Canyon to the Wyoming border, range-directed faulting is most common. In this
area, the Front Range is offset to the northeast along northwest-trending, out-of-basin
faults. These east-dipping reverse faults form west-vergent fault-propagation folds
(Erslev 1986; Erslev et al., 1988). Eastward translation of the Front Range during the
Laramide Orogeny formed a north-trending monoclinal fold (see Figure 2-3), which is
displayed west of the Rocky Flats site by bedrock units of the Fox Hills Sandstone and
the Laramie Formation that dip steeply eastward toward the basin.

The geologic map presented in this report (Plate 2-1) illustrates the locations of several
faults southwest, north, and northwest of the Rocky Flats site. Since the map was
published in EG&G (1992a), the locations of faults in the vicinity of the
Marshall/Boulder Landfill (the large north-south-trending area of artificial fill east of
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Marshall Lake north of Rocky Flats) have been confirmed and are now correctly
identified on Plate 2-1 (Harding Lawson and Associates, 1993).

The Rocky Flats site is located in an area conducive to seismic activity due to regional
structural features. Prior to 1965, when a seismograph was installed at the University
of Colorado in Boulder, reliable information on earthquakes in Colorado was not
available. The only major earthquake recorded in the state prior to the installation of
the seismograph occurred in 1882. The magnitude estimates for this event range from
5.0 to 6.7 on the Richter Scale and are based on damage reports and the estimated area
over which the event was felt (Dames and Moore, 1981). The epicenter of this
earthquake was thought to be along a fault zone in the Piceance Basin, located near
Rifle, Colorado, which is approximately 150 miles west of Denver.

Since the 1882 earthquake, there has been little tectonic activity within the 200-mile
radius of Denver. The most recent newsworthy earthqliake occurred on December 25,
1994. The epicenter of this earthquake was located approximately 25 miles south of
Denver, near Castle Rock, Colorado. The magnitude of this earthquake was 4.0 on the
Richter Scale (J. Minsch, psrsonal communication, 1995).

Tremors were felt in Denver between 1962 and 1967 in the vicinity of the Rocky
Mountain Arsenal (RMA). These events have been attributed to the pumping of fluid
into a deep injection well at RMA and have been studied extensively (Healy et al.,
1968; Simon, 1968; Evans, 1970; Hseih and Bredehoeft, 1981; Major, 1981). The
three largest RMA events had magnitudes of 4.9, 5.2, and 5.3 on the Richter Scale
(DOE, 1980). Waste-disposal operations at RMA no longer use the deep injection
well. ' !

Many other studies on the structural geology of the Rocky Flats region have been
conducted. General discussions of the structure of the Front Range include those of
Ziegler (1917), Lavington and Thompson (1948b), McCoy (1953), Stewart (1955),
Boos and Boos (1957), Berg (1962a), Harms (1964), Tweto (1975), Whitkind (1976),
Stearns (1978), Sonnenberg (1981), and Curtis (1986).

Studies on Precambrian structure include those of Tweto and Sims (1963), Lickus and
LeRoy (1968), Matthews and Work (1978), and Weimer (1980). Other investigations
on specific faults, structural mechanisms, or structural events include those of Birdsall
(1956), Harms (1961), Berg (1962b), Stearns (1971), Taylor (1975), Davis and Weimer
(1976), Kirkham (1977), Weimer and Davis (1979), Weimer and Tillman (1980), Gries
(1983), and Davis (1985).
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Quaternary Geology and Geomorphology

Quaternary and Recent sediments in the Rocky Flats area include alluvial deposits,
landslide and slump deposits, valley-fill alluvium, and artificial fill (Plate 2-1). The
early Pleistocene Rocky Flats Alluvium that caps the pediment at Rocky Flats is a
poorly sorted alluvial-fan deposit predominantly composed of clasts of quartzite,
granite, gneiss, schist, sandstone, and pegmatite (USGS, 1994). Alluvial terraces occur
at different elevations in stream valleys across the site, with higher terraces interpreted
as being older than lower terraces (Scott, 1960a; Van Horn, 1976). These deposits
include the Verdos Alluvium, Slocum Alluvium, Louviers Alluvium, and Broadway

. Alluvium and are composed of clayey, coarse gravel and coarse sand (Scott, 1960a).

Figure 2-4 illustrates the Rocky Flats pediment, the stratigraphic position of the Rocky
Flats Alluvium on top of the pediment, and alluvial terraces at other elevations in the
vicinity that also are composed of Quaternary deposits (Scott, 1960a, 1960b, and 1963).
Valley-fill alluvium consists of channel and terrace deposits in and along Rock Creek,
Coal Creek, and Walnut Creek. The valley-fill alluvium includes the pre-Piney Creek
Aluvium of Scott (1960a), the Piney Creek Alluvium of Hunt (1954), and the post-
Piney Creek Alluvium of Malde (1955). These deposits are early Recent to late Recent
(Sheridan et al., 1967) and are composed of humic clay, silt, sand, and pebbly sand
with gravel lenses (EG&G 1992a).

The Quaternary geology of the Front Range is discussed in Robb (1948), Hunt (1954),
Malde and Van Horn (1965), Scott (1965, 1970, and 1975), Campbell (1966), and
USGS (1994).

Soil Formation

Soil that has formed as a result of weathering processes and plant growth within the
upper part of the Rocky Flats Alluvium is one of the most strongly developed soils in
the Colorado Piedmont (Machette et al., 1976a and 1976b). At the Rocky Flats site,
soils within the major drainage basins (Rock Creek, Walnut Creek, and Woman Creek)
are well-drained, clayey gravel soils that have formed in material derived from
Cretaceous claystones. Elsewhere across the site, the soils have formed on mixed
alluvial deposits and are well drained, cobbly, and gravelly (Price and Amen, 1983).
Other studies of the soils and paleosols in the area include those of Laughon (1963),
Malde and Van Horn (1965), Campbell (1966), and Baker (1973).

Economic Geology

The Front Range region has been explored and mined for a variety of economic
resources. Near the Rocky Flats site, these resources have included uranium, crushed
rock, oil and natural gas, coal, clay, and sand and gravel. Mining activities in nearby
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portions of the Front Rangz have also targeted precious and base metals such as gold,
silver, lead, and zinc (Lovering and Goddard, 1950b; USGS, 1968).

Uranium has been derived from metamorphic rocks in the area (Bird, 1957). The
nearest uranium mine, the Schwartzwalder uranium mine, is located approximately 4
miles southwest of the Rocky Flats site and was the largest vein-type uranium deposit
mined in Colorado. As of 1980, ore shipments had yielded over 11,500,000 pounds of
uranium oxide (U3Og). The mine was closed in 1989. Uranium is no longer mined in
the area and will not be mined at the Rocky Flats site in the future. The source rocks
for uranium are too deep beneath the site (EG&G, 1994b).

Crushed rock is currently mined near the Rocky Flats site and is used as riprap,
concrete aggregate, and road material. Several quarries have extracted rock from the
Precambrian interlayered gneiss and the Tertiary igneous rock exposed in the Golden
Quadrangle (EG&G, 1994b). Presently, rock is being quarried from the Ralston Dike.
- This is the nearest quarry to the Rocky Flats site and is located approximately 4 miles
southwest of the site. Crushed rock will not be mined at the Rocky Flats site in the
future. The source rocks for crushed rock are too deep beneath the site (EG&G,
1994b).

Sedimentary rocks of the Denver region host significant reserves of hydrocarbons
(Kirkham and Ladwig, 1980; Sonnenberg, 1981). Petroleum has been discovered
within the Pierre Shale as well as the Dakota Group (Weimer, 1976). Other possible
producing units beneath the Rocky Flats site include the Lyons Sandstone, Benton
Shale, and the Niobrara Formation (Fort Hays Member) (Van Horn, 1976). Entrapment
of petroleum has occurred principally in channel sandstones deposited in delta-plain
settings. The nearest oil field is a small field located north of Boulder (EG&G,
1994b). No commercial accumulations of oil or natural gas have been identified in the
area around the Rocky Flats site.

Coal has been mined from the base of the Laramie Formation. The coal was formed in
a poorly drained, swampy environment within a delta-plain. Historically, an estimated
10 million tons of coal has been removed from 13 mines in the Golden quadrangle
south of the Rocky Flats site. Coal has also been removed from areas west and
northwest of the Rocky Flats site, including the Boulder-Weld coal field (Colton and
Lowrie, 1973; Spencer, 1986). No coal has been mined in the area since 1953 (DOE,
1980). The Caprock Mine, located near the southwest corner of the Rocky Flats site,
was the closest coal mining operation. Access to the thin coal seams is no longer
convenient, and it is postulated that few sizable coal deposits remain (EG&G, 1994b).
The resource potential for coal at the Rocky Flats site is low.
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Clay has been quarried from the Laramie Formation and the Pierre Shale in a narrow
strip from Coal Creek to south of Golden (Waage, 1952; Van Sant, 1959; EG&G,
1994b). Clay is currently being mined from three pits near the base of the Laramie
Formation southwest of the Rocky Flats site. Clay is also being mined from the upper
portions of the Pierre Shale and treated to form a lightweight aggregate at the Western
Aggregate plant near the northwest corner of the Rocky Flats site (EG&G, 1994b) The
resource potential for clay at the site is low.

Extensive deposits of sand and gravel occur in the Rocky Flats area (Schwochow et al.,
1974; Trimble and Finch, 1974). Van Horn (1976) estimated that approximately 250
million cubic yards of sand and gravel in the Golden quadrangle are suitable for
concrete and mineral aggregate. The Rocky Flats Alluvium is the main source of sand
and gravel at the Rocky Flats site; the nearest operating sand and gravel quarry is
located in the northwest corner of the Buffer Zone (EG&G, 1994b). Because the
Rocky Flats Alluvium is present across the site, sand and gravel are the only resources
on the site that have potential for future excavation.

2.2.6 Environmental Geology

Several investigations have been conducted to examine the nature and extent of
contamination in environmental media at the Rocky Flats site. Some of these studies
have included descriptions of the geology of specific areas across the site, as discussed
in Section 3.4.

The environmental geology of the region surrounding the site has been summarized by
Hansen and Crosby (1982). Their investigations were broad-based, focusing on the
environmental geology of the Denver urban corridor and the surrounding area.
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3. Previous Studies of Rocky Flats Geology

The geology of the Rocky Flats site has been studied extensively; the most
comprehensive summaries to-date have been the 1991 Geologic Characterization
Report and the 1992 Geologic Mapping Report (EG&G, 1991a and 1992a,
respectively). Additional studies of site geology and documents containing summaries
of site geology include Lackey et al. (1976a and 1976b), Rockwell International (1986a
and 1988), and EG&G (1994c). Reports discussing lithology and stratigraphy,
structural geology, economic geology, and environmental geology are detailed below.

31 Lithology and Stratigraphy

The geologic map (scale 1:12,000) of the Rocky Flats site and surrounding area (Plate
2-1) is a reconnaissance-level map produced using data obtained from detailed field
mapping of surface outcrops; measurement of exposed stratigraphic sections; and
microscopic examination of outcrop samples, drill-core samples, and thin sections
(EG&G, 1992a). '

Portions of five published geologic maps covering the Rocky Flats site and vicinity
(Malde, 1955; Spencer, 1961; Sheridan et al., 1967; Wells, 1967; and Van Horn, 1972)
were also referred to during mapping activities. The inconsistencies in the definition
and location of contacts between Cretaceous units encountered in the previously
published maps were investigated during field mapping, as discussed in EG&G
(1992a). ~

A map of surficial deposits (scale 1:6,000) of the Rocky Flats site (Plate 4-1) was
produced as part of this study using data obtained from detailed field mapping and
inspection of aerial photographs (USGS, 1994). This map provides detailed
documentation of the location of Quaternary and Recent deposits across the site,
including artificial fill, alluvium, colluvium, and landslide deposits and is discussed in
detail in Section 4, Quaternary Geology.

Numerous subsurface investigations have been conducted across the Rocky Flats site to
assess the underlying sediments (e.g., R.V. Lord and Associates, Inc. 1962; Materials
and Substructures, 1964; Empire Laboratories, Inc., 1974; and Aguirre Engineers, Inc.,
1988). These investigations included the drilling and coring of soil borings and the
installation of monitoring wells. Maps illustrating the current monitoring-well network
and the locations of all boreholes across Rocky Flats are included in this report as
Plates 3-1 and 3-2, respectively; spreadsheets summarizing geologic and hydrogeologic
data from monitoring wells and boreholes are included as Appendices A and B,
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respectively. These data were used to prepare new sitewide maps presented in Sections -

~ 4andS5.

Seismic investigations were conducted across the site to provide information on
stratigraphy and structural geology. The presence of buried channel sandstones within
the Arapahoe and Laramie formations was investigated during these studies (Oliviera,
1975; Rockwell International, 1989a and 1989b; EBASCO Services, Inc., 1990;
EG&G, 1991b and 1992b). Wright Water Engineers reprocessed and reviewed the
seismic-reflection data collected within OU2 (DOE, 1994a); their study suggested that,
although channel complexes and isolated sand units were present within the Arapahoe
and Laramie formations, these two sedimentary units could not be distinguished from
one another using seismic data. Therefore, because of the lack of velocity contrasts in
shallow subsurface units, seismic interpretations are questionable.

Paleochannels in the sedimentary rocks beneath the site are of particular interest
because they comprise coarser (and potentially more permeable) materials that may be
preferential pathways of groundwater flow and contaminant migration. The 1991
Geologic Characterization Report (EG&G, 1991a) defined the approximate extent of
paleochannels and the location of the Arapahoe Formation sandstone lenses. In another
investigation, the locations of paleochannels in the Arapahoe Formation at OU2 were
better defined using geologic data from additional boreholes (DOE, 1993d). In each of
these studies, interpretations were based on field observations and analyses of core
logs. The field observations were conducted by experienced geologists, and the core
logs were reviewed in accordance with the core-logging procedures outlined in Section
4.1.2, Other Sitewide Maps.

3.2 ‘Structural Geology

As referenced below, the structural geology of the Rocky Flats site has been assessed in
a number of studies. These studies have focused on identifying faults, determining if
the faults are affecting groundwater flow, and assessing their potential seismic risk.

Faults have been identified in the Rocky Flats area using stratigraphic and seismic
techniques. Studies in which faults have been documented include Davis (1976),
EG&G (1990a and 1993a), DOE (1994a), and Selvig (1994). Other structural fractures
(e.g., small anticlines and synclines) were identified in underlying bedrock using
seismic methods (EG&G, 1992b and 1993b). The effect of structural features on
groundwater flow was investigated in Davis (1976) and EG&G (1990a). Dames and
Moore (1981) analyzed the tectonic activity in the region and concluded there was no
evidence for recent movement along the faults. A more detailed discussion on previous
studies of the structural geology of the Rocky Flats site and vicinity is provided in
Section 7.1, Summary of Previous Studies.
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EG&G is currently conducting a program to further investigate the location and activity
of potential faults identified in previous studies and in the current study. Seismic-
refraction surveys were conducted across approximated locations of potential faults in
order to evaluate the continuity of the contact between Cretaceous bedrock and Rocky
Flats Alluvium and to determine the thickness of the alluvium. Boreholes were drilled
and trenches were excavated across a potential fault to better define its location.
Section 7.2, Summary of Current Studies, contains a thorough summary of ongoing
investigations of structural features in the Rocky Flats vicinity.

33 Economic Geology

The economic resources in the Rocky Flats vicinity include uranium, crushed rock, oil
and natural gas, coal, clay, and sand and gravel. The location and abundance of these
resources have been documented by Bass and Cashion (1951) and Jensen and Scott
(1951). A compilation of population, economic, and land-use data for the region
surrounding Rocky Flats was prepared by DOE (1990); EG&G (1994b) also contains a
summary of economic geology of the site.

34 Environmental Geology _ -

Numerous environmental investigations have been conducted at Rocky Flats to
characterize the site and assess the magnitude and extent of contamination in soil, air,
surface water, and groundwater. Reports containing summaries of the geology of
specific areas of the site in the form of geologic maps, geologic figures, or discussions
based on subsurface-drilling information include an environmental assessment (DOE,
1986a), an environmental impact statement (DOE, 1980), an assessment of
environmental conditions (DOE, 1989), a report of historical releases (DOE, 1992b),
reports on environmental status (Rockwell International, 1975, 1976, 1978, 1980, 1981,
1982, 1983, 1984, 1985, 1986b, and 1989c; DOE, 1986b; EG&G, 1990b, 1991c, and
1992c;), and reports on the biology and ecology of the site (EG&G, 1990c, 1991d, and
1992d; DOE 1991a, 1991b, 1991c, 1991d, 1991e, and 1992c; CSU, 1992a and 1992b).

Remedial investigations (RIs) have been conducted at several of the OUs at the Rocky
Flats site under DOE’s Environmental Restoration (ER) program to satisfy the
requirements of RCRA and CERCLA (Rockwell International, 1987; DOE, 1991f,
1992d, 1992e, 1992f, 1992g, 1992h, 1992i, 1993b, 1993c, 1993d, 1994b, 1994c, and In
Progress). The resulting RI reports include a site characterization that describes the
surficial and bedrock geology and presents maps and cross sections. Compared to
sitewide studies, the RIs are much more intensive and provide detailed descriptions of
the geology within local areas. Annual RCRA groundwater monitoring reports
(Rockwell International, 1989d; EG&G, 1990d, 1991e, 1992e, 1993c, and 1994d) and
other studies of the geochemistry of groundwater, surface water, and sediments
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(EG&G, 1991f, 1992f, 1992g, 1993d, 1993e, 1994c, and 1994e) also provide
information on the geology of the site.

Additional relevant investigations conducted in the Rocky Flats area have included
Krey and Hardy (1970), Owen and Steward (1973), Krey et al. (1976), Llisley (1983),
and Litaor (1993).
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4.1

4.1.1

Quaternary Geology

Surficial geologic deposits overlie Cretaceous bedrock units and cover most of the
ground surface at the Rocky Flats site. Surficial deposits vary in thickness across the
site; the physical characteristics of these deposits control—to a large extent—
groundwater recharge, near-surface flow, and contaminant migration (see
Hydrogeologic Characterization Report, EG&G, 1995a). In addition, the composition
and physical characteristics of the deposns strongly influence soil formation and
vegetation growth.

Existing informati_on describing the surficial deposits at Rocky Flats was compiled
from a variety of sources, including previous sitewide geology studies (EG&G, 1991a
and 1992a), OU-specific reports (DOE, 1993c and 1994c), and lithologic data from
1,498 core logs (Appendices A and B). These data were integrated with information on
the surficial geology obtained during the present study (USGS, 1994), and the resulting
data set was used to generate a series of sitewide maps that illustrate lithologic and
physical variations in the surficial deposits. Photographs of surficial deposits in
outcrop are also presented.

Methodology

The following subsections describe the methods used to compile, integrate, analyze,
and display the geologic data presented in this section. Several maps have been
prepared using data primarily from borehole geophysical and lithologic logs. Data
from geologic mapping projects, seismic studies, and other field investigations were
also used to prepare the illustrations that present geologxc data for the entire Rocky
Flats site.

Geologic Map of Surficial Deposits

In 1993 and 1994, the U.S. Geological Survey (USGS) compiled a comprehensive map
of the surficial deposits at the Rocky Flats site for DOE. This map is shown, with
minor OU-specific modifications, as Plate 4-1. In addition, the report prepared by the
USGS (USGS, 1994) to accompany the map is included as Appendix C.

The map of surficial deposits at the Rocky Flats site and vicinity was constructed using
data obtained primarily from detailed field mapping and inspection of aerial
photographs. Additional data, including existing core logs, shallow seismic-refraction
and electrical-resistivity measurements, shallow trench excavations, descriptions of
clast lithologies, and laboratory analyses, were also used in map construction.

Mappable surficial deposits were defined as “those units greater than 3 feet thick.” Age
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assignments for surficial deposits (Figure 4-1) were based chiefly on height above
stream level, post-depositional modification of surface morphology, and degree of soil
development; divisions of Pleistocene time for map units correspond to those identified
by Richmond and Fullerton (1986).

Most of the geologic contacts, springs, and seeps were transferred to the geologic map
‘from false-color infrared aerial photographs (scale = 1:9,000) taken on July 1, 1989. .
Some of the bedrock contacts and all of the bedrock descriptions were modified in part
from Hurr (1976) and EG&G (1992a). Some of the geologic contacts on the geologic
map of the area (Plate 2-1) are different than contacts on the surficial geologic map of
the site (Plate 4-1), because the geologic map (Plate 2-1) is a reconnaissance map that
focused on contacts between bedrock units, whereas the surficial geologic map (Plate
4-1) is a more detailed map that focused on contacts between surficial deposits.

Soil horizons described in the USGS report (see Appendix C) were designated based on
information obtained from the Soil Survey Staff (1975) and Guthrie and Whitty (1982).

The methodology of Gile et al. (1966) was used to identify and describe secondary
calcium-carbonate development within the surficial deposits. Descriptions of grain
sizes were based on visual estimates and correspond to the modified Wentworth scale
(American Geological Institute, 1982). In the descriptions of the map units (Appendix
C), the term “clast” refers to the fraction that is greater than 2 millimeters in size, and
the term “matrix” refers to the fraction that is less than 2 millimeters in size. The color
of the surficial deposits was determined by comparison of the dry matrix to the Munsell
Soil Color Chart (Munsell Color, 1973).

The relative ages of alluvial deposits were determined from their stratigraphic position,
location, and composition. The Rocky Flats Alluvium is well exposed adjacent to clay
and gravel pits in the western portion of the map area. The Verdos Alluvium is well
exposed along Indiana Street at the eastern margin of the map area. Valley-fill deposits
of post-Piney Creek and Piney Creek Alluvium and terrace deposits were not
subdivided because they lack sufficient exposures in the vicinity of the Rocky Flats site
for the identification of age-related properties.

Colluvial deposits—including gravity, landslide, and sheet-erosion deposits—were
identified by their morphology in conjunction with their stratigraphic and geographic
positions. Discontinuous deposits of colluvium less than 3 feet thick were not mapped.
Colluvium and old landslide deposits commonly lack distinct topographic expressions;
therefore, the contacts between these deposits illustrated on Plate 4-1 are considered to
be approximate.
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4.1.2

4.1.2.1

Other Sitewide Maps

Since 1986, core logs have been generated for hundreds of borehole and monitoring-
well locations at Rocky Flats. Core logs are routinely compiled as part of most drilling
tasks undertaken at the site. The Unified Soil Classification System (USCS) is used to
classify and describe the surficial deposits represented in the core logs. The term
“soil,” as used in the USCS, is defined as unconsolidated, non-bedrock material.

The USCS is a textural classification system based on the percentage of gravel, sand,

silt, and clay; the observed plasticity; and organic content (U.S. Army Corps of

Engineers, 1960) (Table 4-1). The USCS was originally devised to classify
unconsolidated materials according to their engineering properties and potential use as
construction material.

Prior to 1991, cores of surficial materials were categorized into USCS divisions by
visual estimation of textural parameters. Since 1991, surficial deposits have been
described in accordance with Rocky Flats Standard Operating Procedure (SOP) GT.01,
Logging Alluvial and Bedrock Material (EG&G, 1992h), which is a slightly more
rigorous procedure. Key 1989 cores logged prior to 1991 were relogged in accordance
with these procedures. All core logs were reviewed and approved by EG&G geologists
before they were put in final form. Lithologic data from different site programs are
considered comparable because core is logged using standardized procedures and the
core logs are reviewed by qualified geologists. The information obtained during core
logging is stored electronically; both narrative descriptions and graphic depictions of
the core are available from the Rocky Flats Environmental Database System (RFEDS).

Data describing the thickness of surficial deposits and the depth to the top of the
bedrock surface were obtained from the core logs at each location and compiled in two
working databases for wells and boreholes (Appendices A and B, respectively). These
data and lithologic descriptions of the deposits at each location were used to construct
the sitewide maps, as described in the following subsections.

Isopach Map of Surficial Deposits

An isopach map of surficial deposits (Plate 4-2) was constructed using software from
both the Interactive Surface Modeler (ISM) from Dynamic Graphics, Inc. (DGI) and
ARC/INFO®. The data used to generate this map (i.e., the thickness of surficial
materials at a specific location) were derived from cores that extended into bedrock

~ (see Appendices A and B). Surficial deposits were defined as those alluvial, colluvial,

and artificial-fill deposits that have been deposited since the Cretaceous.

The thickness of the surficial deposits at each location was calculated by subtracting the
elevation at the top of bedrock (Plate 4-3) from the ground-surface elevation (Figure
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1-2). These scattered geologic data were gridded using ISM according to a minimum-
tension algorithm; the data were then contoured and, when necessary, modified by
EG&G project geologists to maintain consistency and honor the topographic surface.
The edited contours were converted from Dynamic Graphics format to ARC/INFO®
format for final presentation in Plate 4-2.

4.1.2.2 Elevation Map of the Bedrock Surface

An elevation map for the top-of-bedrock surface (Plate 4-3) was prepared using the
elevation of the alluvial/bedrock contact as determined from the core logs extending
into bedrock (see Appendices A and B). These scattered geologic data were gridded
using ISM according to a minimum-tension algorithm; the data were then contoured
and converted to an ARC/INFO® format. The resulting contours were then reviewed
and, when necessary, modified by EG&G project geologists to conform with additional
control (i.e., bedrock outcrops) not present in the database.

4.1.2.3 USCS Soil Maps

The distribution of USCS soil types at the ground surface is illustrated on Plate 4-4.
The distribution of USCS soil types immediately above the bedrock unconformity is
shown on Plate 4-5. The topographic map of the site (Figure 1-2) was used as the base
map for Plate 4-4, whereas the bedrock-surface elevation map (Plate 4-3) was used as
the base map for Plate 4-5. The USCS designations were grouped in the manner shown
in Table 4-2. Contacts between the different USCS groups were drawn by hand and
subsequently digitized using ARC/INFO®.

Geologic core logs were used to determine the USCS soil types for each map. For the
USCS surface-soil map, the shallowest soil type recorded for each drill-core location
was selected from lithologic logs (see Appendices A and B). Due to the poor core
recovery of the surficial materials, some core-log descriptions start at approximately 1
foot below the surface. Therefore, the soil type mapped for a particular location on
Plate 4-4 may actually be slightly deeper than ground surface.

The USCS soil type above the bedrock unconformity map (Plate 4-5) illustrates the
USCS designation noted on the geologic core logs for the surficial deposit immediately
above the alluvial/bedrock unconformity (see Appendices A and B). This view is also
referred to as the “worm’s-eye” view because it represents the view looking up from
the bedrock contact, as opposed to the “bird’s-eye” view looking down on the ground

surface. '

Because boreholes and monitoring wells are distributed non-uniformly across the site,
the USGS surficial geologic map (Plate 4-1) was used to interpret the USCS soil types
in areas where few boreholes or wells are present (e.g., remote areas of the Buffer
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4.2

4.2.1

Zone). Assumptions were made about the type of deposits most likely to be present in N
these areas of low control, and USCS soil assignments were made accordingly. These
assumptions were made based on the surficial geologic unit present at a specific
location. On the USCS surface-soil map, in general, the Rocky Flats Alluvium and
Slocum Alluvium on Plate 4-1 were mapped as gravel, the Piney Creek and Post-Piney
Creek Alluvium was mapped as sand, and the landslide units were mapped as clay. On
the USCS “worm’s eye” view map, in general, the Rocky Flats Alluvium and Slocum

“Alluvium on Plate 4-1 were mapped as gravel, the Piney Creek and Post-Piney Creek

Alluvium was mapped as gravel, and the landslide units were mapped as clay. The
colluvial deposits on Plate 4-1 were mapped on each of the USCS maps as gravel in
areas where the Rocky Flats Alluvium appeared to be the source rock and as clay in
areas where the bedrock appeared to be the source rock.

Description of USGS Map Units

The geologic map prepared by the USGS (Plate 4-1) subdivides surficial deposits into
three main types: artificial fill, alluvium, and colluvium. Within these deposits are
several map units that are described below. The criteria used to identify the various
map units are presented, along with descriptions of their age, distribution, depositional
environment, composition, and morphology of the deposits. Unless otherwise noted,
the information presented in this subsection was obtained from USGS (1994).

Artificial Fill

Artificial fill was defined during mapping activities as compacted and uncompacted fill
material composed of varying amounts of sand and finer material, heterogeneous
cobbles and boulders, and refuse. Areas of artificial fill are located throughout - the
Rocky Flats site (Plate 4-1). These include road and railroad embankments, earth
dams, areas adjacent to the Solar Evaporation Ponds, engineered fills, compacted and
uncompacted landfills, and spoil piles along some of the irrigation ditches. The
deposits of artificial fill are commonly less than 10 feet thick, although some of the
earth dams and landfills are greater than 30 feet thick.

Areas of artificial fill on the north side of the South Interceptor Ditch and at the head of
the unnamed tributary north of North Walnut Creek are landfills. Fill areas adjacent to
the gravel and clay pits near the western boundary of the Buffer Zone are mine dumps
composed of uncompacted surficial material and heterogeneous cobbles and boulders.
The original surface material surrounding the Protected Area (PA) in the central portion
of the Industrial Area was removed, regraded, and filled with artificial fill (mainly
sand) during installation of the security fence. Within the PA, an east-northeast-
trending tributary of North Walnut Creek was also filled in during construction of
various buildings and roads. .
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422 Alluvial Deposits

Alluvial deposits of various ages are present at the Rocky Flats site. These deposits
comprise the Slocum Alluvium, Verdos Alluvium, and Rocky Flats Alluvium and are
composed of clay, silt, sand, and heterogeneous pebbles, cobbles, and boulders.
Alluvial deposits are mainly present on pediments, but are also present along flood
plains, stream channels, and terraces along Rock Creek, Walnut Creek, Woman Creek,
and their tributaries. Plate 4-1 illustrates the lateral distribution of these deposits across
the Rocky Flats site; Figures 4-1 and 2-4 illustrate the age and stratigraphic
relationships among these alluvial deposits in the vicinity of the site.

4.2.2.1 Pinej Creek Alluvium and Post-Piney Creek Alluvium, Undivided

The Piney Creek Alluvium and post-Piney Creek Alluvium, undivided, also referred to
as valley-fill alluvium, consists of channel and terrace deposits in and along most of the
ephemeral streams that cross the Rocky Flats site (Plate 4-1). These fluvial sediments
were deposited during the current epoch and are composed of clay, silt, sand, and
pebbly sand with silty and cobbly gravel lenses. This map unit includes the Piney
Creck Alluvium described by Hunt (1954) and the post-Piney Creek Alluvium
described by Malde (1955).

Clasts in the Piney Creek Alluvium and post-Piney Creek Alluvium, undivided, map
unit are primarily subangular Precambrian quartzite with a minor amount of
subrounded sandstone derived from reworked Quaternary deposits. The unit contains
abundant remains of Bison bison but no definite Pleistocene fossils (Malde, 1955).
Bones of a large vertebrate were also found along Walnut Creek, near the eastern
margin of the Buffer Zone. '

In the western portion of the site, the unit commonly becomes finer grained
downstream and consists of clast-supported, slightly bouldery, pebbly and cobbly
gravel in a dark-gray sand matrix. In the eastern portion of the map area, the alluvial
unit includes two distinct sub-units. The upper part is a slightly pebbly, grayish-brown,
silty sand to sandy, clayey silt. The lower part is a poorly sorted, clast-supported,
slightly cobbly, pebbly gravel in a light-yellowish-brown, clayey, silty sand matrix.

The Piney Creek Alluvium contains stage I carbonate veinlets (Gile et al., 1966) and,
locally, one or more buried soil “A” horizons approximately 2 to 3 inches thick. The
Piney Creek Alluvium also may contain expansive clay derived from Upper Cretaceous
claystone bedrock and locally may have a high potential for swelling (Hart, 1974). The
Piney Creek Alluvium forms low terraces approximately 3 to 6 feet above stream level
that locally have poorly preserved bar-and-channel morphology. In contrast, the post-
Piney Creek Alluvium forms stream channels and flood plains that have well-preserved
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bar-and-channel morphology. Additionally, the Post-Piney Creek Alluvium lacks
secondary calcium carbonate.

The Piney Creek Alluvium and post-Piney Creek Alluvium, undivided, varies in
thickness from less than 10 feet to greater than 40 feet, with an average thickness of
approximately 10 feet. These deposits occur as high as 25 feet above the level of
modern streams (Figure 2-4) (EG&G, 1992a). The valley-side portion of some of the
terraces is locally mantled by colluvium and landslide deposits.

Terrace Alluvium, Undivided

The terrace alluvium map unit, deposited during the middle through late Pleistocene
epoch (Figure 4-1), forms small terraces and terrace remnants approximately 10 to 30
feet above the level of modern streams. The thickness of the unit is approximately 10
to 20 feet.

In the western portion of the site, the terrace alluvium is composed of clast-supported,
slightly bouldery, pebbly and cobbly gravel in a light-yellowish-brown to reddish-
brown sand matrix. These deposits lack bar-and-channel morphology. Clasts are
composed of subangular quartzite. Locally, the unit contains beds and lenses of sandy,
pebbly gravel, and pebbly sand. This portion of the terrace alluvium is probably
composed mostly of the Slocum Alluvium. In this area, obscure field relationships
precluded a positive identification of this unit. Therefore, these deposits were
summarily grouped into the terrace alluvium unit.

In the eastern portion of the site, the terrace alluvium is composed of a slightly cobbly,
pebbly, silty sand to clayey silt, with mostly subangular clasts of quartzite. Similar
deposits form terraces and terrace remnants throughout the Denver area (Trimble and
Machette, 1979) and are younger than the terrace alluvium deposits to the west. The
eastern portion of the unit is probably composed of the Broadway and Louviers
alluviums, which correlate with the Pinedale and Bull Lake glaciations, dated
approximately 10,000 to 35,000 and 140,000 to 150,000 years, respectively (Scott,
1962 and 1963; Van Horn, 1976; Madole, 1991).

Slocum Alluvium

The Slocum Alluvium is a middle Pleistocene (approximately 240,000 years [Madole,
1991]), poorly exposed, and thin (approximately 5 to 10 feet) deposit, much of which
has been removed by erosion. It consists of clast-supported, cobbly gravel in a brown
to reddish-brown sand matrix, sandy pebbly gravel, and pebbly sand. Clasts within the
Slocum Alluvium are composed mostly of subangular quartzite and are as much as 10
inches long.:
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A thin layer (approximately 2 inches) of pebbly, clayey, sandy silt that locally mantles
the Slocum Alluvium and older alluvial units in the eastern third of the site was not
mapped. This layer is weathered and may be partially composed of middle Pleistocene
loess that contains clasts from the underlying gravelly alluvium. This material may be
derived from older loess described by Scott (1963).

The Slocum Alluvium forms small remnants of valley-fill or pediment deposits (Plate
4-1) approximately 30 to 60 feet above Woman Creek in the southeastern portion of the
site (Figure 2-4). The Slocum Alluvium was included with the undifferentiated terrace
alluvium unit on Plate 2-1, an earlier, reconnaissance geologic map of the site (EG&G,
1992a).

4.2.2.4 Verdos Alluvium

The Verdos Alluvium is early middle Pleistocene (Epis et al., 1980) in age. Beds and
lenses of the Lava Creek B volcanic ash (dated 620,000 years) have been noted in the
upper part of the unit at a few localities in the Denver area (Hunt, 1954; Van Horn,
1976). This unit forms remnants of valley-fill and pediment deposits that are about 100
to 150 feet above stream level in the eastern part of the site and about 100 feet above
stream level in the northwestern portion of the site (Figures 2-4 and 4-1). The Verdos
Alluvium commonly consists of beds and lenses with three distinct textures: (1) poorly
sorted, clast-supported, cobbly, pebbly gravel in a brown to reddish-brown sand matrix;
(2) poorly sorted to moderately well-sorted, clast- and matrix-supported, sandy, pebbly
gravel; and (3) pebbly, silty sand. The clasts, mainly composed of subangular quartzite,
are reworked from the Rocky Flats Alluvium.

The upper part of the Verdos Alluvium contains a thin, argillic (Bt) soil horizon
approximately 1.5 to 2.5 feet thick. The Bt horizon overlies a discontinuous, stage III-
IV K horizon that is as much as 2 feet thick and contains 26- to 93-percent calcium
carbonate in the less-than-2-millimeter size fraction (Machette et al., 1976a).

4.2.2.5 Rocky Flats Alluvium

The Rocky Flats Alluvium is the most laterally extensive alluvial deposit in the Rocky
Flats area (Plate 4-1). The type locality of the Rocky Flats Alluvium is an abandoned
gravel pit on the southeastern margin of the Rocky Flats pediment approximately one-
half mile south of the site (NW 1/4, SW 1/4, Section 23, T2S, R40W). The Rocky
Flats Alluvium was first described at this gravel pit by Scott (1960a) as a sheet of
reddish-brown, poorly sorted, stony, coarse sand, 10 to 25 feet thick, unconformably
overlying a pediment cut on bedrock. Major characteristics of this deposit are
summarized below.
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Age

The age of the Rocky Flats Alluvium can be inferred from its geomorphic relationships
with nearby younger and older alluvial units. The Rocky Flats Alluvium lies
approximately 45 feet lower than a small deposit of pre-Rocky Flats Alluvium, located
approximately one-half mile west of the map area, and is considered to be early
Pleistocene in age (Figures 2-4 and 4-1) (Van Homn, 1976). Further, the Rocky Flats
Alluvium lies approximately 45 to 75 feet above the Verdos Alluvium, which contains
beds and lenses of a radiometrically dated volcanic ash (the Lava Creek B volcanic ash)
in its upper portions. These age assignments bracket the age of the Rocky Flats
Alluvium into the early or late early Pleistocene epoch (Epis et al., 1980).

Sedimentology and Depositional Environment

The sedimentology and depositional environment of the Rocky Flats Alluvium has
been determined by examination of outcrops and core logs. Characteristics such as the
geometries of the depositional units, grain-size differentiation, and the degree of sorting
were used in assessing the depositional environment. The Rocky Flats Alluvium was
deposited by a system of coalescing alluvial fans aggraded by debris flows and braided
streams along the base of the Front Range (Malde, 1955; Scott, 1960; Hurr, 1976).

Alluvial fans typically develop where streams and debris flows emerge from the
confines of a valley or canyon into an adjoining basin. As sediment-laden streams exit
the mouths of canyons, the lack of confinement allows the streams to flow over a
wider, less-restricted area. As a result of this change in channel confinement and
changes in stream gradient, flow velocity decreases and sediment is deposited.
Ephemeral braided streams and debris flows transport the sediment across the alluvial
fan (Davis, 1983).

Models of an alluvial-fan system suggest that sand and fine gravel are deposited in
channels and along banks, whereas silt and clay are deposited mainly on flood plains
and on transverse and longitudinal bars (McGowen and Groat, 1971; Miall, 1978). The
general geomorphic features of alluvial fans and the associated sedimentary deposits
are illustrated in Figures 4-2 and 4-3. The cross section in Figure 4-3 shows the general
stratigraphic package associated with each environment. Outcrop photographs (Figures
4-4 through 4-10) illustrate the nature of these alluvial-fan deposits.

Several depositional environments can be identified within the Rocky Flats Alluvium,
including the proximal-fan, mid-fan, and distal-fan environments. Well-developed
channels, thalweg sieve deposits, and coarse debris flows have been identified within -
the Rocky Flats Alluvium in the western portion of the Rocky Flats site; these represent
a proximal-fan (near fanhead trench) depositional setting. Debris flows comprise
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interdigitated sheets with non-erosive basal contacts; they may occupy channels cut by . -

water flow. Figure 4-4 shows a schematic diagram and an outcrop photograph
illustrating debris-flow stratigraphy and the relationships between flood-stage currents
(i.e., debris flows) and waning-stage currents. Figures 4-5 and 4-6 also illustrate
proximal-fan deposits in outcrop at the Rocky Flats site. '

'Mid-fan deposits are present in the central portion of the site (including the Industrial
Area); these include a braided network of shallow channels with debris-flow and water-
lain deposits (DOE, 1993c and 1994c). Figure 4-7 illustrates a typical water-lain, mid-
fan, gravelly sand deposit in the Rocky Flats Alluvium. Water-lain deposits commonly
show erosive, channeled contacts and internal stratification related to bedload transport
or bedform migration. Some sheet-flood deposits have also been identified in the
central portions of the site, although these deposits are most commonly indicative of
distal-fan environments. o

The Rocky Flats Alluvium contains distal-fan deposits (e.g., sheet-flood deposits) in
the eastern portions of the site. Sheet-flood deposits accumulate as a result of
spreading of sediment-laden water as it exits a stream channel and are generally
composed of thin, widespread sheets of sand and fine gravel. Figure 4-8 illustrates the
typical lateral extent of sand lenses in the Rocky Flats Alluvium.

Geomorphology

The Rocky Flats Alluvium forms a large (approximately 10 square miles) fan-shaped
deposit with bar-and-channel morphology on the Rocky Flats pediment. The Rocky
Flats site is located near the eastern margin of the pediment. Eastward-flowing streams
have dissected the pediment in several locations, and in some areas Cretaceous bedrock
is exposed. In the eastern part of the site, the top of the Rocky Flats Alluvium is
approximately 150 to 230 feet above Rock Creek, Walnut Creek, and Woman Creek
(see Figure 2-4).

Thickness

The Rocky Flats Alluvium is locally much thicker than previously reported by Malde
(1955) and Scott (1960 and 1963). Available data indicate that the thickness of the
Rocky Flats Alluvium ranges from less than 5 to more than 100 feet. These data have
been obtained from local drilling projects (e.g., EG&G, 1991a; DOE, 1993c and
1994c), shallow seismic-refraction and electrical-resistivity measurements near Rocky
Flats Lake (Ackermann, 1974), and several trench excavations south and east of the
Industrial Area (Dames and Moore, 1981). During recent drilling at-OU11, more than
100 feet of Rocky Flats Alluvium was encountered (DOE, In Progress). The wide
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variation in thickness is attributed to the erosional nature of the underlying bedrock and
the upper surface of the Rocky Flats Alluvium.

Clast Composition

Precambrian igneous, metamorphic, and metasedimentary rocks exposed in Coal Creek
Canyon are the source of boulders and cobbles in the Rocky Flats Alluvium. The
Precambrian rocks are primarily quartzites, quartz monzonites, granodiorites, and mica
schists. Most clasts in the Rocky Flats Alluvium are derived from Coal Creek
Quartzite, which is composed of subangular, sutured quartz grains (Table 4-3). This
Early Proterozoic formation is a dense, very hard, well-bedded, white to light-gray,
locally micaceous, fine- to coarse-grained quartzite and conglomeratic quartzite (Wells,
1967). The Coal Creek Quartzite is exposed for several miles in the lower part of Coal
Creek Canyon west of the Rocky Flats site. Quartzite boulders as large as 4 feet in
diameter are present in the western part of the site; some of these boulders appear to be
abraded by wind erosion. The predominance of these distinctive quartzite clasts
distinguishes the Rocky Flats Alluvium from similar laterally equivalent deposits along
the Front Range. ‘

Granitic clasts were derived from the Boulder Creek Granodiorite and a slightly
younger quartz monzonite (Trimble and Machette, 1979). The Boulder Creek
Granodiorite is a mottled black and white, medium- to coarse-grained granodiorite
(Wells, 1967). The quartz monzonite is a light-brown to gray, fine-grained, foliated
rock that contains scattered biotite and muscovite flakes (Wells, 1967). Gneissic clasts
were derived from outcrops of a gray, medium-grained, foliated gneiss, containing
foliated mica schist. Granitic and gneissic clasts that are rich in mafic materials are
moderately to highly weathered.

Schist clasts are derived from the foliated mica schist in the gneissic rocks or a fine-
grained, well-foliated, mainly biotite and muscovite schist exposed near the mouth of
Coal Creek Canyon (Wells, 1967). Clasts of pegmatite and vein quartz were probably
derived from minor bodies that intruded the Proterozoic rocks west of the Front Range.

Other source rocks for clasts are the east-dipping sedimentary rocks exposed near the
mouth of Coal Creek Canyon. Clasts of quartzose sandstone were derived mainly from
the Lower Cretaceous Dakota Group and the Permian Lyons Sandstone. Clasts of fine-
to coarse-grained arkosic sandstone and conglomeratic sandstone were derived from
the Pennsylvanian and Permian Fountain Formation. A few subrounded sandstone
clasts were locally derived from nearby outcrops of the Cretaceous Laramie Formation
and Fox Hills Sandstone. A boulder-sized clast of probable Fox Hills Sandstone: origin
is shown in Figure 4-9. Some of these sandstone clasts are partially dié.integrated.
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Finer-grained clastics (sands, silts, and clays) are derived from the chemical and
mechanical weathering of these crystalline rocks.

Caliche -

Caliche is present in significant quantities (25 to 80 percent by volume) in some
stratigraphic intervals of the Rocky Flats Alluvium. Caliche, a type of calcium-
carbonate deposit, formed in situ after deposition (Brown, 1956; Gile et al., 1966).
Evaporation of water in the vadose zone increases the salinity of the remaining
solution, which may then reach saturation with respect to calcium carbonate. Further
evaporation results in the precipitation of calcium carbonate. Early stages of caliche
formation may produce either powdery granules or indurated nodules of calcite (Blatt ez
al., 1980).

The occurrence of caliche across the Rocky'Flats site is significant because it may
impact the vertical migration of groundwater. Some caliche zones have a wide lateral
extent and indicate pervasive secondary precipitation of calcium carbonate due to
subsurface evaporation of soil moisture in the vadose zone. A map illustrating the
approximate distribution of caliche at Rocky Flats was included in EG&G (1991a).

Caliche horizons are most commonly encountered within 10 feet of the ground surface
(DOE, 1994c). Figure 4-10 is an outcrop photograph illustrating a caliche-rich zone.

423 Colluvial Deposits

The colluvial deposits present at the Rocky Flats site include colluvium as well as
landslide and slump deposits. Colluvial deposits are composed of clay, silt, sand, and
gravel and occur along valley slopes (Plate 4-1). The development of colluvial material
along modern drainage slopes results from small-scale gravity slumping and mass
wasting of the surficial deposits. Colluvial material generally coarsens in a down-slope
direction; grain-size variations are the result of sorting associated with slope failure set
in motion by frequent stream incisement. :

4.2.3.1 Colluvium, Undivided

Colluvial deposits at the Rocky Flats site are middle Pleistocene to Recent in age
(Figure 4-1). These deposits are unconsolidated and consist of dark-gray to light-
reddish-brown silty sand, sandy silt, clayey silt, and silty clay, with minor amounts of
pebbles and cobbles. :

Locally, this colluvium contains clast- and matrix-supported, bouldery to pebbly gravel
in a silty sand matrix. Clasts are typically subangular to subrounded and reflect the
composition of the bedrock and surficial deposits from which the colluvium was
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derived. The colluvial deposits are typically unsorted to poorly sorted and unstratified -
to poorly stratified with thicknesses ranging from approximataly 3 to 15 feet. These
gravity deposits occur as thin, discontinuous deposits in the western portion of the
Rocky Flats site, whereas they are more broad and laterally extensive in the eastern
portion of the site.

The colluvial deposits that were derived mostly from the Arapahoe and Laramie
formations are predominantly composed of silt and expansive clay (Van Horn, 1976;
Shroba, 1982); these deposits locally have a high potential for swelling (Hart, 1974).
Those deposits derived mostly from the Fox Hills Sandstone, and alluvial deposits
contain relatively more sand and gravel.

Some colluvial deposits include sheetwash, soil-creep, and landslide deposits that were
too small to map separately or that lacked distinctive surface morphology and could not
be identified in the field or cn aerial photographs.

4.2.3.2 Landslide and Slump Deposits

Landslide and slump deposits include a wide variety of mass-movement deposits
resulting from the downslope transport of surficial and bedrock material along slip
planes. Earth flows, earth slumps, debris flows, debris slumps, rock-block slides, and
complex landslides have been identified at the Rocky Flats site (Varnes, 1978).
Landslide deposits are common along modern drainage slopes throughout the site and
can occur as laterally extensive deposits (Plate 4-1). Fresh landslide scarps are present
in all of the drainages in the map area and are most numerous in the Rock Creek
drainage where valley slopes are steepest.

Landslide deposits are a heterogeneous mixture of surficial material and reworked
bedrock deposits of varying sizes. The composition and nature of each landslide
deposit is directly related to the surficial or bedrock material from which it was derived.

Landslides were identified across the Rocky Flats site by their geomorphic features.
These features included hummocky topography and scarps and depressions at the head
of the landslides. In addition, the presence of intact masses of material downslope from
the source and evidence of the deflection of streams at landslide toes were used to
identify landslides. Landslide deposits are typically present in weakly consolidated,
grass-covered slopes as bulges or low wavelike swells (EG&G, 1992a).

Landslides commonly form as a result of saturation of bedrock and surficial material by
precipitation and spring and seep water. Steep slopes along drainages, bedding planes
that serve as slip planes in the Arapahoe and Laramie formations, and expansive clay
also contribute to the development of landslides. Landsliding probably began soon
after streams in the eastern part of the map area eroded through the Rocky Flats
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Alluvium and exposed the underlying Cretaceous bedrock, which is composed of -

expansive claystone and weakly indurated siltstone and sandstone.

Four isolated bedrock slump blocks are located north of the Solar Evaporation Ponds in
OU4 (DOE, 1994c). The internal structure of the northernmost slump block has been
thoroughly investigated through borehole drilling. This slump is approximately 35 feet
thick. The toe of the slump block included lithologic features such as bedrock
slickensides, calcite-filled fractures (with a 30- to 90-degree dip), roots, and iron- and
manganese-oxide stains. Boreholes drilled in the head of the scarp revealed features
including plant roots at approximately 14 feet, iron-oxide staining, caliche nodules,
fractures with slickensides, micro-fractures, badly broken core, and moist core material
(DOE, 1994c). '

Landslide and slump deposits at the Rocky Flats site range in age from middle
Pleistocene to the present and vary in thickness from approximately 10 to 50 feet.
Landslides at several localities have formed in artificial fill or have formed in alluvium
or bedrock and have displaced other artificial features at Rocky Flats, indicating an age
of less than 40 years. Small open fissures (less than 2 inches wide) that extend along
slopes for several tens of feet in the northeastern part of the map area indicate that
landsliding is an ongoing process at the site (DOE, 1994c). Landslides are usually
small and local in nature and occur in undeveloped or inaccessible areas. Therefore,
the potential for major landsliding along the valley slopes at the site is not considered a
hazard (DOE, 1980).

4.3 Distribution of Surficial Deposits

The thickness, types, and distribution of the surficial deposits, which include all
unconsolidated materials above the Cretaceous bedrock, vary across the site. The
geologic map of surficial deposits at the Rocky Flats site and vicinity (Plate 4-1)
illustrates the lateral distribution of the map units discussed in Section 4.2, Description
of USGS Map Units. The following subsections discuss the thickness of surficial
deposits, the variations in the top-of-bedrock surface, and the distribution of USCS soil
types both at the surface and at the bedrock unconformity across the Rocky Flats site.

4.3.1 Isopach Map of Surficial Deposits

In general, the surficial deposits become thinner from west to east (Plate 4-2), and they
are thicker where the Rocky Flats Alluvium is present and thinner where the Rocky
Flats Alluvium has been eroded. This lateral distribution of sediments is typical of a
partially eroded alluvial fan (Davis, 1983). The variably thick unconsolidated deposits
have a maximum thickness of approximately 100 feet.
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Irregularities in the thickness of surficial deposits on pediments are related to post-
Cretaceous erosion processes at the top-of-bedrock surface. Modern drainage systems
on top of the pediment also control the thickness of surficial deposits by erosional
processes.

432  Elevation Map of the Bedrock Surface

A topographic map showing the elevation at the top of the bedrock is presented as Plate
4-3. A nonplanar, eroded, mountain-front pediment unconformity separates the Rocky
Flats Alluvium from the underlying Arapahoe and Laramie formations. At the Rocky
Flats site, the pediment is undulating due to the presence of several channels incised
into the bedrock. These channels were incised prior to deposition of the Rocky Flats
Alluvium. However, as evidenced by clasts of reworked bedrock in the Rocky Flats
Alluvium, some of this erosion was synchronous with deposition (DOE, 1994c).

Irregularities or undulations and paleochannels in the bedrock surface were created by
Ancestral Coal Creek prior to deposition of the Rocky Flats Alluvium. Ancestral Coal
Creek may have had one or more episodes of downcutting and valley development
during interglacial times, in response to a decrease in runoff and sediment yields. Each
episode of downcutting and valley development may have been followed by episodes
of alluvial deposition during glacial times, when a lower treeline and expanded
periglacial activity promoted an increase in runoff and sediment yields (Church and
Ryder, 1972; Madole, 1991). A final phase of valley filling may have been followed by
one or more episodes of stable base level, during which one or more extensive
pediments were cut on the bedrock between the paleovalleys and on the intervening
valley-fill deposits in the paleovalleys.

Pediment features shown on Plate 4-3 include a channel approximately 20 feet deep
located east of the Industrial Area near OU2 (see Figure 1-3) that is trending east-west
and is flanked by paleoridges. A 30 foot drop in bedrock elevation occurs along a
northeast-southwest trend on the eastern portion of the same paleoridge. Other, less-
pronounced channels and ridges also occur beneath and around the Solar Evaporation
Ponds at OU4 (see Figure 1-3).

The alluvial channel identified in OU2 is perhaps the longest and deepest incised
channel currently identified at the Rocky Flats site. This channel begins in the western
portion of OU2 and extends approximately one-half mile to the east (DOE, 1993d). In
OU4, at least two incised channels are present near the northeast corner of the Solar
Evaporation Ponds where they bifurcate around a bedrock high; they then extend
northward as one channel toward the North Walnut Creek drainage (DOE, 1994c).
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Map of USCS Surface-Soil Type

A map showing the distribution of soil types at the surface is presented as Plate 4-4. At
the surface, the soil type is related to the presence or absence of the Rocky Flats
Alluvium. Where the Rocky Flats Alluvium is present, the surface-soil type is gravel,
where the Rocky Flats Alluvium is absent, the surface-soil type is predominantly clay
(Plates 4-1 and 4-4).

Clay deposits shown on Plate 4-4 are correlative to landslide, colluvium, and terrace
units shown on Plate 4-1. Sand and gravelly sand deposits are common along major
drainages throughout the site and often correspond to the deposits of the Piney Creek
and Verdos Alluvium. The largest contiguous area of sand deposits occurs in the
Industrial Area (Plate 4-4). These sand deposits may correspond to and delineate the
transition from proximal- to mid-fan depositional environments (discussed in Section
4.2.2.5, Rocky Flats Alluvium). Isolated areas of silt are relatively uncommon and may
represent bars that formed late in the Rocky Flats Alluvium depositional history.
Furthermore, these isolated areas of silt may be hydrogeologically significant in that
they represent areas of decreased groundwater recharge to the subsurface.

. Map of USCS Soil Type Above the Bedrock Unconformity

The distribution of USCS soil types immediately above the bedrock unconformity is
illustrated on Plate 4-5. The soil type above the bedrock is directly related to the
elevation and geometry of the bedrock surface. Incised channels on the bedrock
surface commonly have sand, gravelly sand, and sandy gravel in the paleothalweg
areas. Paleoridges and isolated highs on the bedrock surface commonly have silts and
clays covering them (DOE, 1994c). These features are most clearly visible in OU2 and
OU4 (Plate 4-5).

Sediments resting on the bedrock unconformity below the pediment, along valley
slopes, display a more complex depositional history than those on top of the pediment.
The effects of slumping and landsliding further complicate the distribution pattern of
these sediments. In general, coarser material (sands and gravels) are found in bedrock
channels, whereas clays and silts are found on slopes. However, unstable areas higher
on the slopes and closer to the sediment source also contain coarser detritus that has not
yet progressed downslope.

Groundwater Flow Within Surficial Deposits

The bedrock topography (Plate 4-3) and the stratigraphy of alluvial deposits affect the
direction and rate of fluid flow within the Rocky Flats Alluvium. Incised channels and
ridges are present in the bedrock surface below the Rocky Flats Alluvium. The incised
channels may significantly influence groundwater flow because they are commonly
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filled with materials that exhibit relatively higher hydraulic conductivities (102 to 10*
centimeters per second [cm/sec]) than other alluvial or bedrock units (DOE, 1994c).
Landslide deposits may also influence groundwater flow. Depressions at the head of
the landslides and fractures along the margins provide preferential pathways for
groundwater recharge and contaminant migration to bedrock units.

Although a detailed analysis of the internal geometry of alluvial units is beyond the
scope of this sitewide characterization study, this type of analysis has been conducted at
several OUs to describe groundwater flow through surficial deposits. This has been
conducted as part of the remedial investigations at OU2 (DOE, 1993c) and OU4 (DOE,
1994c), where surficial deposits were classified into lithofacies based on textural
criteria. Figure 1-3 illustrates the locations of these OUs.

The lithofacies model assumes that sediments with similar textural characteristics were
deposited by similar processes in a similar environment. The physical criteria for each
lithofacies are listed in Table 4-4. Composition and texture are the most important
factors in the classification of the lithofacies. Other criteria used to classify these
lithofacies include the WUSCS designation, the depositional mechanism and
environment, and the geometry of the deposit.

The distribution of lithofacies in OU2 and OU4 is consistent with that seen in modern
alluvial fans (Miall, 1981; Rust and Koster, 1984). For example, the sandy and sandy-
gravel lithofacies were identified as channel deposits and were noted in depressions and
channel scours on the top-of-bedrock surface, whereas the clay and silt lithofacies were
identified as overbank, levee, and crevasse-splay deposits and were noted along the
banks of channels on the top-of-bedrock surface (DOE, 1993c and 1994c). These
investigations concluded that the physical, depositional, geometric, and spatial
characteristics of the described lithofacies can be correlated throughout the site.

The geometry of each lithofacies can be used to accufatc]y model variances in the
surficial deposits and predict hydrogeologic trends. To date, this modeling has been
accomplished in OU4 (DOE, 1994c) and may be a part of future work in other OUs.

The hydraulic properties of the lithofacies were also investigated at OU2 and OU4. It
was concluded that the clay and silt or the clayey and silty gravel lithofacies, which
commonly have hydraulic conductivity values less than 107 cm/sec, can produce
conditions that will effectively create a perched water table. The lateral extent of these
lithofacies is on the order of tens of feet; the stratigraphic extent of these lithofacies is
on the order of several feet. Recharge to these areas is primarily by infiltration from the
ground surface during precipitation or snowmelt events. Apparent localized perched
water-table conditions are being evaluated at OU11 (DOE, In Progress).
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In contrast, the sandy lithofacies and the sandy-gravel lithofacies commonly would not
retain any significant quantities of groundwater and would transmit groundwater
primarily through macropore flow. Two outcrop photographs illustrate the
characteristics of these lithofacies. Figure 4-6 illustrates cross-cutting relationships of
the sandy and sandy-gravel lithofacies, and Figure 4-8 shows the typical lateral extent
of sand bodies in the sandy lithofacies. In Figure 4-6, the sand bed (sandy lithofacies)
in the lower left and lower right of the photograph is cut by a debris flow (sandy-gravel
lithofacies) in the center of the photo. Section 5.4, Hydrogeologic Setting, provides a
summary of the hydrostratigraphic units at the Rocky Flats site and the Hydrogeologic
Characterization Report (EG&G, 1995a) contains a more detailed discussion of these
units.

4.5 Significance of Quaternary Deposits at Rocky Flats

Understanding the relationship between surficial deposits and underlying bedrock at

Rocky Flats will also enhance the understanding of groundwater flow and contaminant

transport mechanisms across the site. Information regarding the characteristics of the

Quaternary deposits in the vicinity of Rocky Flats, as described above, is directly

applicable to OU-specific investigations of geologic and hydrogeologic condi_tions.'

Conclusions reached during this study concerning characteristics of the Quaternary
~ deposits are summarized below:

e Artificial fill and Quaternary alluvium and colluvium unconformably overlie
Cretaceous bedrock in the Rocky Flats area. Artificial fill is present mainly as
earthen dams, roads, railroad embankments, and landfills. Alluvial deposits include
the Slocum, Verdos, and Rocky Flats Alluvium and are present on pediments, along
flood plains, within stream channels, and on terraces. Colluvial deposits, including
colluvium and landslide and slump deposits, are widespread.

e The Rocky Flats Alluvium is the most laterally extensive Quaternary deposit at
Rocky Flats and forms a large fan-shaped deposit with bar-and-channel
morphology. This early Pleistocene alluvial-fan deposit is as much as 100 feet
thick and is in direct contact with much of the underlying Cretaceous bedrock.

¢ Deposits of the Rocky Flats Alluvium, where incised into bedrock, are composed
mainly of sand, gravelly sand, and sandy gravel. They were probably deposited by
debris flows. These deposits have relatively high hydraulic conductivities, which
may affect the rate and direction of fluid flow within the Rocky Flats Alluvium.

e Preferential pathways for groundwater recharge and contaminant migration to
underlying Cretaceous bedrock units may be present where sand, gravelly sand, and
sandy gravel of the Rocky Flats Alluvium or other permeable surficial deposits are
in contact with permeable bedrock and where landslides are deep enough to affect
bedrock.

tp\281001\sectiond.doc 4-18 3/1/95



Geologic Characterization Report

® Most alluvial sands and gravels have a high percentage of matrix material and many
sands and gravels are matrix-supported. Poorly graded (well-sorted) sands and
. gravels are less common than well-graded (poorly sorted) sands and gravels.

o Where the Rocky Flats Alluvium is present on top of paleoridges and isolated
bedrock highs, the deposits are composed mainly of silt and clay. These deposits
are most likely flood-plain and transverse- and longitudinal-bar deposits.

® Groundwater flow within the Rocky Flats Alluvium may be affected by caliche
zones. These zones are often present .as laterally extensive deposits and may
represent areas of low or no recharge.

e Sandy lithofacies were found in channel scours; clayey lithofacies were found
above and roughly parallel to channels where overbank ‘deposits were present; and
clayey gravel lithofacies and reworked bedrock lithofacies were found to be
proximal to bends in stream channels and where bars might be expected.
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~ Table 4-1
Unified Soil Classification System

S

ette!

Clean GW | Well-graded gravels or gravél-éér{d Fhi;(iures. little or no fines
Gravel [Gravels
and (<5% fines). GP | Poorly graded gravels or gravel-sand mixtures, little or no fines
Gravelly |Gravels with GM | Silty gravels, gravel-sand-siit mixtures
Coarse- Soils Fines
Grained (>12% fines) GC |Clayey gravels, gravel-sand-clay mixtures
Soils ) Clean SW |Well-graded sands or gravelly sands, little or no fines
Sand Sand
and (<5% fines) SP | Poorly graded sands or gravelly sands, littie or no fines
Sandy Sands with SM | Silty sands, sand-silt mixtures
Soils Fines
(>12% fines) SC |Clayey sands, sand-clay mixtures
ML |Inorganic silts and very fine sands, rock flour, silty
Low or clayey sands, or c!ayéy silts with slight plasticity
| Fine- Silts Plasticity CL |Inorganic clays of low to medium plasticity, gravelly clays,
Grained and sandy clays, silty clays, lean clays
Soils Clays OL |Organic silts and organic silty clays of low plasticity
High MH |Inorganic silts, micaceous or diatomaceous fine sand or silty soils
Plasticity CH | !norganic clays of high plasticity, fat clays
OH |Organic clays of medium to high plasticity, organic silts
Highly %anic Soils PT |Peat, humus, swamp soils with high organic contents

Modified from Harlan et al., 1989.
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Table 4-2

USCS Divisions Used for Plates 4-4 and 4-5

Gravel GW: well-graded gravels
GP: poorly graded gravels
GM: silty gravels
GC: clayey gravels
Sand SW: well-graded sands
SP:  poorly graded sands
SM: silty sands
SC: clayey.sands
Silt ML: inorganic silts and very fine sands with slight
plasticity
OL: organic silts with low plasticity
MH: _inorganic silts with high plasticity
Clay CL: inorganic clays of low to medium plasticity
CH: inorganic clays of high plasticity
OH: _ organic clays of high plasticity
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Table 4-3
Lithology of Clasts in the Rocky Flats Alluvium and Verdos Alluvium

Quartzite 72 77 70 89 81 83 81
Granite and Gneiss 13 12 21 5 9 4 4
Sandstone' 8 3 1 5 10
Schist 4 0 0 2

Pegmatite 1 3 4 2

Vein Quartz 2 2 0 5 4

Total (percent) 100 100 100 100 100 - 100 - 100

Notes: From USGS, 1994.
Plate 4-1 includes the referenced field localities.
Values are in percent for clasts approximately 0.5 to 6 inches in diameter.
Approximately 125 to 140 clasts were ident:fied at each locality.

! Some of the deposits of the Rocky Flats Alluvium at field locality 41 (Plate 4-1) contain 100% sandstone, based on visual estimates.
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Table 4-4
Description of Lithofacies

Composition: >~45% sand, <~30% gravel, and <~30% fines {silt and
clay)

USCS Classifications: SW, SP, SM, SC, and GC divisions.

Name: sand, gravelly sand, clayey sand, silty sand.

Description, Depositional Very well to poorly sorted sands that commonly contain

Mechanism & Environment: reworked bedrock. Suspended ioad (water-lain)

deposits formed by grain-flow, scour-fill, and sand-wave
mechanisms. Dune deposits are also present.
Deposited in a fluvial environment in channel scours
during periods of intermittent or normal stream flow.

Geometry: Forms sandy lenses and planar sand bodies of limited
lateral extent. Commonly cut by sandy gravel
lithofacies; cuts and is laterally associated with clayey
gravel lithofacies.

Average Composition: 22% gravel, 57% sand, 15% silt, 6% clay.
(for all sediments classified)

Comments: ' Méy contain some gravel-poor sediments with more
___Lthan 30% but less than 45% fines
:Sandy Gravel Lithofaci

Composition: >~45% gravel, <~25% fines (silt and clay), 0-49% sand.
USCS Classification: GW, GP, GC, and GM divisions.

Name: gravel, sandy gravel, clayey gravel, silty gravel.
Description, Depositional Poorly sorted, clast-supported gravels with no matrix;

Mechanism & Environment: commonly referred to as sieve deposits. Storm

: channel, stream-flood, and slurry-type deposits formed
by debris flow and sheet-flood mechanisms. Deposited
in fluvial environments during periods of increased
runoff and sedimentation.

Geometry: Forms laterally extensive sandy and gravelly deposits
within channels. [s in contact with all lithofacies; clean
gravel deposits generally rest on or cut sandy

lithofacies. - :
Average Composition: 64% gravel, 23% sand, 8% silt, 5% clay.
(for all sediments classified)
Comments: May contain sand beds less than 1 foot thick.

Tp\281001\sectiond.doc Page 1 of 2



Table 4-4

Description of Lithofacies (continued)

ithofacies

Composition:

>~20% and <~50% gravel, >~25% fines (silt and clay),
0—45% sand.

USCS Classification:

GC, GM, SM, and SC divisions.

Name:

clayey gravel, silty gravel, clayey sand, silty sand.

Déscription, Depositional

Mechanism & Environment:

Matrix-supported gravels and sands with appreciable
amount of finer material. Poorly sorted; lacks internal
structure or framework. Deposited rapidly in fluvial
environments by debris flow and bedload transport
mechanisms.

Geometry:

Forms channel fill and plug deposits within channels
and linguoid/transverse bar deposits adjacent to
channels. Commonly adjacent to the sandy lithofacies;
often incised into the sandy or clay and silt lithofacies.

Average Composition:
(for all sediments classified)

38% gravel, 25% sand, 20% siit, 17% clay.

y and Silt Lithofacies

Composition:

>~45% fines (silt and clay), <~45% sand, <~20% gravel.

ML, CL, MH, and CH divisions.

USCS Classification:

Name:

clay, silty clay, sandy clay, gravelly clay, silt, gravelly silt,
sandy silt, clayey silt. :

Description, Depo'sitional

Mechanism & Environment:

Very well to poorly sorted clays and silts. Commonly
bedded or laminated. Deposited by suspended load
mechanisms in overbank, levee, crevasse-spray,
waning-flood, and flood-plain environments.

Geometry:

Forms planar or “drape” deposits along the margins of
channels. Commonly lateral to the sandy gravel
lithofacies; often deposited on topographic highs. Does
not cut any other lithofacies.

Average Composition:
(for all sediments classified)

7% gravel, 22% sand, 39% silt, 32% clay.
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Figure 4-1
Correlation of Surficial Deposits Map Units
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ﬁ Flood Stage Currents

»— Waning Stage Currents

Modified from Rust and Koster, 1984

Flood- and waning-stage currents in outcrop Cross bedded beds to right of field book were
deposited by waning-stage currents; cross-bedded beds to left of field book were deposited by

flood-stage currents. Note field book for scale.
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Rocky Flats Site, Golden, Colorado

Outcrop Photograph

Gravel "sieve deposits" proximal to channel thalwegs in the upper- and mid-fan Seologlo Charactsrization epont

environments of the Rocky Flats Alluvium. Note pen for scale. March 1995 Figure 4-5
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Outcrop Photograph
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March 1995 Figure 4-6
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A typical water-lain, mid-fan, gravelly sand deposit in the Rocky Flats Alluvium.
Note pen for scale.
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Rocky Flats Site, Golden, Colorado

Outcrop Photograph
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March 1995 Figure 4-7

Typical lateral extent of sand bodies in the Racky Flats Alluvium. Note field book for scale.
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Outcrop Photograph
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Figure 4-9

Caliche/calcrete in the upper 10 feet of the Rocky Flats Alluvium
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5.1

Cretaceous Geology

Cretaceous bedrock units present near the surface at the Rocky Flats site include the
Arapahoe and Laramie formations, the Fox Hills Sandstone, and the Pierre Shale.
These bedrock units are Late Cretaceous in age and unconformably underlie Quaternary
and Recent deposits. The stratigraphic relationship of these and older units is
illustrated on Figure 2-2; their lateral distribution is illustrated on Plate 2-1.

Several maps and cross sections were constructed for this report and are included as
Plates 5-1 through 5-12. The maps depict information about the bedrock topography,
distribution of lithologic units, and weathering of bedrock. The cross sections illustrate
the bedrock topography across the site, as well as the distribution of lithologic units and
weathered bedrock. The maps and cross sections presented here are intended for use on
a sitewide basis. The information presented here has also been used in the
Hydrogeologic Characterization Report (EG&G, 1995a) and the Groundwater
Geochemistry Report (EG&G, 1995b). Where available, OU-specific reports (e.g.,
DOE, 1992f, 1992g, 1993b, 1993c, 1993d, 1994b, 1994c, In Progress) should be used
in conjunction with the information presented in this report to more completely

characterize the Cretaceous bedrock geology of the site. '

Methodology

The following subsections describe the methods used to integrate, analyze, and display
geologic data presented in this report. Maps and cross sections were prepared using
information from 1,498 core logs (Appendices A and B). Core logs obtained since
1991 were logged in accordance with the procedures in SOP GT.01 (EG&G, 1992h).
Key 1989 cores logged prior to 1991 were relogged according to these procedures. All
core logs were reviewed and approved by EG&G geologists before they were put in
final form. Lithologic data from different site programs are considered comparable
because core is logged using standardized procedures and the core logs are reviewed by
qualified geologists. Final interpretations were made by project geologists and were
based on seismic studies, current geologic studies, and professional judgment combined
with site familiarity.

Subcrop Map of Bedrock Lithofacies

The Subcrop Map of Bedrock Lithofacies (Plate 5-1) was created by plotting the
lithology of bedrock subcrops beneath the surficial-deposits/bedrock unconformity.

The data used to generate tais map were derived from core logs extending into bedrock
(see Appendices A and B). The lithology recorded at the top of the bedrock surface
was used to construct the map and was assigned in accordance with Rocky Flats SOP
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GT.01, Logging Alluvial and Bedrock Material (EG&G, 1992h). The thickness of each
mapping unit ranged from 1 inch to several feet. Lithofacies were grouped into four
categories: (1) sandstones, silty sandstones, and clayey sandstones; (2) siltstones,
sandy siltstones, and clayey siltstones; (3) sandy claystones and silty claystones; (4)
claystones. Contacts between the different lithofacies types were drawn by hand and
then digitized using ARC/INFO®. Bedrock subcrops in outlying areas where control
was minimal, such as most of the Buffer Zone, were assumed to be claystone because
claystone is the most common bedrock lithofacies designation at the Rocky Flats site.

512 Cross Sections

Geologic cross sections A-A' through G-G' (Plates 5-2 through 5-8) were constructed
using available core logs. Locations of the cross-section lines were determined based
on the strike and dip of the bedrock, the direction of surface-water and groundwater
flow, the location of deeper boreholes (those that penetrated -the bedrock), and the
location of OUs.

The following information is included on the geologic cross sections: subsurface
lithology from core logs, surface topography from the topographic map of the Rocky
Flats site (Figure 1-2), surficial geologic units from the Surficial Geologic Map of the
Rocky Flats Environmental Technology Site and Vicinity (Plate 4-1), the contact
between surficial deposits and bedrock from the Elevation Map of the Bedrock Surface
(Plate 4-3), the contact between weathered and unweathered bedrock from the
Elevation Map Showing the Base of Weathered Bedrock (Plate 5-11), the screened
interval, and water levels.

The cross sections were generated using a combination of electronic and manual
procedures. Cross-section bases were created in AutoCad® using elevation and surface
coordinate data for each well and borehole. An electronic grid for each surface was
prepared for surface topography, depth to bedrock, and the depth to the base of the
weathered bedrock. Using Geokit™ and electronic files containing location and
elevation of contours, and well and borehole data, an electronic grid of each surface
was prepared for surface topography, depth to bedrock, and depth to the base of
weathered bedrock. From these gridded surfaces, profiles of each surface were
electronically generated and were traced manually onto the appropriate cross-section
base.

The cross sections were then electronically scanned and converted into AutoCad®
format for final editing and plotting. The vertical exaggeration of the cross sections is
10:1. For a more realistic perspective, a generalized cross section with no vertical
exaggeration is presented at the bottom of each cross section.
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5.1.3 Fluvial-Deposit Maps for the Arapahoe Formation

Two maps have been created to illustrate the approximate location and thickness of
fluvial deposits within the Arapahoe Formation; these maps are included as Plates 5-9
and 5-10. A screening step taken in constructing these maps involved the identification
of all monitoring wells and boreholes containing sandstone in the uppermost 50 feet of
bedrock at the Rocky Flats site. First, the Arapahoe Formation sandstones had to be
identified. In order to correctly identify Arapahoe Formation sandstone deposits, a
differentiation between sandstone deposits of the Laramie and Arapahoe formations was
required. This differentiation was made using textural and compositional criteria. The
Arapahoe Formation sandstones were defined as containing a major constituent grain size
greater than 0.125 mm, fluvial sedimentary structures (e.g., cross bedding or rip-up
clasts), a general lack of carbonaceous or organic material, a total sand-size clast content
that exceeded the clay- and/or silt-size clast content (i.e., a unit classified and named a
sandstone), and fining-upward sedimentary packages. Those wells identified as
penetrating or partially penetrating Arapahoe Formation fluvial deposits are listed in
Table 5-1. '

Fluvial deposits commonly contain finer-grained interbeds that are deposited as overbank,
levee, and crevasse-splay deposits that result from channel migration and flooding events
(Blatt et al., 1980; Davis, 1985; Miall, 1985). Therefore, the Isopach Map of Arapahoe
Formation Channel Deposits (Plate 5-9) illustrates the thickness of the entire fluvial
package within the Arapahoe Formation, including the interbeds of claystone and
siltstone. The top of the fluvial package was identified as the highest occurrence of a
sandstone with the Arapahoe Formation sandstone textural and compositional criteria.
Associated claystone and siltstone beds were also included in the fluvial package. When
non-sandstone lithologies of definite fluvial origin (as evidenced by sedimentary
structures) were noted immediately above or below the fluvial package (e.g.,
conglomerate-bearing claystones and sandy claystones containing cross bedding and/or
rip-up clasts), these units were included in the fluvial package thickness. In contrast, the
Isolith Map of Arapahoe Formation Sandstones (Plate 5-10) illustrates the thickness of
just the sandstone units within the Arapahoe Formation that meet the above criteria.

In areas where the core logs provided only geologic control, stratigraphic elevation was
used to identify those sandstone deposits that were within the Arapahoe Formation. The
use of elevation in these areas was based on an assumption that the top of the fluvial
packages may occur at similar elevations in certain areas over short distances. For those
wells and boreholes that penetrated several feet into bedrock but did not penetrate the
sandstone unit, it was assumzd that the fluvial deposits were not present and zero values
were assigned to these wells and boreholes. Because of these assumptions, it must be
emphasized that Plates 5-9 and 5-10 illustrate the approximate location and thickness of
fluvial deposits within the Arapahoe Formation.
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514 Elevation Map Showing the Base of Weathered Bedrock

A map illustrating the elevation of the base of weathered bedrock (Plate 5-11) was
constructed using software from both the ISM from DGI, and ARC/INFO®. The
contact between weathered and unweathered bedrock in core material was determined
by a field geologist and later verified to ensure consistency; the elevation of the contact
is included in Appendices A and B. The contact was identified on the basis of color
and fracture intensity. These criteria are discussed in Section 5.3.1, Geology of
Weathered Bedrock. The geologic data were gridded according to a minimum-tension
algorithm and then contoured. The resulting grid was then modified by project
geologists to conform with current geologic interpretations of the Rocky Flats site.
Further editing was performed during a conversion from DGI format to ARC/INFO®
format.

5.1.5 Isopach Map of Weathered Bedrock

The Isopach Map of Weathered Bedrock (Plate 5-12) was created by subtracting the
bedrock surface grid (Plate 4-3) from the base of weathered-bedrock grid (Plate 5-11)
using the DGI ISM. The computer-generated isopachs were edited by hand to maintain
consistency with other site data. The map was then converted into ARC/INFO® format,
and the edits were digitized.

5.2 Stratigraphy and Depositional Environments

Cretaceous bedrock—which consists of claystone, siltstone, and sandstone—
unconformably underlies the unconsolidated surficial materials at Rocky Flats.
Bedrock exposures at the site are minimal (Plate 4-1); however, well-exposed
stratigraphic sections in the vicinity of the Rocky Flats site have allowed for a thorough
study of the Cretaceous bedrock units. Subsurface investigations, including drilling
and seismic studies, have been conducted to identify the characteristics of these strata.
This section describes the Cretaceous bedrock units beneath Rocky Flats and briefly
relates their geologic characteristics to groundwater flow. A more detailed analysis of

- groundwater flow is presented in Section 5.4, Hydrogeologic Setting, and the
Hydrogeologic Characterization Report (EG&G, 1995a).

The distribution of lithologic units present at the bedrock surface is illustrated on Plate
5-1. Bedrock lithology is primarily from core logs; bedrock lithology from surface
outcrops is also shown on the map. Claystone was used as the default lithology on
Plate 5-1 where no data exist because claystone is the dominant lithogy for near-surface
bedrock units at the Rocky Flats site. Sandstones crop out in roadcuts around the
northern and eastern perimeter of the site; subsurface investigations have revealed that
sandstones subcrop at the surficial-deposits/bedrock unconformity in the Industrial
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52.1

Area, beneath OU2, and beneath OU4 (see Figure 1-3 for OU locations) (Plate 5-1).
These sandstones of the Arapahoe and Laramie formations represent areas of increased
bedrock permeability at the alluvial/bedrock contact.

Regional geologic cross sections A-A' through G-G' (Plates 5-2 through 5-8) illustrate
the lithology across the Rocky Flats area. Bedrock was subdivided into weathered and
unweathered units on the regional cross sections. The locations of interpreted faults
intersected by the planes of sections were also shown. Cross sections A-A' through E-
E' are oriented parallel to regional structural dip (Plates 5-2 through 5-6); cross sections
F-F' and G-G' (Plates 5-7 and 5-8) are oriented perpendicular to regional structural dip.

Arapahoe Formation

The Upper Cretaceous Arapahoe Formation, which is one of the regional aquifers in the
Denver Basin, unconformably underlies the unconsolidated surficial deposits at Rocky
Flats. The formation is approximately 200 feet thick in the Golden area (Weimer,
1976). Beneath the Rocky Flats site, the formation has been partially to completely
eroded and ranges in thickness from O to approximately 50 feet (EG&G, 1992a; DOE,
1993c and 1994c). Alsc at the Rocky Flats site, the basal Arapahoe Formation is
composed of fluvial sandstones and overbank siltstones and claystones. The fluvial
sandstones are lenticular. Plates 5-9 and 5-10 illustrate the distribution of the Arapahoe
Formation fluvial deposits.

The base of the Arapahoe Formation is distinct regionally. At the type locality for the
Arapahoe Formation (NE—Section 33, T35, R70W), the base of the formation is
commonly marked by a discontinuous conglomeratic sandstone sequence with minor
beds of gray claystone and siltstone (Weimer, 1973; EG&G, 1992a). Conglomerates
form graded beds that are 3 to 5 feet thick. Conglomeratic sandstones are composed of
well-rounded, frosted, medium- to coarse-grained quartz sand with pebbles of chert; rock
fragments (including claystone and rip-up clasts); and ironstone (EG&G, 1992a).

Where the basal conglomerate is absent, medium- to coarse-grained channel sandstone
lenses occur near the base of the formation. These sandstones are iron stained and are
pale orange, yellowish gray, and dark yellowish orange. Sedimentary structures include -
trough and planar cross-stratifications and discontinuous parting lineations (EG&G,
1992a; DOE, 1994c). In some areas within the Rocky Flats site, this basal unit is merely
coarse-grained and lacks granule or coarser-grained clasts.

The stratigraphic relationship between the Arapahoe and Laramie formations has been
described and debated by several authors (Spencer, 1961; Blume, 1972; Hurr, 1976;
Rockwell International, 1986a and 1988; EG&G, 1990a, 1991a, 1992a; DOE, 1994c).
Early workers assigned bedrock beneath the Rocky Flats site to the Laramie Formation
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(Spencer, 1961; Blume, 1972). During the late 1970s and 1980s, additional geologic
information led to reassignment of bedrock beneath and surrounding the plant site to
the slightly younger Late Maastrichtian (Late Cretaceous)-Early Paleocene (Early
Tertiary) Arapahoe Formation (Hurr, 1976; Rockwell International, 1986a and 1988;
EG&G, 1990a and 1991a). During this period, it was suggested that the Arapahoe
Formation was at least 200 feet thick beneath the plant site. This interpretation was
based on sparse surface and subsurface lithologic, structural, and paleontologic data,
and on projections of the Arapahoe Formation from known locations such as Standley
Lake (DOE, 1994c).

The 1991 Geologic Characterization Report (EG&G, 1991a) concluded that the
Arapahoe Formation was approximately 150 feet thick. However, on the basis of
mapping a distinctive basal sandstone in the Arapahoe Formation, the Geologic
Mapping Report (EG&G, 1992a) concluded that the thickness of the Arapahoe
Formation was only 15 to 25 feet thick beneath the central portion of the Rocky Flats
site. Figure 5-1 illustrates the differences in the contact between the Arapahoe and
Laramie formations between the 1991 and 1992 studies.

Based on the above information, in conjunction with additional drilling data (e.g.,
DOE, 1993c and 1994c) and recent age determinations using palynological data (DOE,
1993a; Okamura, 1994), this study suggests that the Arapahoe Formation ranges in
thickness from O to 50 feet beneath the site. Because the formation is so thin and is
present at the top of the pediments, modern streams have incised through it. Springs
and seeps along hillslopes commonly discharge where the Arapahoe Formation is
exposed (EG&G, 1995a). :

Arapahoe Formation sandstones were previously classified as the No. 1 through No. 5
Sandstones (EG&G, 1991a). The sandstone intervals were defined on the basis of their
depth within the stratigraphic sequence and were correlated across the Rocky Flats site
(EG&G, 1991a). However, a palynological study of bedrock samples conducted in
1992 and 1993 concluded that the lower sandstone units, No. 2 through No. 5, are early
Maastrichtian in age (DOE, 1993a). These sandstones are therefore part of the Laramie
Formation (Figure 5-1). Because of the highly oxidized nature of the No. 1 Sandstone,
samples processed to conduct a palynological study of this unit did not yield sufficient
taxa to determine the age of the unit. However, the No. 1 Sandstone is considered to be
late Maastrichtian to early Paleocene in age and is interpreted to be Arapahoe
Formation (DOE, 1993a). A more thorough discussion of this palynological study is
included in Section 6.7.

The depositional environment of the Arapahoe Formation has been interpreted as a fluvial
system with associated channel, bar, and flood-plain deposits (Weimer, 1973 and 1976).
The basal conglomerates were deposited in braided channels; current directions from
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local cross beds indicate an east-southeast transport direction (Lewis et al., 1990). An
influx of grains not found in the underlying Laramie Formation (e.g., rounded, frosted
quartz grains; reworked ironstone clasts; claystone clasts; volcanic rock fragments; and
chert) suggests that the Rocky Flats area was supplied by a new sediment source (or
sources) during deposition of the formation (Weimer, 1976; EG&G, 1992a).

To further understand the depositional environment of the Arapahoe Formation and how
this correlates to potential areas of higher hydraulic conductivity, the Arapahoe Formation
sandstone deposits were studied in detail across the Rocky Flats site. Two maps have
been created to illustrate the extent of the Arapahoe Formation sandstones. The Isopach
Map of Arapahoe Formation Channel Deposits (Plate 5-9) and the Isolith Map of
Arapahoe Formation Sandstones (Plate 5-10) illustrate the approximate extent of the
fluvial channel system that deposited sandstones within the Arapahoe Formation.

The complete pattern of fluvial deposition is obscured by the effects of erosion on the top
of the bedrock surface, faulting, and the lack of subsurface control across the site.
However, the maps clearly illustrate that sandstones were deposited in a multiple-channel
fluvial system. The orientation of channel deposits as shown in Plate 5-9 is east-
northeast, rather than east-southeast as suggested by Lewis et. al. (1990).

The area northeast of the 903 Pad in OU2 (see Figure 1-3 for OU locations) was the site
of continuous sandstone deposition throughout the period of Arapahoe Formation
deposition (DOE, 1993c). Fluvial channels converge at this location, resulting in the
thickest accumulation of Arapahoe Formation sandstones (greater than 40 feet) known to
exist at the Rocky Flats site (DOE, 1993c). Furthermore, it is noted that this location was
also the site of post-Arapahoe Formation fluvial erosion as evidenced by the incised
channel on the top of bedrock surface. This channel extends from west to east through
OU2. Such a concentration of fluvial activity in one location may indicate that this area is
prone to increased subsidence or some other tectonic activity.

The Arapahoe Formation was deposited in a low-sinuosity braided stream. This type of
environment is characterized by numerous channels separated by bars that are emergent
during periods of low discharge (Miall, 1981). Deposition results from shifting of
channels and aggradation of bars (Davis, 1983). Thick sandstone deposits (Plate 5-10)
represent stacked linguoid or tabular bars and are characterized by trough and planar
cross-stratifications. Muddy flood-plain deposits are present but are not as thick or
laterally extensive as those of meandering streams. Flood-plain sediments are commonly
ripped up to make cohesive mudstone clasts, which are then scattered to form mudstone-
clast conglomerates at the base of channel deposits. Mudstone-clast conglomerates have
been noted in outcrops and core logs (EG&G, 1992a).
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Incised rivers flow into valleys cut into older sediments or rocks. Incision results from .

tectonic steepening of the river course or base-level (sea level) fall. Where continued
incision occurs, the river is erosional with no net deposition of sediment. A period of
rapid incision followed by tectonic and base-level stability results in aggradation of
valley-fill sediments. During deposition of the Arapahoe Formation, the Front Range was
being uplifted to the west (during the Laramide Orogeny) and the Denver Basin was
subsiding to the east, causing steepening of the river course.

-Recent studies (DOE, 1993c and 1994c) suggest that fluvial sediments of the Arapahoe
Formation have cut into the finer-grained sediments of the Laramie Formation.
Therefore, beds of the Laramie Formation may locally lie adjacent to beds of the
Arapahoe Formation, depending on the spatial proximity to the deepest part of the
channel. The hydrogeologic characteristics of the Arapahoe Formation are discussed
briefly in Section 5.4; a more detailed discussion is included in the Hydrogeologic
Characterization Report (EG&G, 1995a).

5.2.2 Laramie Formation

The Upper Cretaceous Laramie Formation unconformably underlies the Arapahoe
Formation and is composed of claystones, siltstones, sandstones, and coal beds. The
Laramie Formation is approximately 600 to 800 feet thick beneath the Rocky Flats site
(EG&G, 1991a and 1992a) and has been informally divided into two members.

The upper Laramie Formation is approximately 300 to 500 feet thick and consists
primarily of structureless, olive-gray and yellowish-orange, kaolinitic claystones with
large ironstone nodules. A few dark-gray to black carbonaceous claystones (Van Horn,
1957; Weimer, 1976) and discontinuous thin coal beds (Spencer, 1961) are present in
this upper unit; lenticular beds of sandstone are also present. The sandstones have been
described as platy or ripple laminated, friable, locally calcareous, well-sorted, fine-
grained, subangular, light olive-gray sandstones with a few coal fragments and some
ironstone nodules (EG&G, 1992a). Sandstones within the upper portion of the Laramie
Formation are commonly discontinuous with lower surfaces that are sharply eroded
(EG&G, 1992a).

In comparison to sandstones in the Arapahoe Formation, upper Laramie Formation
sandstones (formerly referred to as the No. 2 through No. 5 Arapahoe Formation
sandstones [EG&G, 1991a]) are finer-grained, contain more silt and clay, contain more
carbonaceous material, and lack well-rounded frosted quartz grains. The upper portion
of the Laramie Formation is distinguished from the lower portion by the predominance
of fine-grained sediments.
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The lower Laramie Formation is approximately 300 feet thick and is composed of
kaolinitic claystones, sandstones, and subbituminous coal beds (EG&G, 1992a).
Sandstones within the lower unit are more laterally extensive than those in the upper
unit and are composed of light-gray, fine- to coarse-grained, subangular to subrounded,
moderately to well-sorted quartz sand with grains of black chert, clay, mica, and
carbonaceous material (Van Horn, 1957; Weimer, 1976). In addition, these sandstones
are massive, range from 5 to 20 feet in thickness, and commonly have an irregular
erosional base scoured into the underlying finer-grained sediments.

The lower Laramie Formation units commonly contain lag deposits characterized by
abundant plant imprints, including fossil logs, leaves, and twigs. Rip-up clasts of
claystone and siltstone are also common. Fining-upward sequences have been
documented; these typically are composed of sandstone beds grading upward into
ripple-laminated and planar-bedded, fine- to very fine-grained sandstones and
siltstones. Sedimentary structures within the thin- to thick-bedded sandstones include
ripple laminations and trough cross beds with some convoluted bedding indicative of
soft-sediment deformation (EG&G, 1992a). Fractures are also common and vary in
orientation from near horizontal to near vertical; these are commonly healed and
exhibit iron staining along fracture surfaces (DOE, 1992h). Opyster (Ostrea) shell
fragments are abundant in a sandstone bed near the base of the formation (Spencer,
1961; EG&G, 1992a). The base of the Laramie Formation is placed at the base of a
thin, blocky, gray-brown, carbonaceous claystone that overlies the Fox Hills Sandstone.

The Laramie Formation was deposited in a fresh to brackish water, delta-plain
environment during the Late Cretaceous (Moody, 1947; Gude, 1950; Horner, 1954;
Camacho, 1969; Rahmanian, 1975). Specific lithofacies within the Laramie Formation
are indicative of unique depositional environments. The kaolinitic claystones of the
lower Laramie Formation were deposited in a well-drained, oxidizing swamp
environment. The dark claystone, carbonaceous shale, and coal units in the lower unit
were deposited in a poorly drained, reducing swamp environment. The sandstones that
are interbedded with the claystones in the lower unit are crevasse-splay deposits; the
repeated fining-upward sequences are commonly associated with channels in crevasse
splays (EG&G, 1992a). An east-southeast transport direction has been determined
from analyses of clay-clast imbrication and cross stratification.

Petrographic and palynological analyses were conducted for this study to determine the
depositional environment of the upper portion of the Laramie Formation beneath the
site (Sections 6.4 and 6.7, respectively). The results of each of these studies support
the previous lithology-based interpretations of depositional environment. The
petrographic study revealed that some of the claystones of the upper Laramie
Formation contained siderite cement. Because siderite cement precipitates in reducing
environments (Drever, 1988), and because claystones are deposited in low-energy
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depositional environments, the claystones may be indicative of a poorly drained,
lacustrine setting.

The results of the palynological investigation (Okamura, 1994) support the lithologic
and petrographic data and indicate that the Laramie Formation was deposited in a
deltaic environment. This conclusion is based on the greater abundance of terrigenous
versus marine taxa.

In summary, the upper Laramie Formation sandstones are deltaic—not fluvial—in
origin and are discontinuous, very fine grained, and have a high silt and clay content.
The hydrogeologic characteristics of the Laramie Formation are discussed briefly in
Section 5.4; a more detailed discussion is included in the Hydrogeologic
Characterization Report (EG&G, 1995a).

5.2.3 Fox Hills Sandstone

The Upper Cretaceous Fox Hills Sandstone conformably underlies the Laramie
Formation and is 90 to 140 feet thick beneath the Rocky Flats site (EG&G, 1992a).
Variations in thickness are attributed to the gradational and interfingering nature of the
contact with the underlying Pierre Shale. Sandstone beds are quartz rich and contain
traces of feldspar and glauconite.

The upper portion of the unit is a cliff-forming deposit that has been described as thick-
bedded to massive, planar laminated to cross-bedded, very fine- to medium-grained,
angular to subrounded, well-sorted, light-olive-gray to yellowish-gray silty sandstone
that weathers to a white to dark-yellowish-orange sandstone with polygonal fracture
patterns (EG&G, 1992a). Some of the thick sandstone beds exhibit large-scale (1 to 4
feet high), low-angle, planar cross-bedding (EG&G, 1992a). In the Denver Basin east
of the site, the Fox Hills Sandstone and the lower Laramie Formation compose a
regional aquifer (Robson, 1983).

The lower portion of the unit is composed of laminated to thin-bedded, very fine- to
fine-grained, angular to subrounded, well-sorted light-olive-gray to yellowish-gray silty
sandstone that weathers to a light-olive-brown to moderate-yellow-brown (EG&G,
1992a). It contains trace fossils and iron-stained, ovoid, calcareous concretions as
much as 2 feet in diameter.

The Fox Hills Sandstone was deposited in a delta-front environment (Lovering et al.,
1938; Homner, 1954; Covington, 1966; Camacho, 1969; Rahmanian, 1975). The
dominance of thick-bedded to massive, planar-laminated to cross-bedded sandstones
within the upper portion of the unit indicates that these sandstones were deposited in
the high-energy proximal portion of a distributary mouth bar (Weimer, 1973). The
lower portion of the sandstone, composed of laminated to thin-bedded silty sandstone
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beds that contain trace fossils and iron-stained concretions, represents the lower-energy
distal portion of a distributary mouth bar (Weimer, 1973).

Pierre Shale

The Upper Cretaceous Pierre Shale conformably underlies the Fox Hills Sandstone; the
contact between the two is gradational, and they commonly are interfingered. The
Pierre Shale is greater than 7,000 feet thick beneath the Rocky Flats site and consists of
dark-gray, smectite-rich shale with minor thin laminae of limonitic siltstone and silty,

- very fine-grained sandstone.

The Pierre Shale has been informally divided into three members. The upper 5,225 feet
is composed of thin-bedded to massive, dark-gray to olive-gray, silty, bentonitic shale
with a few limestone concretions and thin, poorly cemented sandstone beds (EG&G,
1992a). The foraminifera Haplophragmoides, Robulus, Gyroidina, Globigerina,
Eponides, and Gumbelina have been documented in the upper 120 feet of the Pierre
Shale (Leroy, 1946). In addition, the ammonites Baculites clinobatus and
Sphenodiscus coahuilites have been reported 250 feet below the top of the Pierre Shale,
as have pelecypods (Weimer, 1973).

The middle 550 feet, known as the Hygiene Sandstone member, consists of thinly
laminated to massive, gray to dusky-yellow, calcareous sandstone and sandy siltstone.
The lower 1,725 feet is massive to thin-bedded, dark-gray, silty bentonitic claystone
weathering to dusky yellow. A few very thin, moderate-brown, noncalcareous siltstone
beds are present within the lower unit.

The base of the unit is located at the contact between the dark-gray shale of the lower
member and the grayish-yellow shale of the underlying Niobrara Formation. The
Niobrara Formation conformably underlies the Pierre Shale.

The Pierre Shale was deposited during the Late Cretaceous in a prodeltaic, shallow
marine environment (Camacho, 1969; Porter, 1976; Bachtiar, 1991). Fossil and clay
mineral assemblages support this interpretation. The upper portion of the Pierre Shale
is a laminated and fissile shale with minor thin siltstone and sandstone layers and is
characteristic of a prodelta depositional setting; the lower portion of the unit is a dark,
fissile shale that is characteristic of a shelf or deeper neritic depositional environment
(Weimer, 1973). The Pierre Shale and the Fox Hills Sandstone together record the
final regression of the Cretaceous Western Interior Seaway.

Weathered Bedrock

Cretaceous bedrock units of the Arapahoe and Laramie formations underlying the
Rocky Flats site have been altered somewhat by weathering as a result of fracturing,
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bioturbation, and groundwater and surface-water percolation. Paleoweathering
occurred as the pediment was subjected to erosion prior to deposition of surficial
geologic units. Weathering continues as groundwater and surface water percolate
through the material.

53.1 Geology of Weathered Bedrock

Weathering of sandstones, siltstones, and claystones in the upper portion of bedrock
beneath surficial deposits is common at the Rocky Flats site. The thickness of the
weathered zone is dependent on factors such as abundance of fractures, presence of
root zones, elevation relative to the water table, and proximity to the valley floor.

Weathering processes have caused an increase in the permeability of bedrock material.

The effects of weathering are pervasive in fractured claystones and siltstones and
friable subcropping sandstones. Percolation of groundwater and surface water through
fractures has resulted in precipitation of iron oxides and manganese oxides on fracture
surfaces and within the weathered bedrock matrix. As a result, color mottling is a
common characteristic of weathered bedrock. ‘

The location of the contact between weathered and unweathered bedrock was
determined for this study using available core logs and core photographs. The depth to
the base of the weathered zone is included in the monitoring well and borehole data
presented in Appendices A and B. The contact was identified on the basis of color and
fracture intensity. Iron-oxide stained bedrock units, with orange and yellow mottles,
were interpreted as weathered. Dark-gray, dark-brown, and black bedrock units were
interpreted as unweathered. The presence of a significant amount of fracturing at or
near the alluvial/bedrock unconformity was usually interpreted to be evidence of a
weathered zone, whereas the absence of fracturing in competent or well-cemented
bedrock was interpreted to be evidence of an unweathered zone.

53.2 Distribution of Weathered Bedrock

The top of the bedrock represents an erosional surface and is irregular and undulating
(Plate 4-3). Weathering of bedrock has not occurred uniformly across the site, and the
base of the weathered bedrock (Plate 5-11) and the thickness of the weathered zone
(Plate 5-12) are irregular.

The weathered zone is commonly less than 15 feet thick but may extend to 60 feet
below the top of the bedrock (Plate 5-12). In general, the weathered zone appears
thicker in the western part of the site and thinner in the east. On a local scale, the
weathered bedrock has been reported as being thickest in the modern stream drainages
(DOE, 1992a and 1993c; EG&G, 1994c). However, on a sitewide scale, the thickness
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of the weathered zone does not exhibit this correlation (Plate 5-12). Poor subsurface
control and the larger scale may mask this relationship.

The largest variability in weathered-bedrock thickness occurs in the Industrial Area.
Sandstone subcrops (Plate 5-1) may be the reason for this high degree of variability.
Groundwater percolates from the sandstone units into the underlying siltstones and
claystones and subsequently causes weathering within these underlying bedrock units.
Therefore, some of the thicker areas of weathered bedrock in the middle portion of the
Rocky Flats site may be associated with these sandstone subcrops.

The Isopach Map of Weathered Bedrock (Plate 5-12) shows thick weathered zones
elongated in a north-south and northeast-southwest orientation. South of the area
encompassing OUl and OU2 (located south and southeast of the Industrial Area,
respectively), thick weathered-bedrock zones are somewhat parallel to an inferred fault
in the immediate area.

54 Hydrogeologic Setting

An analysis of the site hydrological conditions and the mechanics of groundwater flow
has been conducted at the Rocky Flats site. This section provides a description of the
hydrologic setting in terms of the groundwater hydrology. The following description is
based on the more detailed discussion included in the Hydrogeologic Characterization
Report (EG&G, 1995a).

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, 1993d)

described groundwaters by both hydrostratigraphic unit (i.e., flow system) and

lithostratigraphic (i.e., geclogic) unit. The Hydrogeologic Characterization Report

(EG&G, 1995a) concluded that hydrostratigraphic units were the most useful
~ classification for discussions of groundwater flow.

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 terms UHSU and LHSU are commonly used in
the literature (e.g., Fetter, 1988) and are defined in EG&G (1995a).

The UHSU comprises several distinct lithostratigraphic units: alluvium (including
Rocky Flats Alluvium), colluvium, and landslide deposits; wzathered portions of the
Cretaceous Arapahoe and Laramie formations; and all sandstones within the Arapahoe
and Laramie formations that are in hydraulic connection with the overlying, surficial
deposits or the ground surface (EG&G, 1991a and 1995a). On the west side of the site,
the UHSU may also comprise weathered portions of the Cretaceous Pierre Shale and
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Fox Hills Sandstone; however, there are not enough data available to determine if
theses units are in hydraulic connection with the overlying surficial deposits.

. Lithologic criteria have been used to define the contact between weathered bedrock and
unweathered bedrock; these criteria include color change and degree of iron-oxide
staining (see Section 5.3, Weathered Bedrock). The LHSU is composed mainly of
unweathered bedrock of the Laramie Formation and includes unweathered portions of
the Arapahoe Formation where present (EG&G, 1991a and 1995a).

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, 1995a). Higher
permeability bedrock in hydraulic connection with surficial deposits or the ground
surface is part of the UHSU.

54.1 Upper Hydrostratigraphic Unit

The UHSU comprises two sub-units: the surficial deposits (unconsolidated materials)
and the weathered bedrock with hydraulically connected sandstones. The degree of
hydraulic communication between the UHSU sub-units varies with 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, 1995a).

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
and 1995a).

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, bedrock channels
and ridges locally direct groundwater movement within the surficial deposits (DOE,
1993c). A change in the lithology of the subcropping bedrock unit from claystone to
sandstone creates an unsaturated zone in the overlying unconsolidated materials
because water flows out of the unconsolidated materials into the weathered bedrock
sandstone (DOE, 1993c).

Hydrographs from adjacent well pairs screened in the UHSU indicate that vertical
hydraulic gradients are generally downward at the Rocky Flats site. The volume of
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54.2

groundwater and rate of groundwater flow between the sub-units of the UHSU are =
controlled by the local vertical gradient and hydraulic conductivities of the units. In
general, groundwater movement between the two sub-units is limited by the
permeability of the subcropping bedrock (EG&G, 1995a).

The hydraulic conductivities of the unconsolidated Quaternary deposits differ by more
than an order of magnitude from those of the weathered claystones and sandstones 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, 1995a). The geometric mean of hydraulic conductivities
measured in Rocky Flats Alluvium is 2.06 x 10 cm/sec (EG&G, 1995a). Valley-fill
alluvium has the highest mean hydraulic conductivity (1.15 x 10 cm/sec) (EG&G,
1995a) of the surficial denosits. The weathered claystone and sandstone to siltstone
bedrock of the underlying formations have mean hydraulic conductivities of 8.82 x 107
and 2.88 to 3.89 x _lO'5 cm/sec, respectively (EG&G, 1995a). In the OU2 area,
unweathered Laramie Formation sandstones have hydraulic conductivity values on the
order of 10 and 10”7 cm/sec, and the weathered Arapahoe Formation sandstones,
which subcrop at the alluvial/bedrock unconformity, have hydraulic conductivity values
on the order of 10” cm/sec (DOE, 1993c).

The Arapahoe aquifer is one of the primary aquifers in the Denver Basin east of the
Rocky Flats site. Existing evidence indicates that the Arapahoe Formation at Rocky
Flats is not in communication with the regional Arapahoe aquifer in the Denver Basin.
The Arapahoe Formation is present only at the top of the Rocky Flats pediment and is
breached by modern streams along the valley slopes. As a result, the channel deposits
within the formation are cut off and do not extend eastward into the Denver Basin. The
groundwater within these channel deposits discharges via springs and seeps along the
hillsides and does not migrate into the subsurface. Therefore, the sandstones in the
Arapahoe Formation are not considered to be primary pathways for offsite groundwater
migration. A thorough discussion of the hydrogeologic characteristics of the UHSU is
included in the Hydrogeologic Characterization Report (EG&G, 1995a).

Lower Hydrostratigraphic Unit

The LHSU comprises all lithostratigraphic units in the unweathered portions of the
Arapahoe and upper Laramie formations, except for subcropping sandstones at the
alluvial/bedrock unconformity. ~The LHSU has been described previously as
comprising only sandstone units within the unweathered portion of bedrock (EG&G,
1991a). In general, saturated sandstones that lie within unweathered claystones and
siltstones of the Arapahoe or Laramie formations are confined units. These sandstone
units are not interpreted as being directly interconnected, and each may act as an
isolated hydrostratigraphic unit. In addition, recharge to these units occurs through the
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confining claystone and siltstone units. Therefore, all unweathered bedrock is
considered part of the LHSU (EG&G, 1994c and 1995a).

The rate of groundwater flow is controlled by the hydraulic conductivity of the
unweathered bedrock of the Arapahoe and upper Laramie formations and the hydraulic
gradient. The confining claystones and siltstones of these formations are much less
permeable than the lithostratigraphic 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 107 cm/sec (EG&G, 1995a). Unweathered sandstone units are
slightly more permeable, with a mean hydraulic conductivity of 5.77 x 107 cm/sec
(EG&G, 1995a). Most of these data are horizontal hydraulic conductivities estimated
from in situ tests. Fractures in bedrock claystones may locally increase vertical
hydraulic conductivities. Relatively strong vertical hydraulic gradients exist within the
LHSU. However, vertical migration of groundwater into the LHSU, which is
essentially a confining layer, is impeded by the contrast in hydraulic conductivities
between the upper and lower hydrostratigraphic units. A thorough discussion of the
hydrogeologic characteristics of the LHSU is included in the Hydrogeologlc
Characterization Report (EG&G, 1995a).

Due to their discontinuous nature, lenticularity, high clay content, and low hydraulic
conductivity values, the sandstone lenses in the LHSU are not considered potential
pathways for offsite migration of contaminants. Fractures may increase vertical
hydraulic conductivities potentially creating local pathways for groundwater flow.

543 Laramie/Fox Hills Aquifer

A regionally important aquifer known as the Laramie/Fox Hills aquifer (Robson, 1983)
is present at greater depth (approximately 600 to 900 feet) 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 gravel quarries near the western
boundary of the site. Recharge to the aquifer occurs along the edge of the Front Range.
Claystones of the Laramie Formation have very low hydraulic conductivities. In a
study of the hydrology of the site (Hurr, 1976), it was concluded that, because of the
low hydraulic conductivity values, operations at the Rocky Flats site could not impact
the Laramie/Fox Hills aquifer.

544 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). That report described
three general zones where the characteristics of groundwater flow are distinctive.
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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
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
déwatered, 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, 1995a). 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
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UHSU within approximately 50 feet of their contact. 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.

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 cr/sec,
is very slow and represents the advective transport rate of a non-reactive (i.e.,
“conservative”) 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. The fracture surfaces are stained
with iron-oxides and manganese-oxides that may have been precipitated from
groundwater during downward flow. Secondary permeability introduced by
interconnected fractures may increase permeability. Such an increase may locally
enhance the hydraulic interactions between the two hydrostratigraphic units.

5.5 | Significance of Cretaceous Bedrock Units at Rocky Flats

As described above, the characteristics of the Cretaceous deposits in the vicinity of the
Rocky Flats site are applicable to OU-specific investigations of geologic and
hydrogeologic conditions. A summary of the conclusions reached during this study on
the characteristics of the Cretaceous deposits is provided below:

e Cretaceous bedrock underlies the surficial deposits at the Rocky Flats site and is
composed of sandstones, siltstones, and claystones. The lateral distribution of these
units has been mapped using available core logs.

e The Arapahoe Formation was deposited in a fluvial environment; the base of the
unit is defined locally by a basal conglomeratic sandstone or a medium- to coarse-
grained channel sandstone bed.

e The boundary between the Arapahoe and Laramie formations—as defined in the
Surface Geologic Mapping Report (EG&G, 1992a)—has been verified, thereby’
confirming that the Arapahoe Formation thickness is much less (0 to 50 feet) than
previously thought. '

e The distribution and characteristics of the Arapahoe Formation sandstone units in
OU2 and OU4 indicate that the sandstone varies both laterally and vertically across
the site. Differences in sandstone morphology, mineralogy, cementation, and
fracture intensity may have a significant effect on the ability of the sandstone to
transport groundwater and (possibly) contaminants.
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e Although the Arapahoe Formation sandstone units exhibit the highest hydraulic

' conductivity values for bedrock units across the site (approximately 10> cm/sec),

the formation is not a pathway for the offsite migration of contaminants because it

is present only at the top of the Rocky Flats pediment and is breached by modern

streams along the valley slopes. As a result, the channel deposits are cut off and do

not extend eastward into the Denver Basin. Therefore, the Arapahoe Formation at

Rocky Flats is not hydraulically connected to the Arapahoe aquifer in the Denver
Basin.

e The Laramie Formation is 600 to 800 feet thick beneath the Rocky Flats site.

e The upper Laramie Formation is approximately 300 to 500 feet thick and contains
discontinuous sandstone lenses that were previously thought to be part of the
Arapahoe Formation. Due to their discontinuous nature, very fine grain size, and
high silt and clay content, these sandstone lenses are not potential pathways for
offsite migration of contaminants.

e The Laramie Formation was deposited in a delta-plain environment.

e Weathered bedrock varies from 0 to 60 feet in thickness beneath the site. The depth
of weathering is influenced by the presence of subcropping sandstones, fractures,
and fault zones.

e The base of the weathered bedrock can be identified using core logs and core
photographs.

e The UHSU is composed of surficial deposits and weathered bedrock material and
ranges in thickness from 10 to greater than 130 feet across the site. Groundwater
flow is controlled by the topography of the ground and bedrock surfaces.

e The LHSU is composed of all lithostratigraphic units in the unweathered portions
of the Arapahoe and upper Laramie formations, with the exception of subcropping
sandstones. Saturated sandstones present within the unweathered bedrock are
isolated, confined units that are not in hydraulic connection with overlying units.
However, fractures in unweathered bedrock may locally enhance hydraulic
interactions between the UHSU and LHSU.

e The Laramie/Fox Hills aquifer has not been affected by Rocky Flats operations
because it is present at a depth of 600 to 900 feet below the site and the claystones
of the Laramie Formation in the overlying confining layer have very low hydraulic
conductivities (approximately 10 to 107 cm/sec) and act as barriers to downward
groundwater flow. '
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Table 5-1
Occurrences of Arapahoe Formation Sandstones

2086 0.5 0.5 0.0 12.5 5960.5 5948.0 » No
2286 3.5 3.5 0.0 10.5 5976.8 5966.3 Yes
3186 - 17.4 154 0.0 0.5 5964.2 5963.7 Yes
3286 8.3 8.3 0.0 1.0 5964.5 5963.5 No
4386 5.0+ 5.0+ 0.0 17.0 . 5970.4 5953.4 No
0687 13.9 12.7 8.8 14.0 5898.2 5884.2 No
0987 19.5 19.2 - 5.0 17.5 5980.2 5962.7 Yes
1087 28.0 20.9 0.0 11.3 5982.0 5§970.7 Yes
2387 20.0 16.0 17 17.0 5972.3 5955.3 Yes
2587 27.2 27.2 1.0 17.5 5953.2 5835.7 Yes
3187 . 2.2 24 0.0 7.6 5973.8 5966.2 No
3287 6.9 . 6.9 0.0 7.7 5971.7 5964.0 No
3387 16 6.6 18 11.0 =~ 5968.0 5957.0 No
3487 8.0+ 8.0+ 0.0 16.7 5971.4 5954.7 No
3687 51.0 38.5 13.6 21.0 5949.0 5928.0 Yes
4287 31.5+ 29.7+ 0.0 24.0 5950.5 - 5926.5 No
4387 2.7+ 2.7+ 5.0 32.2 5956.5 5924.3 __No
4487 6.3 6.3 0.0 27.0 5956.1 5929.1 No
4587 20.0+ 15.0+ 0.0 20.0 5952.7 5932.7 No
B217089 24.5 19.6 9.5 17.0 5919.0 5902.0 No
B217389 34.8 29.8 0.0 25.2 5961.6 5936.4 No
B217489 14.7 11.2 14.3 39.3 5961.2 5921.9 No
B217689 26.0 20.0 2.0 24.0 5960.5 5936.5 No
B218789 12.3+ 4.9+ 2.0 30.0  5962.8 5932.8 No
B220189 3.0+ 3.0+ 1.0 16.0 5949.0 5933.0 No
B315289 43.0 27.0 3.0 22.0 5963.2 5941.2 No
B402189 30.5 28.5 6.0 13.5 6024.6 6011.1 Yes
B405889 12.0 12.0 26.5 33.0 6024.9 5991.9 Yes
P209189 6.9 6.9 0.0 10.3 5980.7 5970.4 Yes
P209289 3.6 24 1.6 13.8 5981.6 5967.8 No
P209389 4.4 44 0.4 14.2 5981.5 5967.3 Yes
P209489 - 50 2.0 3.0 12.0 5978.0 5966.0 Yes
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Table 5-1
Occurrences of Arapahoe Formation Sandstones (continued)

P210189 1.9 0.0 - 0.0 14.6 5980.8 5966.2 Yes
P213289 4.0+ 4.0+ 0.0 10.0 5967.3 5957.3 No
P213889 3.8+ 3.8+ 0.0 8.0 5954.1 5946.1 Yes
P219589 2.3 2.3 0.0 17.2 5963.8 5946.6 Yes
P412189 2.5+ 2.5+ 0.5 . 285 6023.4 5984.9 No
P415989 0.5 0.5 0.2 34.2 6044.9 6010.7 No
P416289 7.3 5.0 10.0 33.0 6038.6 6005.6 No
P416389 11.8 6.8 2.2 32.2 6055.4 6023.2 No
P416989 20.0 5.8 4.9 349 - 6045.2 6010.3 No
P419689 1.0 1.0 0.0 22.0 6022.4 6000.4 No
00291 37.7 11.5 20.5 36.5 5960.2 5923.7 Yes
00391 7.6 0.9 2.8 19.7 5920.8 5901.1 No
01491 19.7 19.7 34 5.0 5970.4 5965.4 Yes
1891 17.1 13.3 12.4 12.4 5971.8 5959.4 No
02091 2.1 20.1 8.9 25.0 : 5965.2 5940.2 ] Yes
02291 3.8 2.3 0.9 9.7 5936.7 5927.0 Yes
02491 9.7 1.6 2.3 10.8 5944.5 5933.7 Yes
2501 10.3 8.9 39.8 39.8 . 5923.6 . 5883.8 No
2691 7.4 7.4 1.1 1.1 . 5934.8 5933.7 No
02-991 350 31.7 1.1 16.9 5956.3 5939.4 Yes
03091 37.3 25.1 8.3 25.6 5952.9 5927.3 Yes
03191 5.8+ 4.6+ 1.3 22.4 5950.4 5928.0 No
03391 35.2+ 21.5+ 0.0 12.3 5944.5 5932.2 Yes
03691 35.0 30.7 9.2 7.7 5932.6 5924.9 Yes
03791 324 24.4 8.0 12.9 5936.8 5923.9 Yes
09691 3.4 3.4 6.9 10.0 5935.6 5925.6 No
10191 29.4 17.7 10.1 . 24.6 5957.7 5933.1 No A
10291 42.0+ 34.2+ 0.0 18.2 5952.9 5934.7 No
10391 36.4 34.1 . 0.0 22.2 5949.5 5927.3 No
10491 19.0+ ‘ 5.8 0.0 30.0 5956.9 5926.9 No
11391 28.5+ 28.5+ 0.0 ' 37.8 5946.0 5808.2 No
11591 0.5+ 0.5+ 9.5 19.5 5937.8 5918.3 No
11691 17.0+ "17.0+ 7.5 17.0 5938.6 5921.6 Yes
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Table 5-1
Occurrences of Arapahoe Formation Sandstones (continued)

11891 18.0+ 12.0+ 0.0 12.0 5945.5 5933.5 Yes
12091 10.8+ 10.8+ 0.0 13.2 5971.6 5958.4 No
12191 21.2+ 21.2+ 0.0 15.7 5956.5 5940.8 Yes
12291 10.0+ 10.0+ 4.0 6.0 5971.0 5965.0 Yes
12391 39.5+ 39.5+ 8.7 45.2 5940.1 5894.9 Yes
12491 35.0+ 31.5+ 0.0 30.0 5948.8 5918.8 No
12691 37.8 37.5 9.0 29.0 ‘ 5949.7 5920.7 Yes
20091 19.6+ 19.6+ 5.7 374 5947.0 5908.6 Yes
20191 37.3+ 12.3+ 11.65 44.7 5946.9 5902.2 Yes
20391 28.5 28.5 9.0 45.0 5946.9 5901.9 No
20891 50.6 33.8 0.0 19.4 §950.0 5930.6 Yes
20991 50.6 33.8 0.0 ) 19.4 5949.8 5930.4 Yes
21091 53.0 43.7 2.0 17.0 5948.6 5931.6 Yes
40291 14.0 1.5 0.0 4.0 5958.7 5954.7 No
41391 7.0 3.0 4.0 _ 43.7 ~__6070.5 6026.8 No
41731 38.3 21.1 0.0 25.2 5939.0 5913.8 No
41992 324 20.2 9.1 33.0 5946.4 _5907.4 No
42792 13.8+ ~_10.3+ 0.0 20.4 5982.3 5961.9 No
43592 5.1 0.0 0.0 8.2 5985.8 5977.6 No
46792 3.4 1.2 5.6 30.1 5956.3 5926.2 No
50492 6.9+ 3.4+ 3.9 31.1 6010.0 5978.9 No
76292 12.7+ 12.7+ i 0.0 8.5 5957.0 5948.5 No
72292 4.3+ 2.0+ 0.4 12.5 5963.5 §951.0 - No
72892 1.8+ 1.8+ 0.0 10.6 5959.3 5948.7 No
73392 5.6+ 5.6+ 0.0 6.4 5954.9 5948.5 No
73492 4.9+ 4.9+ 0.0 8.1 5954.4 5946.3 No
73792 5.0+ 5.0+ 0.0 4.9 5953.3 5948.4 No
77792 4.7 4.7 0.0 14.2 5947.5 5933.3 No
00793 5.8 4.8 0.0 6.0 5957.7 5951.7 No
21193 42.7 40.6 12.6 19.6 5948.7 5929.1 No
21393 26.7 26.7 3.9 12.5 5960.8 5948.3 No
21693 28.7 21.9 3.9 19.4 5955.2 5935.8 No
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Table 5-1
Occurrences of Arapahoe Formation Sandstones (continued)

21993 417 39.8 10.4 19.4 5948.0 5928.6 No
23193 45.5 45.5 12.0 20.0 5948.2 5928.2 No
40993 14.4 13.4 0.0 9.7 5981.3 5971.6 No
41993 7.9 7.9 0.0 7.6 5978.7 5971.1 Yes
42193 2.6 2.6 ' 0.0 7.4 5976.7 5969.3 No
42393 5.1+ 4.9+ 1.9 10.0 5980.2 5970.2 Yes
43293 8.4 5.5 0.0 10.0 5980.2 5970.2 Yes
45893 8.0 8.0 ‘ 0.0 9.0 5960.4 ‘ 5951.4 Yes
57093 1.3 1.3 0.0 34.1 6023.8 5989.7 No
57493 1.4 1.4 1.4 20.0 6030.4 6010.4 No
57893 5.6+ 5.6+ 0.0 24.4 6062.8 6038.4 No

1“4 indicates the entire unit was probably not penetrated.
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Age Formation | Thickness Rocky Flats Rocky Flats Thickness Formation Summary Description
(feet) Graphic Section Graphic Section (feet) '
e Clayey Sandy Gravels - reddish brown to yellowish brown
‘é’ EG&G (1991¢) EG&G (1992a) matrix, grayish-orange to dark gray, poorly sorted, angular
] central portion RFP . to subrounded, cobbles, coarse gravels, coarse sands and
] Rocky Flats ( P ) Rocky Flats gravelly clays: varying amounts of caliche
8 Alluvium 0-100 5 10-20 Alluvium
R R —v\_ s
T Sandstone #1 15-25 Arapahoe Fm. Claystones, Silty Claystones, and Sandstone-
Arapahoe Sandstone #2 ===="=mrrry -t light to medium olive-gray with some dark olive-black
Formation 150 Sandstone #3 o= e claystone and silty claystone weathers yellowish orange
Sandstone #4 to yellowish brown; a mappable, light to ofive gray, medium-
Saridstona #5 | SRR Ty to coarse-grained, frosted sandstone to conglomeratic
= ey sandstone occurs locally at the base (Arapahoe marker bed)
RS --

o | Claystones, Silty Claystones, Clayey Sandstones,
and Sandstones - kaolinitic, light to medium gray
claystone and sitty claystone and some dark gray to black

7 carbonaceous claystone, thin (2') coal beds and thin
discontinuous, very fine to medium-grained, moderately
Laran!ie 800 600-800 Laramie sorted sandstone intervals
a Formation : Formation
o
3
8
o
O . i .
upper interval: upper interval:
500 300-500
lower interval: lower interval:
300 300 . "
Claystones, Sandstones, and Coals - fight to medium
gray, fine- to coarse-grained, poorly to moderately sorted,
silty, immature quartzitic sandstone with numerous
lenticular, sub-bituminous coal beds and seams that range
from 2' to 8' thick
Fox Hills Fox Hills Sandstones - grayish orange to light gray, calcareous,
Sandstone 75128 90-140 Sandstone fine-grained, subrounded, glauconitic, friable sandstone
Pierre Shale I o R U Pierre Shale
and older units and older units
LEGEND J\EBs6 ROCKY FLATS
wm Rocky Flats Site, Golden, Colorado
3 E3 -
Alluvium- Conglomeratic  Fine to Medium  Very Fine to Fine Claystones Claystones and Stratigraphic NomenclatuFr:e f°"S‘T'e'
Sandy Gravel Sandstone Sandstone and Siltstones ~ Silty Claystones (Shale) Central Portion of Rocky Flats Site:

Sandstone

Laramie/Arapahoe Formation Contact
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Geologic Characterization Report

6. Mineralogy, Petrology, and Palynology
of the Cretaceous Bedrock Units

Cretaceous bedrock beneath the Rocky Flats site is lithologically variable. Variations
in the physical characteristics of the bedrock control the rate of groundwater flow;
variations in its mineralogical and chemical composition affect groundwater chemistry
and determine the fate of contaminants in the subsurface. The mineralogic, petrologic,
and palynologic investigations of the Arapahoe and Laramie formations performed for
this Geologic Characterization Report were designed to support the Hydrogeologic
Characterization Report (EG&G, 1995a) and Groundwater Geochemistry Report
(EG&G, 1995b). The following objectives were addressed:

e Describe the mineralogic composition of bedrock and identify spatial (vertical and
lateral) variations in mineralogy. Such information is essential for use in geologic
characterization of the bedrock and in geochemical modeling of groundwater.

e Evaluate compositional differences between the weathered and unweathered
portions of the bedrock and between saturated and unsaturated portions of the
bedrock. This information will be used to further understand groundwater flow

~ beneath the site.

e Interpret the depositional environments of bedrock strata. = Knowledge of the
deposition environments is useful for geologic characterization of the bedrock and
for distinguishing “geologically reasonable” phases for geochemical modeling (e.g.,
different minerals are expected in reducing versus oxidizing environments).

e Identify distinct strata that can be used as marker beds and define the
mineralogic/lithologic/palynologic criteria for identifying the marker units. Marker
unit identification is essential for stratigraphic correlation among borehole cores.

o Identify secondary phases or alteration products. This information is useful for
geochemical modeling of groundwater, especially for mass-balance and reaction-
path modeling.

e Compile detailed descriptions of the mineral content, petrographic characteristics,
and paragenetic sequence for bedrock units. These descriptions will aid in
geochemical modeling activities, as well as groundwater flow determinations.

To meet these objectives, representative samples of bedrock cores were collected to
describe the rnineraldgy, petrology, and palynology of the bedrock units at Rocky Flats.
Samples were selected to represent a range of lithologic characteristics and
stratigraphic sequences. Table 6-1 lists the cores and depth intervals sampled for this
study.

1p\281001\section6.doc 6-1 3/1195



Geologic Characterization Report

Various methods were used to describe the core samples. Mineral compositions were

determined by x-ray diffraction (XRD) analyses of whole-rock and clay-sized powders

- and by electron microprobe, scanning electron microscopy (SEM), and petrographic
analyses. Chemical compositions of the samples were described by x-ray fluorescence
(XRF) analyses. Bulk density, total porosity, cation exchange capacity (CEC), total
organic carbon (TOC) content, and sesquioxide content of selected claystone and
siltstone samples were also determined. Additional samples were also collected for
palynological analysis, which consisted of the identification and enumeration of plant
microfossils (pollen and spores) present in bedrock samples.

Samples undergoing laboratory analyses were subjected to the specific quality
assurance procedures of each laboratory. All of the data obtained for this section of the
report were checked and verified by project geologists. The following subsections
present the results of these various analyses.

61  X-Ray Diffraction

XRD was used to identify the mineral assemblages and relative abundances of minerals
in the bulk rock and the clay-sized (less than 2 microns) fraction of 104 core samples.
The mineral assemblages were identified by the laboratory with peak-matching
software that uses the Joint Committee on Powder Diffraction Standards (JCPDS)
system of identification. The JCPDS system analyzes the relative intensities for a
series of peaks from each mineral and compares each series to other peak series on file.
The approximate weight percents of the minerals present are determined by calculating
the areas beneath representative peaks. Raw data (diffractogram patterns) were
examined to verify the results reported by the XRD software. As discussed below, the
minerals identified by computer matching were modified slightly to reflect additional
information derived from the diffractogram patterns. The final results, which are
consistent with the diffractograms, are provided in Tables 6-2 and 6-3.

One mineral, sepiolite, was reported in 39 of the 104 samples. The most intense
sepiolite diffraction peak, at approximately 6.9° 26, is close to the most intense mixed-
layered illite/smectite diffraction peaks at 5.9° and 8.8° 20 (depending on the percent
illite within the mixed-layered assemblage) (Moore and Reynolds, 1989; Eslinger and
Pevear, 1988). Because the peak-matching software does not identify mixed-layered
clay assemblages, the mixed-layered illite/smectite present in the samples was reported
as sepiolite by the laboratory. Review of the diffractograms generated for these
samples lead to the conclusion that the reported sepiolite fractions were actually mixed-
layered illite/smectite fractions. This interpretation concurs with mineral saturation
indices calculated for groundwater that indicate extreme undersaturation with respect to
sepiolite (EG&G, 1995b).
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Seventy of the 104 samples were reported as containing smectite. However, additional
peaks identified on the diffractograms indicated that the mineral reported as smectite
was actually mixed-layered illite/smectite. The methods presented in Moore and
Reynolds (1989) and Eslinger and Pevear (1988) were used to determine the
approximate percentages cf illite and smectite present within the mixed-layered clay
assemblage of each sample. These results are reported in Table 6-3.

Data Summary

The samples analyzed using XRD included mostly siltstones and clayey siltstones,
although there were also some claystones and silty claystones. The main mineral
component of the samples analyzed was quartz. Quartz content ranged from
approximately 28 to 70 percent by weight; samples from boreholes B217489, 42392,
and 40391 had the highest quartz contents with a combined average of greater than 50
percent by weight.

Kaolinite and mica/illite abundances were relatively constant in the samples analyzed.
Kaolinite content varied from 0 to 26 percent and mica/illite from approximately 5 to
26 percent by weight. Plagioclase and potassium feldspars were also present in the
sandstones and siltstones, although in small abundances (0 to 7 percent and less than 5
to 17 percent, respectively).

The bulk rock samples contained a clay-sized fraction (less than 2-micron-sized
fraction) of 1 to 14 percent. The minerals present in the clay-sized fraction were
mainly mixed-layered illite/smectite, kaolinite, and illite. Other clay minerals present
were palygorskite, chlorite, halloysite, vermiculite, and gibbsite. In addition, quartz
peaks were noted in every sample, and potassium feldspar, siderite, calcite, goethite,
hematite, and talc peaks were noted in some of the samples. “Unidentified” peaks were
also reported in each of the samples.

In the majority of the samples, illite/smectite was the most abundant clay mineral. The
illite/smectite content ranged from 22 to 88 percent (Table 6-3). Discrete illite was also
present in each sample with abundances ranging from 5 to 16 percent. In five samples
from boreholes 40391, 41892, and 42192 kaolinite was present in greater abundance
than illite/smectite. In these five samples, kaolinite was present at 50 to 64 percent. In
the remaining samples, the average kaolinite content was 14 to 15 percent.

The percent illite within the mixed-layered illite/smectite was determined for the
samples with strong diffractogram peaks for both clays. Illite percentages ranged from
less than 5 percent to approximately 25 percent.
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6.1.2 Discussion of XRD Results

No trends were apparent in the lateral distribution of minerals in the bedrock. At a few
of the individual boreholes, however, the bedrock showed regular changes in mineral

- content with depth. Samples from borehole 40391 showed increasing quartz contents
and decreasing kaolinite and mica/illite contents with depth between 18 and 48.5 feet
below the ground surface; samples from borehole 41892 showed a decrease in quartz
content between 29.4 and 120.6 feet below ground surface; and samples from
monitoring well B217489 showed a decrease in the quartz content accompanied by an
increase in the kaolinite content from 44.3 to 193.8 feet. '

In the clay-sized fraction, illite content did not generally vary with depth, whereas
illite/smectite and kaolinite contents commonly did vary with depth. In borehole
40391, the kaolinite content increased with depth, whereas the illite/smectite content
decreased. In borehole 41191, the opposite was true.

Core samples from multiple depths were collected from two locations: monitoring well
B217489 and borehole 42393. At least four samples each were collected from the
weathered and unweathered bedrock at each location. XRD analyses show no
consistent differences between the mineral contents of the weathered and unweathered
bedrock. At B217489, the unweathered bedrock had more kaolinite and less
plagioclase than the weathered bedrock. At 42393, the unweathered bedrock had less
kaolinite and more plagioclase. The relative abundances of minerals in the clay-sized
fractions of the weathered and unweathered bedrock were not distinguishable at either
location.

The relative abundances of minerals in the whole-rock samples did not generally
covary. However, the most quartz-rich samples (greater than 50 percent) had relatively
low kaolinite contents (Figure 6-1). In addition, the clay-sized fraction showed a
consistent inverse relationship between the relative abundances of illite/smectite and
kaolinite in most of the samples (Figure 6-2).

6.1.3  Origin of Clay Minerals

The results of XRD analyses suggested a detrital origin, as opposed to an authigenic or
diagenetic origin, for the mineral assemblages in the Cretaceous bedrock. This
conclusion is based on three important observations. First, the morphology of the peak
on the diffractograms was broad and round and thus indicative of a detrital origin for
the clay minerals (Eslinger and Pevear, 1988). Second, the absence of trends in the
variation of clay-mineral abundances with depth suggested a detrital origin for those
minerals. Third, the low percentage of illite within the mixed-layered illite/smectite
and the lack of a trend toward increasing illite content with depth also suggested a
detrital origin for the clays (Moore & Reynolds, 1984).

tp\281001\section6.doc ' 6-4 3/1/95



Geologic Characterization Report

6.2

Variable illite/smectite assemblages in the mixed-layered clays of individual samples
indicated that more than one source area probably supplied sediment during the Late
Cretaceous. Source areas containing mixed-layered clays with illite/smectite in various
stages of the smectite-to-illite transformation may have supplied sediment to the
Laramie and Arapahoe formations. The correlations between kaolinite content and
quartz content and between kaolinite and illite/smectite may also result from mixing of
sediment derived from two mineralogically distinct sources.

X-Ray Fluorescence

Fifty-seven samples from the Arapahoe and Laramie formations were analyzed by XRF
(Table 6-1) to describe their chemical composition and to support stratigraphic
correlation efforts. Representative samples were analyzed for major oxides and minor
and trace elements. Tables 6-4 and 6-5 and Appendix D present the XRF results. The
major-oxide contents are reported in weight percent; the minor and trace element
concentrations are reported in parts per million (ppm). The sample preparation and
analysis methods are described in Appendix D.

The samples were classified by their lithologies (claystone, silty claystone, clayey
siltstone, siltstone, and sandy siltstone), and the geometric mean concentration of each
analyte was calculated for each rock type. Table 6-6 presents the summary statistics;
Figures 6-3 through 6-6 show the mean concentrations of major oxides and minor and
trace elements within each rock type.

The average silica content of each rock type was greater than 63 percent, and the
amount of silica showed a positive correlation with the abundance of quartz present
(Figure 6-7). In addition, the weight percent of potassium oxide was correlated with
the abundance of mica/illite, both potassium-rich phases (Figure 6-8). The abundances
of magnesium oxide and iron oxide and the concentrations of nickel and cobalt showed
strong positive correlation (Figures 6-9 and 6-10, respectively). These two pairs of
elements have similar ionic radii and valence charges and commonly substitute for one
another in rock-forming minerals (Best, 1982).

Some of the analytes showed variations in concentration that appeared related to grain
size. Aluminum-oxide concentrations generally decreased with increasing grain size
(Figure 6-11). Titanium-oxide concentrations generally decreased with increasing
grain size (Figure 6-4) and may reflect decreases in the relative abundance of rutile
(titanium oxide), which has been noted in the samples. The trace elements vanadium,
chromium, zinc, strontium, rubidium, niobium, and copper also illustrated slight
decreases in concentration with increasing grain size (Figures 6-5 and 6-6).

To gain a better understanding of the XRF data, the geometric mean for major-oxide
and minor-element concentrations of samples from Rocky Flats were compared to
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values reported in the literature. The majority of the samples analyzed were o
categorized as claystones (Table 6-6), and therefore the results were compared to
values obtained from analyses of shales provided in the literature. The geometric
means of XRF values for major oxides were compared to geometric mean values
reported in Clark (1924) and Pettijohn (1957) for shale samples from the United States
(Table 6-7; Figures 6-3 and 6-4). Most of the values for carbonaceous shales were
obtained from analyses of Devonian black shale obtained from Walker County, Georgia
(Clark, 1924), and the values for siliceous shales were obtained from analyses of the
Cretaceous Mowry Shale obtained from Black Hills, South Dakota (Pettijohn, 1957).

This comparison indicated that the majority of the Rocky Flats samples lie within the
range of geometric mean values reported for the shale samples (Clark, 1924; Pettijohn,
1957). The samples from Rocky Flats had slightly higher aluminum and magnesium
contents and lower sodium contents than the shales described by Clark (1924) and
Pettijohn (1957) (Figure 6-12).

The XRF values for minor elements were compared to the geometric mean values of
over 100 samples of shales collected from throughout the United States and reported in
the literature (Table 6-7; Figures 6-5 and 6-6). Most of the trace-element contents in
the Rocky Flats samples are comparable to the geometric mean reported for shales
(Connor and Shacklette, 1975; Krauskopf, 1979; Woolson, 1983; Eisenbud, 1987),
with the exceptions of zinc, tin, thorium, cobalt, arsenic, and niobium, which are
present at generally higher concentrations than those reported in the literature.

Because the chemical composition of the bedrock samples from the site did not vary
regularly with either depth or location, these XRF data could not be used in the
stratigraphic correlation effort at the Rocky Flats site.

Other Analyses

Several other laboratory analyses were performed on selected bedrock samples. As
described previously, these analyses included bulk density, total porosity, CEC, TOC
content, and sesquioxide content. Results are summarized in Table 6-8 and
Appendix E.

Bulk density is measured from a dried sample. Total porosity is calculated from
measurements of the particle density and the dry bulk density. As expected, the bulk
densities and porosities of the samples are inversely correlated (Figure 6-14). An
increase in pore space causes a decrease in grain content and, therefore, a decrease in

" the density of the sample. Total porosity varied between 16 and 30 percent by volume.

Total porosities of samples from the weathered and unweathered portions of the
bedrock were the same.
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CEC is a measure of the capacity of a sample to exchange cations with a solution. The
samples exhibit a positive relationship between CEC and relative percent illite/smectite
(Figure 6-15). Smectite and illite/smectite have large CECs due to the structure of the
minerals and their ability to absorb cations (Eslinger and Pevear, 1988). CEC is
usually highly dependent on the amount and chemical nature of organic matter in the
samples. However, no relationship was observed between the TOC content and CEC
of the samples analyzed.

Sesquioxides, the free iron and aluminum oxides and hydroxides, may be present as
amorphous surface coatings, cements, discrete crystalline minerals such as goethite
with varying amounts of aluminum substitution, and concretions or nodules. During
the extraction of iron and aluminum from the samples for analysis, silica and
manganese are also extracted. The results are reported as ppm of each of these four
metals (Table 6-8). In every sample, iron was more abundant in oxides and hydroxides
than was aluminum. The iron sesquioxide content varied between 359 ppm and 39,000
ppm; sesquioxide content did not vary consistently with depth. However, when
multiple samples were available from a single location, such as well B217489 and
boreholes 41892, 42192, and 42392, the sesquioxide content decreased with depth.
The shallower weathered portions of the bedrock generally contained a higher
concentration of iron and aluminum sesquioxides than the unweathered portions at
these locations.

Petrography

Forty-two thin sections of samples from the Arapahoe and Laramie formations were
examined petrographically. Point counts were performed to quantify the relative
abundances of the framework and non-framework grains and to determine total
porosity. Primary texture was also described. Table 6-9 presents these data.

Petrographic analyses have been performed as part of previous geologic investigations,
but descriptions of thin sections in these studies used visual estimates of the mineral
abundances instead of point counts. Results of these studies, reported in the 1992
Geologic Mapping Report (EG&G, 1992a), are not directly comparable to the results of
the present study because the method previously used provides only approximate or
relative mineral contents.

Data Summary

Framework grains in the bedrock samples included quartz, potassium feldspar,
plagioclase, mica, micrite rock fragments, and lithic fragments. The main constituents
were quartz and lithic fragments. The relative abundance of quartz varied from 4 to 55
percent, with an average of 18 percent. Non-framework grains were predominantly
clay matrix (including iron-stained clay matrix), which comprised from 1 to 76 percent
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of the non-framework material, with an average of 35 percent. Porosity ranged from
less than 1 percent to 38 percent and averaged approximately 14 percent. Carbonate
cement was also present and was identified as dolomite, calcite, and siderite.

6.4.1.1 Texture

The majority. of the samples examined (37 of 42) were very fine- to fine-grained
sandstones with abundant clay matrix from the Arapahoe and Laramie formations. The
remaining five samples were siltstones or claystones from the Laramie Formation. The
samples were classified as lithic or sublithic greywackes (Compton, 1956).
Representative photomicrographs of sandstones from the Arapahoe and Laramie
formations are included as Figures 6-16 and 6-17, respectively, and representative
photomicrographs of a claystone from the Laramie Formation are included as Figure
6-18.

Individual framework grains were typically subangular to subrounded in shape (Figures
6-16 and 6-17), with distinctly round grains present in a few samples (Figure 6-19).
Grain sorting in all of the samples was generally poor to moderate, and sample porosity
ranged from less than 1 to 34 percent. The claystones and siltstones were characterized
by microcrystalline pores; the sandstones contained intergranular and intragranular
pores. Table 6-9 summarizes the textural data for each of the thin sections.

6.4.1.2 Composition

The framework composition of the Arapahoe and Laramie Formation sandstones
consisted primarily of quartz and lithic grains (Figures 6-16, 6-17, 6-19, and 6-20;
Table 6-10). Quartz grains commonly showed undulatory extinction, and lithic-grain
types included chert, schist, quartzite, granite, and micrite or clay-rich rock fragments.
The sandstones contained lesser amounts of feldspar, mica, and iron compounds. Not
all of the samples were stained to allow for more accurate feldspar identification. As a
result, the feldspar percentages reported in Table 6-9 for the unstained samples are
probably low estimates of their actual abundances.

The non-framework composition of the sandstones consisted primarily of clay minerals
that were commonly stained by iron oxides (Figure 6-21; Table 6-10). Carbonate
cement was present in approximately half of the samples, and two samples, 41892-152
and 1887BR-111.9, were completely cemented by carbonate (Figure 6-22). Total
porosity of the sandstones varied from less than 1 percent to 38 percent. '

Claystones and siltstones consisted primarily of clay minerals and lesser amounts of
quartz and lithic grains (Figure 6-18; Table 6-10). Localized concentrations of micrite
peloids were present in the claystones (Figure 6-23). The total porosity of claystones
and siltstones is generally low with only trace amounts recorded by point counting.

tp\281001\section6.doc 6-8 3/1/95



Geologic Characterization Report

6.4.2 Provenance

The presence of abundant quartz, schist, and granitic rock fragments in the Arapahoe
and Laramie Formation szndstones indicates that these deposits were derived from
Precambrian igneous and metamorphic rocks in the Front Range west of Rocky Flats.
This determination is consistent with previous studies of the Arapahoe and Laramie
formations in the Golden area (e.g., Van Horn, 1957). The detrital micrite rock
fragments (Figure 6-24) were probably derived from reworked micritic claystones.

6.4.3 Post-Depositional Alteration

Post-depositional processes have significantly altered the original texture and
mineralogy of the Arapahoe and Laramie Formation samples. Table 6-11 summarizes
post-depositional features observed in thin section. Post-depositional processes
indicated by the petrographic characteristics of the samples include mineral
replacement, bioturbation, clay infiltration, sediment compaction, grain dissolution, and
cementation. Section 6.4.4, Paragenesis, provides a discussion of the relative timing of
post-depositional alterations discussed here. Petrographic evidence for these processes
is presented below.

- Initial petrographic observations suggested that plagioclase grains in samples from the
Arapahoe and Laramie formations have been partially replaced by authigenic potassium
feldspar (Figures 6-17 and 6-25). Samples stained by sodium cobaltinitrite revealed
felspar grains with yellow-stained perimeters and unstained cores. The concentration
of the yellow stain along the perimeter of the grains suggestzd that the grain borders
had been replaced by authigenic potassium feldspar.

To determine if mineral replacement had occurred, an electron microprobe was used to
examine one of the grains in question from sample 2586-71.9, which is pictured in the
center of the photomicrograph in Figure 6-25 (see Section 6.6). Results of the
microprobe analysis indicated that the grain was potassium feldspar and was not a
partially altered plagioclase grain. Plagioclase was not detected in any of the grains,
and the only evidence of alteration was the local replacement of potassium feldspar
along cleavage planes by a potassium-rich clay mineral (possibly illite). The rims
observed around the potassium feldspar grains were, therefore, a result of incomplete
staining. '

Petrography and microprobe data indicate that potassium feldspar grains in the Upper
Cretaceous bedrock units underlying the Rocky Flats site are detrital. The scarcity of
plagioclase grains in the samples probably reflects grain dissolution or carbonate
replacement of the grains. Grain dissolution is evident where sand-sized pores are
present in the compacted sediments (Figure 6-26). Grain replacement by carbonates is
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evident where sand-sized authigenic carbonate crystals surrounded by iron-oxide-
stained clays are present among detrital framework grains (Figure 6-27). '

Evidence for bioturbation was observed in approximately 50 percent of the Arapahoe
and Laramie Formation samples analyzed (Figure 6-28; Table 6-11). Bioturbation was
evidenced by features such as circular pores typically 0.5 to 1.0 millimeter in diameter
and larger than surrounding sand grains; irregular to linear-shaped voids, partially or
completely filled with unstained or iron-oxide-stained clay minerals and surrounded by
sand grains; irregularly shaped patches of sand and silt surrounded by clay matrix; and
the absence of primary bedding.

The size and shape of the bioturbation features suggest that they formed during
episodes of rooting and root-pore filling. Several of the features may also represent
burrows. The sandstones that contained both bioturbation features and abundant iron-
oxide-stained clay minerals were probably subaerially exposed shortly after they were
deposited.

Clay-filled pores were observed in selected samples, and clay coatings surrounding
framework grains and forming meniscus bridges between grains were observed in
several of the porous sandstones (Figure 6-29; Table 6-11). Similar clay coatings and
meniscus bridges were not observed in the compacted, low-porosity sandstones that
had abundant clay matrix, although these features may have been present originally and
méy have been destroyed during sediment compaction.

Clay coatings and bridges similar to those observed in the porous Arapahoe and
Laramie Formation sandstones commonly form in the vadose zone of contemporary
depositional settings (Walker, 1984). The clay coatings and bridges typically develop
as gravity-driven waters slowly percolate downward through permeable deposits and
leave behind thin films of clay-rich water that surround framework grains. The clays
are eventually deposited from suspension on the grain surfaces and form relatively
continuous coatings around individual grains.

Each of the samples analyzed from the Arapahoe and Laramie formations showed two
features related to sediment compaction: porosity reduction and increased clay-matrix
content (Table 6-11). Sandstones that had high (greater than 10 percent) porosity and
few tangential grain contacts were interpreted as slightly compacted (Figure 6-30). In
comparison, sandstones that exhibited low (less than 10 percent) porosity and abundant
clay matrix were assumed to have undergone a greater amount of compaction (Figure
6-31, right side of photograph).

Sandstones with the highest content of clay matrix generally contained no clayey rock
fragments, which suggests that most of the interstitial clay in the samples was produced
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during the ductile deformation of the clay-rich rock fragments. In addition, the small
amount of interstitial clay in the slightly compacted sandstones and the abundant clay
matrix in the more compacted samples suggests that the sandstones originally did not
contain any clay and that most of the clay in the Arapahoe and Laramie Formation
sandstones formed post-depositionally. However, the results from SEM analyses of
similar samples do not support this conclusion. Section 6.6 discusses additional
evidence for the origin of the clays within the bedrock.

Nearly all of the samples (38 of 42) exhibited evidence of grain dissolution (Table
6-11). In porous sandstones, intragranular pores along cleavage planes of feldspar
grains and completely dissolved grains in rock fragments represent possible areas of
grain dissolution (Figure 6-20). In compacted sandstones, sand-sized pores similar in
size and shape to sand grains were noted (Figure 6-26); these intergranular pores
indicate complete grain dissolution following compaction. There is no evidence for the
selective dissolution of potassium feldspar grains.

Approximately 50 percent of the Arapahoe and Laramie Formation sandstones have
been partially or completely cemented by calcium carbonate (Figure 6-22; Table 6-11).
Single - crystals of euhedral to subhedral, sparry, carbonate cement have filled
intergranular pores in both porous and compacted sandstones. The crystals are
commonly of similar size and shape relative to the surrounding detrital framework
grains. In several samples, the crystals were stained by iron oxides along crystal
boundaries, perhaps indicating the carbonate had replaced detrital grains. However, no
relics of any framework grains were observed in the cement.

Two samples, 41892-152 and 1887BR-111.9, were completely cemented by calcite.
These samples contained few tangential contacts between framework grains, which
indicate that the calcite cement precipitated prior to significant sediment compaction
(Figure 6-22). Lesser amounts of dolomite cement were also present in these samples;
the euhedral crystal boundaries indicate that the dolomite has locally replaced the
calcite cement.

Carbonate cement was generally more prevalent in the deepest samples (Table 6-9).
Although the higher carbonate cement content in these deeper samples could be
attributed to a variety of factors, the higher concentration most likely suggests that the
cement represents a late diagenetic event. This late diagenetic event is possibly
associated with recent subsurface hydrologic conditions. '

Paragenesis

Petrographic relationships were used to establish relative timing of post-depositional
alterations observed in the Arapahoe and Laramie Formation sandstones; a flow chart
shows the sequence of these alterations (Figure 6-32).
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Following sediment deposition, bioturbation and clay infiltration were initiated. These
processes most likely occurred in the vadose zone and were the first processes
responsible for modifying the texture and composition of the sandstones. Next,
incipient compaction was caused by burial of the sandstones. Grain dissolution was
coincident with compaction; the common presence of only partially dissolved
framework grains in slightly compacted sandstones (sandstones with greater than 10
percent porosity) (Figure 6-30) demonstrates that grain dissolution was initiated prior to
more significant compaction.

Following initial compaction and dissolution, sandstones underwent one of two
potential alteration pathways. One pathway included further compaction and resulted
in sandstone porosities of less than 10 percent. These sandstones exhibit small
amounts (less than 5 percent) of euhedral to subhedral dolomite cement, which has
partially filled intergranular pores. The second pathway included complete calcite
cementation with local dolomite replacement. The dolomite replacement/cementation
that occurred along each pathway represents the latest diagenetic alteration in the
compacted and more porous sandstones.

6.4.5 Stratigraphic Correlation

Although samples from the Arapahoe and Laramie formations exhibited few distinctive
textures or compositions that could be used for correlating lithologic units, two
possible stratigraphic markers were identified within the claystone samples, and one
possible stratigraphic marker was identified within the sandstone samples. The
compositional and textural features that define these potential markers are described
below.

Micrite rock fragments were present in approximately 30 percent of the sandstones
examined petrographically (Figure 6-24; Table 6-9). These grains probably represent
reworked fragments of Arapahoe and Laramie Formation claystones, which contain
locally abundant micrite. The local stratigraphic and spatial distribution of the micrite
rock fragments suggests that the presence or absence of these grains could be used to
correlate lithologic units between boreholes over short distances.

Three of the samples (42192-90, 420192-128.2, and 42392-130.8) studied in thin
section represent claystones with locally abundant micrite (Figure 6-23; Table 6-9).
XRD data and petrographic observations suggest that the micrite probably represents
siderite cement. Because clay minerals typically accumulate in low-energy depositional
environments and siderite precipitates in reducing environments (Drever, 1988), the
texture and composition of the claystones indicate that these deposits represent poorly
drained, lacustrine settings. Lacustrine deposits are generally more laterally continuous
than fluvial or deltaic deposits. Therefore, if the claystones represent lacustrine
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sediments, these micrite-rich, siderite-bearing deposits couid be used to correlate
lithologic units among boreholes and wells.

Three of the samples (41892-29.4, 42392-109.2, and 42392-110) examined are
bioturbated mudstones stained with iron oxide (Table 6-9). Iron-oxide staining and
bioturbation in these samples suggest that the deposits were subaerially exposed.

‘Subaerial exposure surfaces or paleosols are routinely used as stratigraphic markers to

correlate units in continental deposits (Blatt et al., 1980).
Electron Microprobe

Analyses of individual mineral grains can be performed with an electron microprobe.
Electron microprobe analyses of bedrock samples were conducted on a JEOL 8600
electron microprobe operating at 15 kilovolts with a 1-micron beam. The microprobe
uses the electron beam to generate energy spectra from the elements in the mineral
grain. The spectra generated are analyzed using combined energy- and wavelength-
dispersive systems to allow for identification of all elements with an atomic mass
greater than carbon. The mineral is identified based on the equivalent weight of the
oxide for each element. The results are based on the standard formulas for each phase
identified (semiquantitative) and reported in weight percents of the major oxides.

The electron microprobe was used to identify the mineral phases present and the
composition of selected phases in six samples (Table 6-1). For each of the samples,
multiple analyses of the most abundant and compositionally variable phases present
were collected. These phases included microcline, biotite, plagioclase (albite), siderite,
and iron hydroxides. For each sample, the average compositions of the phases present,
as well as the compositions of individual grains, were reported. Representative
photographs of the backscattered electron images were obtained for each sample and
are included as Figures 6-33 through 6-38. Table 6-12 lists the phases identified in
each of the six samples; analyses are reported in Table 6-13.

Electron microprobe analysis of clay minerals was generally not feasible given the
small size of clay grains relative to the diameter of the electron beam (1 micron). The
coarsest clay present was kaolinite. Because kaolinite has a relatively constant
composition, multiple analyses of this phase were not obtained. The more
compositionally variable clays, such as the smectite group clays, were extremely fine-
grained and could not be analyzed with the 1-micron beam.

Microcline is the only phase that was analyzed semiquantitatively for each of the

- samples; the results indicate that there is little variation in composition between

samples. The plagioclase feldspars analyzed were albitic (sodium rich) in composition.
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6.6 Scanning Electron Microscopy

The SEM was used to characterize the mineral assemblages, composition, and texture
of six samples collected from the bedrock units (Table 6-1). The SEM uses an electron
beam to generate secondary electrons at the surface of the sample. A three-dimensional
image is formed by collecting the low-energy secondary electrons. As the electron
beam traverses the sample, the secondary electrons emitted are collected by a detector
and processed to an image display.

The SEM can be used to view the morphologic characteristics of mineral grains
(framework and non-framework) and to establish their origin (authigenic or detrital).
The primary objective of the SEM analyses was to determine the origin of clay

. minerals and to identify the authigenic clays, if present. SEM photographs within the
following references were consulted to aid in the identification of the grains: Welton
(1984), Pollastro (1985), Keller et al. (1986), and Weaver (1989). Authigenic and
detrital mineral assemblages were identified by grain morphology and textural
relationships in the SEM images. Authigenic grains were identified by their smooth,
regular, or euhedral crystal faces, whereas detrital grains were identified by their
irregular, pitted, or ruddy grain surfaces.

At least three SEM photomicrographs were taken of each sample analyzed. These
micrographs illustrate representative portions of the samples at magnification levels
500X; 1,000X; and 1,500X. Photomicrographs of unusual features (e.g., a euhedral
crystal or a unique weathering pattern) were also obtained if such features were noted.
Photomicrographs of the six samples analyzed using the SEM are included as Figures
6-39 through 6-44.

SEM images of the grains confirmed previous XRD and electron-microprobe results
from the same samples. The samples were predominantly composed of quartz, with
some potassium feldspar, micaceous minerals (muscovite or biotite and illite), and
kaolinite. Mixed-layered illite/smectite was abundant in most of the samples and was
present mainly as a grain-coating mineral.

SEM images of the samples illustrate grains that, with few exceptions, lack smooth,
clean edges and crystal faces and have ruddy to well-rounded surfaces (Figures 6-39
through 6-44). These features are indicative of a detrital origin (Weaver, 1989). The
illite/smectite is usually massive with a crenulated to flaky morphology and ragged
edges. Detrital illite/smectite ﬁlls‘intergranular spaces and coats the larger grains.

An exception to the detrital assemblages was noted in sample 40391-40.8, where platy,
hexagonal books of kaolinite were observed (Figure 6-39, photograph 4). This is the
only sample of the six samples analyzed in which authigenic kaolinite was found using
SEM. The distinctive platy habit is indicative of an authigenic origin. These results
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demonstrate that the minerals present are dominantly of detrital origin and that some
secondary clay has formed. The authigenic clay is kaolinite and probably formed as a
product of microcline and cuartz weathering.

Palynology

Two palynological studies have been conducted at the site: DOE (1993a) and Okamura
(1994). The first study, conducted in 1992 and 1993, had the following objectives:

e Document the depositional environments represented by the plant microfossil
assemblages of the Laramie and Arapahoe formations, and determine if the
sedimentary environments are a useful tool for defining the geometries of the
‘relatively permeable sandstone units.

e Determine if the two formations could be distinguished by the plant microfossil
assemblages, and, if so, locate the contact between the Laramie and Arapahoe
formations to resolve discrepancies between the 1991 Geologic Characterization
Report (EG&G, 1991a) and the 1992 Geologic Mapping Report (EG&G, 1992a).

e Determine if calcareous siltstone beds identified within the Laramie Formation by
EG&G geologists could be used as marker beds to establish stratigraphic
correlations.

The second study, conducted in 1994 for the Sitewide Geoscience Characterization
Study, targeted a specific marker unit that had previously been identified on the basis of
its lithologic characteristics. The objectives of the study were to determine the validity
of the marker unit as a time-stratigraphic horizon and describe the depositional
environment of the unit.

In the 1992-1993 study, 52 terrigenous (pollen and spore) taxa and 19 marine

' (dinoflaggelate) taxa were identified in 71 samples (DOE, 1993a). Several of the taxa

identified have reported cccurrences ranging from Campanian to Maastrichtian (e.g.,
Integricorpus rigidus and Liburnisporis adnacus; Figures 6-45 and 6-46, respectively).
Other taxa have reported occurrences that begin in the Maastrichtian and extend into
the Tertiary (e.g., Thomposonipollis magnificus and Tripunctisporis maastrichtiensis;
Figures 6-47 and 6-48, respectively). Additional taxa have longer stratigraphic ranges
and are less useful for estimating the age of the strata. The absence of upper
Maastrichtian taxa (e.g., Aquilapollenites delicatus var. collaris and Wodehouseia
spinata) indicate that the rocks are lower to middle Maastrichtian (Late Cretaceous age)
(DOE, 1993a).

Evidence of reworked material in the samples identified during the 1992-1993 study
made it difficult to determine the depositional environment. However, evidence of in
situ taxa was sufficient to conclude that only the uppermost Arapahoe Formation
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sandstone (the No. 1 sandstone) identified in the 1991 Geologic Characterization
Report (EG&G, 1991a) was fluvial in origin and the remaining sandstone units were
probably deposited in a lagoonal, brackish-water environment (DOE, 1993a).

An attempt was made during the 1992-1993 study to differentiate the Arapahoe
Formation from the Laramie Formation by using the plant microfossil assemblages in

- conjunction with lithological information. However, this effort was inconclusive
because samples collected from shallow sandstones thought to be of the Arapahoe
Formation yielded too few microfossils and were too oxidized for satisfactory
palynological results.

The 1992-1993 study also revealed that although no single calcareous siltstone was
laterally continuous across the entire site, the calcareous siltstones could be used for
correlation purposes within small areas.

In the 1994 study, 65 terrigenous (pollen and spore) taxa and 31 marine (dinoflaggelate
and acritarch) taxa were identified in 13 samples (Okamura, 1994). These results are
included in Appendix F. The palynomorphs most useful for dating the material were
Manicorpus striatus and Agquilapollenites delicatus (Figures 6-49 and 6-50,
respectively), which have been documented from the late Campanian to the early to
middle Maastrichtian (Nichols, 1994). One sample was also found to contain both
Pseudoplicapollis newmanni (Figure 6-51), which is Campanian in age, and the
Dinogymnium species (Figure 6-52), which is early Maastrichtian in age. The former
palynomorph has most likely been reworked and was not deposited in situ. Using this
information, the age of the material examined is restricted to the late Campanian and
early Maastrichtian.

The 1994 study indicated that the stratigraphic resolution of Manicorpus striatus,
Aquilapollenites delicatus, and Pseudoplicapollis newmanni restrict the period of
deposition to approximately two million years, from the late Campanian to early
Maastrichtian. This time interval is too broad to be used for accurate stratigraphic
correlations within the Arapahoe and Laramie formations (Okamura, 1994).

The depositional environment was determined in the 1994 ‘study using the relative
abundance of terrigenous versus marine taxa, as sediments containing greater relative
abundances of the terrigenous components were probably deposited closer to the
shoreline. In addition, the proximity of freshwater drainages is important to the
microfossil assemblage, because terrestrial palynomorphs tend to be transported by
water to mouths of rivers and streams. The samples analyzed during this investigation
indicated the Laramie Formation was deposited in a delta-plain environment.
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In summary, the age of and depositional environments for the Cretaceous bedrock units
at the Rocky Flats site were successfully described using palynology. The age ranges
for Manicorpus striatus, Aquilapollenites delicatus, and Thompsonipollis magnificus
are highlighted in Figure 6-53. The presence of these species in the bedrock units
indicates the time of deposition of the Arapahoe and Laramie formations was
approximately late Campanian to early Maastrichtian. Table 6-14 summarizes the
occurrence of terrestrial versus marine palynomorphs identified during each study. The
results of the palynological studies are consistent with previous lithologic and
stratigraphic studies and indicate that the depositional environment (fluvial and deltaic
setting) of the Arapahoe and Laramie formations is consistent with previous lithologic
and stratigraphic studies (e.g., Weimer and Land, 1972).

6.8 Mineralogic and Petrographic Characteristics of the Cretaceous Bedrock

The conclusions reached by the studies described above are directly applicable to OU-
specific geologic characterization studies and future efforts to characterize contaminant
transport by groundwater flow. In addition, data from these analyses were used to
constrain groundwater models along flow paths (see Groundwater Geochemistry
Report, EG&G, 1995b). The conclusions are summarized below:

e Bedrock materials are composed of a predominantly detrital assemblage of silicate
framework grains in a clay and silt matrix. The dominant clays present are mixed-
layered illite/smectite and smectite with lesser amounts of kaolinite, illite, and, in
some cases, chlorite. No patterns of mineralogical or compositional variation with
depth were evident. In general, the bedrock materials have the same compositional
characteristics as typical shales from across the United States.

e Petrographic analyses revealed the paragenetic sequence of the bedrock.
Bioturbation and clay infiltration preceded mineral replacement and sediment
compaction. The final diagenetic alteration steps, additional compaction and
cementation by carbonates, reduced the porosity of the sediment. :

e Three petrographic features have potential for use as stratigraphic marker beds.
Micrite rock fragments, micrite-rich siderite-bearing strata, and iron-oxide stained
and bioturbated sediments may be useful in correlating lithologic units.

e The weathered and unweathered portions of the bedrock have the same total
porosities.

e The iron- and aluminum-sesquioxide (free iron and aluminum oxides and
hydroxides) content of the weathered bedrock is generally higher than in the
unweathered bedrock.

e SEM images confirmed the detrital origin of most mineral phases. Kaolinite was
the only clay mineral observed in its authigenic form.
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e Palynological evidence indicates that the uppermost sandstones within the
Arapahoe Formation may have been deposited in a fluvial environment, whereas
sedimentary rocks within the Laramie Formation appear to have been dcp051ted Ina
brackish-water, delta-plain environment.

¢ The resolution of palynological dating techniques is not sufficient to differentiate
between individual beds within the upper Laramie and Arapahoe formations.

e The calcareous siltstone units can be used for correlation purposes‘ only in small
areas.
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Table 6-1
List of Core Samples and Analyses Performed

2186 315 X
2586A 719 X
3286 95.3 X
3286 116.6 X
5286 122.8 X
6286 55.3-57.8 X
0987 - 20.3 X
0987 27.3 X
0987 30.2 X
0987 31 X
0987 33 X
1387BR 205 X
1487BR 10.5 X
1487BR 20 X
1887BR 111.9 X
1887BR 131.2 X
BH3287 9.7 X
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Table 6-1
List of Core Samples and Analyses Performed (continued)

BH3387 14.8 X
BH4287 38.7 X
BH4287 | 55-55.3 X
BH4587 23.8 X
B217089 20.3 X
'1B217089 | 152.4 X
B217289 91 X X
B217489 26 X X X X
B217489 33 X X X X
B217489 415 X X X X
B217489 443 X X X X
B217489 46 X X X X
B217489 52.5 X X X X
B217489 62 X - X X X
B217489 75.2 X X X X
B217489 | 1182 X X X X
B217489 | 193.8 X X X X
B304989 10.2 X X X X
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: Table 6-1
List of Core Samples and Analyses Performed (continued)

5304989 176 X X X X

B304989 25.4 X X X X

B304989 35.8 X X X X

B304989 44.2 X X X X

B304989 55.9 X X X X

B304989 | 69.2 X X X X

B402189 | . 41.7 X
P209189 15.6 X
P213889 19.7 X
P416289 378 X
40391 18 X X X X

40391 29 X X X X X
40391 408 | x X X X X X
40391 485 X X X X

40591 97 X X

40591 141.4 X X

40891 106.5 X X

40891 155.3 X X
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Table 6-1
List of Core Samples and Analyses Performed (continued)

41191 61.5 X X

41191 104 X X

41191 113.4 X X

41191 153 X X

41391 157 X X

41691 14.9 X

41691 16.6 X X

41791 86.5 X
41791 103

41292 62.1

41292 81

41292 86 . X
41292 114

41292 149.2

41392 122 X
41892 20

41892 29.4 X X X X X X X X X

41892 30.7
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Table 6-1 :
List of Core Samples and Analyses Performed (continued)

41892 53 X X X X

41892 64.9 X

41892 120.6 X

41892 122 X X X X

41892 123.9 X

41892 1515 X X

41892 152 X X X X X

42192 84.2 X X X X X X
42192 87.9 X X X X X X
42192 90 X X X X X X X
42192 91.6 X X X X X X
42192 921 X X - X X X X
42192 100.8 X X | X X X B X X
42192 102.3 X
42192 104.9 X

42192 125 X

42192 128.2 X X X X X X X
42192 134.5 X X
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Table 6-1 ,
List of Core Samples and Analyses Performed (continued)

42192 176 X X X X X X X X X

42192 ‘ 182 X

42292 52 X

42292 68.2 X

42292 83.6 X
42292 109 X

42292 124.8 X

42292 167 X

42392 109.2 X X X X X X

42392 110 X X X X

42392 120.3 X

42392 129.4 X

42392 130.8 X X X

42392 131.2 X X

42392 132 X X X X X X

42392 132.5 ’ ' ‘ X
42392 1416 X X X X X X X

42392 152.5
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: Table 6-1 v
List of Core Samples and Analyses Performed (continued)

42592 © 80 X X

42592 97.3 o X
42592 104.7 |
43792 32

43792 48.4

43792 57.6 X
43792 92.1 ‘

43792 | 1075

43792 139.5 X

43892 83.5 ' X
44192 53.3 X X |

44192 61.1 , - X
44192 89 X X

44192 97.7 X X

44192 130.9 X X

44792 59.4 X X

01193 101.2 X X

01193 103 X X
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Table 6-1
List of Core Samples and Analyses Performed (continued)

01193 1311 X
01193 133 X X

01193 162 X X

01193 1715 X X

01193 223 X X

01293 - 96.9 X
21193 128 X X |

21393 754 X X

21393 118.1 X X

21393 126 X X

21493 47.4 X X

21493 70.1 X
21493 98 |

21493 114.6

Notes: ' x-ray diffraction
x-ray fluorescence
% total organic carbon
*cation exchange capacity
®scanning electron microscopy
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Table 6-2
XRD Results: Relative Mineral Abundances

B217289 91 40 5 5 18 20 12 [Dolomite, siderite
B217489 26 60 6 5 13 15 1 |Siderite

B217489 33 558 8 5 12 12 8 | lindiff, clays, siderite
B217489 415 | 56 7 5 13 12 7 Undiff. clays
B217489 44.3 70 5 5 10 10 0 Siderite, hematite
B217489 46 60 6 0 12 16 6 Hematite

B217489 52.5 50 6 0 18 18 8 Siderité

B217489 62 48 8 5 18 18 3 Dolomite

B217489 75.2 50 5 3 12 20 10 jUndiff. clays
B217489 | 118.2 45 5 0 16 20 14 | Undiff. clays
B217489 | 193.8 38 7 5 18 20 12 | Undiff. clays, siderite
B304989 10.2 38 5 5 18 20 14 | Undiff. clays, siderite, calcite
B304989 17.6 47 5 5 20 15 8 Siderite

B304989 25.4 47 5 5 21 16 6 [Dolomite, siderite
B304989 | 35.8 43 5 5 18 16 13 | Undiff. clays
B304989 44.2 39 5 5 20 - 23 8 Undiff. clays
B304989 | 55.9 38 5 5 20 15 17 | Undiff. clays
B304989 | 69.2 52 7 5 20 10 6 _ |Undiff. clays

40391 18 36 8 5 25 25 1 Halloysite, brookite
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Table 6-2
XRD Results: Relative Mineral Abundances (continued)

40391 48.5 56 10 12 10 | Dolomite, siderite

40591 97 40 17 21 14 |Undiff. clays, siderite,
sergeevite, sillimanite

40591 141.4 34 5 3 17 14 27 |Halloysite, undiff. clays, dol.,

' sid.

40891 106.5 32 5 3 17 . 20 23 | Undiff. clays, siderite

40891 155.3 31 5 3 26 23 12 |Undiff. clays

40891 189 44 6 5 19 17 9 |Halloysite, siderite

41191 61.5 32 5 0 15 20 28 | Undiff. clays, dol., sid.

41191 104 33 7 0 15 25 20 Undiff. clays, clinoamphibole

41191 113.4 30 5 0 16 23 26 C_zl., halloysite, undiff. clays,
sid.

41191 153 35 5 3 19 20 18 | Undiff. clays, sid.

41391 157 37 5 0 18 . 18 22 |S/P, siderite, clinopyroxene

41691 14.9 47 8 6 15 12 12 | Undiff. clays

41691 16.6 49 8 7 16 16 4

41791 103 44 5 0 26 21 4

41292 62.1 34 5 3 17 25 16 | Chlorite, undiff. clays

41292 81 37 5 0 15 22 21 | Undiff. clays

41292 114 38 6 5 20 20 11 | Dolomite, siderite, brookite
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Table 6-2
XRD Results: Relative Mineral Abundances (continued).

41892 29.4 60 11 5 10 11 3

41892 30.7 46 11 5 11 12 15 |Halloysite, undiff. clays

41892 33.5 43 5 0 10 20 22 | Undiff. clays, antigorite

41892 53 38 6 5 16 15 20 [Undiff. clays, dolomite

41892 64.9 35 5 3 15 22 20 _|Undiff. clays

41892 120.6 30 5 5 20 22 18 | Undiff. clays, clinoamphibole
41892 122 38 7 5 18 15 17 | Dolomite, siderite, antigorite, unid.
41892 123.9 50 6 5 20 12 7 Clinopyroxene

41892 151.5 39 6 3 18 19 15 | Halloysite, undiff. clays

41892 152 56 5 0 10 0 29 | Dolomite, siderite, calcite

42192 84.2 55 5 0 15 10 15 | Undiff. clays

42192 87.9 42 5 0 15 20 18 | Undiff. clays

42192 90 40 5 5 15 20 15 | Undiff. clays

42192 91.6 55 6 0 20 15 Siderite

42192 - 921 66 5 5 15 5

42192 100.8 60 7 0 10 15 8 _|Undiff. clays

42192 104.9 29 5 0 19 21 26 HaIonsiie, undiff. clays, dol., sid.
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Table 6-2
XRD Results: Relative Mineral Abundances (continued)

42192 134.5 32 5 0 20 17 26 | Chlorite, unidff. clays
42192 153 35 7 0 15 17 26 | Undiff. clays, dol., sid.
42192 176 50 8 0 15 15 12 | Undiff. clays, dolomite, siderite
42192 182 35 6 0 18 19 22 |Undiff. clays, dol., sid.
42292 52 30 5 3 16 20 26 |Undiff. clays (25%),
‘ clinoamphibole
42292 68.2 38 7 3 17 19 16 |Halloysite, undiff. clays, sid.
42292 109 38 7 0 22 25 8 Siderite
42292 124.8 34 6 0 20 25 15 |Undiff. clays
42292 167 35 5 0 23 25 12 | Undiff. clays
42392 109.2 55 7 0 17 17 4
42392 110 45 7 0 20 24 4
42392 120.3 42 7 0 15 15 21 | Undiff. clays, goethite
42392 129.4 45 8 0 18 . 25 4
42392 130.8 50 9 0 13 20 8
42392 131.2 35 6 0 17 23 19 |Undiff. clays
42392 132 40 7 5 17 20 1 |
42392 141.6 67 7 5 5 12 4  [Clinopyroxene
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Table 6-2
XRD Results: Relative Mineral Abundances (continued)

42392 152.5 50 5 5 15 20 5 Clinopyroxene
42392 162 57 9 3 10 17 4 Clinopyroxene
42592 80 37 5 0 22 21 15 | Undiff. clays, clinopyroxene
42592 104.7 30 5 0 20 16 29 |Halloysite, undiff. clays, dol., sid.
43792 32 40 6 0 16 22 16 | Undiff. clays
43792 48.4 29 5 0 20 26 20 | Undiff. clays (15%), sid.
43792 92.1 40 7 5 18 | 20 10 |Dolomite, siderite, clinopyroxene
43792 107.5 29 5 0 23 25 18 | Chlorite, undiff. clays, sid.
43792 139.5 28 5 0 23 19 25 | Undiff. clays, dol., sid.
44192 53.3 42 6 0 16 17 19 | Sepiolite, undiff. clays, apatite
44192 89 36 5 5 20 18 16 |Undiff. clays, siderite,

4 clinopyroxene
44192 97.7 31 23 22 16 | Undiff. clays (15%)
44192 130.9 37 21 18 19 | Chl, halloysite, undiff. ciays,

clinopyroxene

44792 59.4 37 18 18 17 | Undiff. clays, dol., sid.
01193 101.2 30 22 25 18 |Halloysite, undiff. clays, pyrite
01193 103 34 19 19 23 | Chlorite, siderite, pyrite
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Table 6-2

XRD Results: Relative Mineral Abundances (continued)

01193 120.1 31 6 0 18 21 24 |Chlorite, undiff. clays,
dol.,siderite

01193 133 35 5 0 17 17 26 | S/P, siderite

01193 162 33 5 0 15 15 32 |[Chlorite, S/P, halloysite

01193 171.5 30 5 0 20 18 27 | Chlorite, halloysite, undiff. clays

01193 223 45 8 0 13 18 16 |Undiff. clays, dolomite, siderite,
cpx

21193 128 40 6 0 20 20 14 |Halloysite, dolomite

21393 75.4 31 5 0 18 ‘1 9 27 | Undiff. cIaYs, dol., siderite .

21393 118.1 37 5 0 20 20 18 | Undiff. clays

21393 126 32 7 0 20 20 21 | Chl., undiff. clays, calcite,
tourmaline

21493 47.4 34 20 18 20 | Undiff. clays, dolomite

21493 98 32 25 25 11 |Undiff. clays

21493 114.6 31 0 19 23 22 |Halloysite, undiff. clays
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Table 6-3
XRD Results: Relative Abundances of Clay Minerals

B217289 91 6 74 10 5 11 10-15 Chlorite, quartz

B217489 26 5 88 5 10-15 Quartz

B217489 33 6 87 6 5 2 10-15 Quartz

B217489 415 6 85 8 5 2 10-15 Quartz

B217489 443 3 75 10 5 10 ? Quartz, hematite
B217489 46 3 76 10 5 9 10-15 Halloysite, quartz, k-spar
B217489 52.5 4 78 9 5 8 10-15 Halloysite, quartz, k-spar, gibbsite
B217489 62 3 79 8 5 8 10-15 Quartz, k-spar, gibbsite
B217489 75.2 6 80 7 5 8 <5 Quartz, k-spar

B217489 118.2 5 85 5 5 5 15-20 Quartz, k-spar

B217489 193.8 3 78 7 5 10 10-15 Quartz, k-spar

B304989 10.2 13 77 7 5 11 10-15 Quartz, k-spar

B304989 17.6 10 80 5 5 10 15-20 Quartz, k-spar, goethite
B304989 254 6 77 6 5 12 <5 Quartz, gibbsite, goethite
B304989 35.8 11 84 5 5 6 10-15 Chlorite, quartz, k-spar, gibbsite
B304989 442 5 83 6 5 6 20-25 Chilorite, quartz, k-spar
B304989 55.9 6 82 5 5 8 10-15 Quartz, k-spar, gibbsite
B304989 69.2 4 82 8 5 5 15-20 Quartz, k-spar, gibbsite
40391 18 7 71 10 10 9 20-25 Chilorite, quartz

40391 29 2 28 50 5 17 15-20 Chlorite, quartz

40391 40.8 2. 30 56 5 9 10-15 Quartz, k-spar

40391 48.5 2 34 50 5 11 10-15 Chlorite, quartz

40591 97 14 70 14 5 1 10-15 Quartz

40591 141.4 5 78 8 6 8 ? Chilorite, quartz

40891 106.5 7 82 5 7 ? Quartz

40891 155.3 7 78 5 ? Quartz

40891 189 4 80 5 8 10-15 Chlorite, quartz

41191 61.5 4 50 23 5 22 <10 Quartz

41191 104 4 68 10 7 15 20-25 Chlorite, quartz

41191 113.4 5 82 5 5 8 15-20 Quartz

41191 153 4 82 7 5 6 ? Quartz

41391 157 5 73 16 6 5 15-20 Quartz

41691 14.9 3 59 22 6 13 15-20 Chlorite, quartz

41691 16.6 2 62 18 6 14 10-15 Chilorite, quartz
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Table 6-3
XRD Results: Relative Abundances of Clay Minerals (continued)

[ Mixed-layer : :

| Wite/smectite’ 'Kaolinit
41791 103 3 70 10 9 11 ] 15-20 Chlorite, quartz
41292 62.1 6 70 15 5 16 15-20 Quartz
41292 81 4 75 9 5 1 1015 |Chlorite, quartz
41292 114 2 63 : 20 8 9 10-16 Quartz
41292 149.2 5 75 8 5 12 10-1§ Quartz
41892 20 3 77 10 5 8 10-15 Chlorite, quartz
41892 29.4 3 70 16 6 8 10-15 Quartz
41892 30.7 3 69 15 5 11 10-15 Quartz, gibbsite
41892 33.5 3 60 15 5 20 ? Halloysite, quartz
41892 53 2 79 8 5 8 <5 Chlorite, quartz
41892 64.9 2 70 14 5 11 ? Quartz
41892 120.6 3 70 7 5 18 ? Chlorite, quartz
41892 122 5 38 33 16 13 ? Chlorite, quartz, k-spar, plagioclase
41892 123.9 2 78 8 5 9 <5 Chlorite, quartz
41892 1515 4 67 16 5 12 <10 Chlorite, quartz, k-spar
41892 152 3 22 60 5 13 <10 Chlorite, quartz, calcite
42192 84.2 6 72 13 5 10 15-20 Quartz, goethite
42192 87.9 10 63 18 5 14 <5 Quartz, k-spar
42192 90 11 64 15 5 16 15-20 Chilorite, quartz, goethite
42192 91.6 7 57 17 5 21 <5 Chlorite, quartz, talc
42192 92.1 6 65 16 5 14 <5 Vermiculite, quartz
42192 100.8 7 22 " 64 5 9 - <5 Quartz
42192 104.9 6 75 10 5 10 ? Quartz, k-spar
42192 125 3 47 36 7 10 10-15 Quartz, k-spar
42192 128.2 1 65 20 8 7 15-20 Quartz, k-spar
42192 134.5 4 80 6 5 <10 Quartz, k-spar
42192 153 3 80 5 6 1015 |Quartz, k-spar
42192 176 3 49 27 9 15 © 10-15 Chlorite, quartz, k-spar
42192 182 5 83 8 5 4 10-15 Chlorite, quartz
42292 52 11 80 9 5 10-15 Quartz
42292 68.2 7 80 11 5 4 10-15 Quartz
42292 109 7 47 26 14 13 15-20 Chilorite, quartz, k-spar
42292 124.8 8 80 11 5 4 20-25 Quartz
42292 167 8 75 11 5 ? Quartz
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‘Table 6-3
XRD Results: Relative Abundances of Clay Minerals (continued)

42392 109.2 4 40 45 5 10 10-15 Quartz, k-spar
42392 110 2 40 40 8 12 10-15 Chlorite, quartz, k-spar
| 42392 120.3 6 53 25 7 15 20-25 Halloysite, quartz, k-spar, goethite
42392 129.4 2 73 16 5 6 ? Quartz, gibbsite, goethite
42392 130.8 6 65 18 7 10 ? Quartz, gibbsite, goethite
42392 131.2 7 80 8 5 7 15-20 Quartz, k-spar
42392 132 4 59 25 5 1 15-20 Quartz, gibbsite
42392 141.6 7 67 15 5 13 10-15 Chilorite, quartz
42392 152.5 2 70 11 6 13 ? Chilorite, quartz, gibbsite
42392 162 2 73 12 5 10 10-15 Chilorite, quartz, gibbsite
42592 80 8 80 7 5 8 20-25 Quartz
42592 104.7 5 82 6 5 7 10-15 Quartz
43792 32 6 85 7 5 3 10-15 Quartz
43792 484 13 70 9 5 16 25-30 Quartz
43792 92.1 5 80 7 6 7 ? Chilorite, quartz
43792 107.5 10 75 9 5 11 <10 Quartz
43792 139.5 2 70 11 9 10 ? Quartz, k-spar
44192 53.3 2 78 13 5 4 10-15 Quartz, k-spar
44192 89 10 80 5 9 10-15 Chiorite, quartz, gibbsite
44192 97.7 1 83 6 5 6 <10 Quartz
44192 130.9 3 78 10 5 7 20-25 Chlorite, quartz
44792 59.4 2 73 14 5 8 15-20 Chilorite, quartz, k-spar
01193 101.2 4 77 10 5 8 15-20 Quartz
01193 103 7 71 12 6 11 20-25 Chilorite, quartz
01193 120.1 3 77 8 5 10 10-15 Chlorite, quartz
01193 133 5 69 12 6 13 10-15 Chilorite, quartz
01193 162 7 65 21 5 9 20-25 Quartz
01193 171.5 8 77 10 5 15-20 Quartz
01193 223 3 67 22 5 6 10-15 Quartz
21193 128 5 60 16 10 14 10-15 Chlorite, quartz
21393 75.4 2 72 10 5 13 ? Quartz
213083 1118.1 6 76 17 5 2 15-20 Chiorite, quartz
21393 126 3 77 8 5 10 ? Chlorite, quartz
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Table 6-3
XRD Results: Relative Abundances of Clay Minerals (continued)

21493 47.4 6 80 5 5 10 10-15 Quartz
21493 98 4 75 8 8 9 15-20 Chlorite, quartz
21493 114.6 8 80 9 5 6 ? Quartz
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B217289
40591
40591
40891-
40891
40891
41191
41191
41191
41191
41391
41791
41292
41292
41292
41292
41892
41892
41892
42192
42192
42192

91
97
141.4
106.5
156.3
189
615
104
1134
153
157
103
62.1
81
114
149.2
64.9
120.6
151.5
104.9
125
134.5

0.46
0.17
0.34
0.32
0.31
0.53
0.07
0.14
0.11
0.14
0.12
0.16
0.09
0.08
0.16
0.18
0.08
0.16
0.13
0.08
0.1
0.09

2.11
14
2.18
177
1.77
1.57
1.75
1.88
2.08
1.63
1.99
1.91
1.75
1.3
1.98
22
1.31
1.77
1.49
2.12
1.53
2.05

17
16.5
16.7
17.9
17.4
14.7
145
175
18.8
16.5
174
17.7
17.9
16.8
16.7

163

18
17.1
16.1
173
13.1
17.9

XREF Results: Major Oxides

Table 6-4

66.6
67.5
65.2
64.3
60.8
67.9
56.3
63
64.7
63.9
67.4
66.2
64.8
69.9
64.3
62.4
62.6
62.4
67.2
60.6

64.1

0.13
<0.05
0.13
<0.05
<0.05
0.05
0.18
0.1
<0.05
0.08
<0.05
<0.05
0.11
<0.05
0.09
0.12
<0.05
<0.05
0.07
0.17
0.12
<0.05

02
<0.05
0.16
<0.05
0.13
0.06
0.1
0.14
<0.05
<0.05
<0.05
0.09
0.09
<0.05
0.06
<0.05
<0.05
<0.05
<0.05
0.06
0.14
<0.05

<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02

2.69

227 .

2.81
2.65
2.85
2.59
227
2.51
275
2.39
2.83
2.69
2.61
1.89
2.65
2.75
1.756
2.66
2.54
2.67
222
2.85

0.68
0.74
0.76

.0.76

0.7%
0.62
0.6

0.73
0.74
0.7

0.76
0.73
0.78
0.86
0.7

0.71
0.95
0.74
0.66
0.74
0.49
0.8

0.03
0.09
0.05
0.16
0.01
0.02
0.17
0.06
0.09
0.03

0.04.

0.01
0.01
<0.01
0.02
0.01
<0.01

<0.01

<0.01
0.06
0.17
0.01

4.86
4.06
5.83
7.33
4.1
347
1.7
6.01
9.69
5.11
4.66
4.45
3.99
2.99
4.49
4.03
4.25
4.34
29
7.09
345
4.98

0.07
0.06
0.07
0.08
0.08
0.07
0.06
0.06
0.07
0.07
0.07
0.07
0.07
0.06
0.07
0.07
0.06
0.08
0.08
0.07
0.07
0.07
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Table 6-4
XREF Results: Major Oxides (continued)

42192 153 0.09 1.73 14.5 62.1 0.18 0.05 <0.02 2.38 1.07 - 0.59 0.06 5.74 0.06
42192 182 0.1 . 2 15.5 63.6 0.2 <0.05 <0.02 2.61 1.34 0.58 - 0.04 4.58 0.07
42292 52 0.14 1.85 20 64.1 <0.05 <0.05 <0.02 2.18 0.97 0.85 <0.01 4.81 0.06
42292 68.2 0.14 1.78 16.7 66.3 0.17 <0.05 <0.02 2.6 0.9 0.7 0.04 4.85 0.07
42292 109 0.15 1.93 185 65.7 <0.05 0.12 <0.02 ‘2.94 0.82 0.78 0.01 4.38 0.08
42292 1248 0.15 1.78 173 65.2 <0.05 0.06 <0.02 2.62 0.83 0.75 0.01 4.34 0.07
42292 167 0.14 1.61 18 67.1 <0.05 <0.05 <0.02 2.74 0.78 0.81 <0.01 3.77 0.08
42392 110 0.1 1.62 16.4 69.6 0.06 <0.05 <0.02 2.7 0.72 0.66 0.05 3.5 0.08
42392 131.2 0.08 1.62 16.9 63.2 <0.05 <0.05 <0.02 - 238 0.85 0.76 <0.01 4.32 0.07
42592 80 0.09 1.72 16.7 65.6 <0.05 <0.05 <0.02 2.8 0.78 0.74 <0.01 3.35 0.07
42592 104.7 0.09 217 16.5 59.1 0.18 0.08 <0.02 2.59 1.59 0.7 0.12 9.44 0.07
43792 32 0.1 1.69 15.1 63.8 <0.05 <0.05 <0.02 2.36 0.62 0.69 0.01 3.56 0.07
43792 48.4 0.1 2.02 184 60.4 <0.05 0.07 <0.02 27 1 0.78 0.04 5.57 0.07
43792 92.1 0.16 2.08 17.5 65.9 0.27 .0.09 <0.02 2.69 1.33 0.77 . 0.03 5.4 0.07
43792 107.5 0.12 . 2.03 18.8 61.2 <0.05 0.06 <0.02 2.79 1.01 0.8 0.02 5.61 0.07
43792 139.5 0.15 234 1741 61 0.16 0.38 <0.02 2.86 1.68 0.76 0.04 6.15 0.07
44192 533 0.12 2.06 13.7 66 0.12 0.42 <0.02 249 1.65 0.52 0.01 3.25 0.06
44192 89 0.11 2.21 18.6 64 0.06 0.05 <0.02 2.93 1.02 0.76 0.04 6.39 0.07
44192 97.7 0.09 1.95 17.6 63.9 <0.05 <0.05 <0.02 2.7 0.9 0.77 0.03 5.58 0.07
44192 130.9 0.1 1.75 16.5 63.5 0.06 0.07 <0.02 2.54 0.77 0.68 0.01 3.55 0.07
44792 59.4 0.39 212 15.6 64.4 0.14 . 0.09 <0.02 2.63 1.63 0.65 0.03 4.28 0.07
01183 101.2 0.19 2.29 19.1 63.1 0.07 0.28 <0.02 2.96 0.88 0.81 0.01 5.62 0.07
01193 103 0.2 2.22 19 64.8 <0.05 0.15 <0.02 2.88 0.83 0.79 0.01 5.42 0.07
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Table 6-4
XRF Results: Major Oxides (continued)

01193 12041 0.19 2.22 16.3 63.1 0.16 0.06 <0.02 2.61 0.56 0.7 0.07 7.8 0.07
01193 133 0.2 1.82 18.8 65.9 <0.05 <0.05 <0.02 2.76 0.82 0.78 <0.01 4.48 0.07
01193 162 0.2 1.85 19.8 61.4 <0.05 <0.05 <0.02 2.11 0.96 0.74 0.0t 4.83 0.05
01193 1715 0.19 1.66 17.7 61.9 <0.05 <0.05 <0.02 2.62 0.74 0.74 <0.01 3.84 0.07
01193 223 0.17 1.45 12.7 71.9 0.11 <0.05 <0.02 2.39 0.74 0.54 0.04 3.91 0.06
21193 128 0.15 2.19 18.7 65.5 0.09 0.1 <0.02 2.92 1.35 0.79 0.03 5.35 0.08
21393 754 0.1 1.97 15.2 59 0.35 <0.05 <0.02 2.44 172 0.67 0.1 9.85 0.06
21393 118.1 0.12 1.79 19.4 65.5 <0.05 <0.05 <0.02 1.97 1.11 0.79 0.02 4.74 0.06
21393 126 0.16 1.88 17 63.7 <0.05 <0.05 <0.02 2.82 0.8 0.72 0.01 3.99 0.08
21493 474 0.19 2.2 16.1 62.9 0.12 <0.05 <0.02 2.82 1.47 0.72 0.01 3.75 0.08
21493 98 0.19 2.05 17.7 65.8 <0.05 0.06 <0.02 2.88 0.88 0.74 <0.01 4.66 0.07
21493 114.6 0.14 1.95 17.9 59.6 <0.05 <0.05 <0.02 2.77 0.92 0.76 0.01 4.87 0.07

Na;O sodium oxide K20  potassium oxide

MgO magnesium oxide CaO  calcium oxide

ALO3 aluminum oxide TiO; titanium oxide

Si0;  silica MnO manganese oxide

P20Os  phosphate Fe;03  iron oxide

S sulfur BaO  barium oxide

Cl chlorine
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» Table 6-5
XRF Results: Minor and Trace Elements

M
B217289 91 129 132 19 57 <10 35 126 <20 56 25 <10 159 41 32 13 212 . 101 39
40591 97 145 114 14 36 <10 29 138 <20 50 16 <10 151 44 25 13 226 115 33
40591 1414 156 118 14 37 <10 40 142 <20 66 25 <10 194 57 37 15 203 126 36
40891 106.5 174 117 <10 24 <10 36 170 <20 70 27 <10 195 30 31 14 154 120 43
40891 155.3 172 122 18 42 <10 46 472 <20 <50 19 <10 190 31 25 12 160 121 43
40891 189 106 119 11 37 <10 23 86 <20 <50 <10 <10 132 39 52 12 255 99 29
41191 . 615 158 107 10 43 <10 32 95 <20 102 12 <10 189 42 39 15 159 100 37
41191 104 169 204 19 77 <10 43 175 <20 60 19 <10 169 29 37 14 192 112 43
41191 1134 197 124 <10 28 <10 42 96 26 83 28 <10 195 56 49 14 140 133 32
41191 153 153 117 <10 34 <10 23 89 <20 60 15 <10 200 41 34 12 192 118 32
413N 157 165 178 27 79 <10 34 136 <20 54 21 <10 164 21 35 16 188 136 27
41791 103 168 168 40 114 <10 35 195 <20 <50 20 <10 171 24 14 14 - 175 131 31
41292 62.1 200. 126 183 359 <10 46 167 <20 <50 22 <10 183 44 M4 15 170 138 37
41292 | 81 157 116 <10 22 <10 34 95 = <20 <50 33 <10 144 42 45 16 194 90 27
41292 114 156 150 17 66 <10 35 139 <20 55 19 <10 161 20 24 12 179 110 34
41292 149.2 174 133 17 54 <10 42 161 <20 51 24 <10 193 53 17 13 174 121 36
41892 64.9 147 107 12 28 <10 38 161 <20 54 29 <10 116 48 27 18 232 93 51
41892 120.6 170 145 <10 37 <10 42 97 <20 54 18 - <10 186 38 34 13 183 119 33
41892 1515 124 125 <10 29 <10 28 49 <20 <50 <10 <10 192 37 26 12 231 90 22
42192 104.9 181 126 22 63 <10 46 171 <20 72 22 <10 137 32 . 25 12 150 119 32
42192 125 89 113 <10 41 <10 30 47 32 51 13 <10 147 28 18 <10 196 75 37
42192 134.5 183 121 11 27 <10 43 175 <20 53 24 <10 164 49 47 15 169 138 31
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Table 6-5
XRF Results: Minor and Trace Elements (continued)

42192 153 119 93 12 26 <10 27 96 <20 66 <10 <10 122 44 33 12 234 91 34
42192 182 108 95 <10 24 <10 25 89 <20 59 <10 <10 145 28 38 12 7 282 92 32
42292 ' 52 182 128 13 23 <10 41 112 <20 <50 24 <10 158 48 47 18 157 121 . 29
42292 68.2 154 111 56 142 <10 34 123 <20 56 19 <10 167 33 46 13 219 113 35
42292 109 197 167 58 149 <10 47 868 <20 <50 36 <10 182 40 15 12 169 130 43
42292 1248 167 11 12 25 <10 28 147 39 52 16 <10 176 42 34 14 174 118 25
42292 167 177 121 <10 21 <10 37 114 <20 <50 21 <10 191 35 27 15 178 123 33
42392 110 128 148 12 55 <10 24 106 <20 <50 15 <10 118 47 22 12 251 107 38
42392 131.2 134 103 12 31 <10 36 110 <20 57 21 <10 120 42 43 17 234 112 38
42592 80 159 116 <10 20 <10 39 120 <20 <50 21 <10 153 36 28 13 194 123 37
42592 104.7 . 168 107 16 1 <10 37 152 <20 83 21 <10 180 26 40 15 156 127 36
43792 32 106 100 14 25 <10 21 101 <20 55 10 <10 91 33 33 13 - 279 105 38
43792 48.4 217 131 17 42 <10 51 175 <20 57 42 <10 180 43 33 13 142 139 40
43792 921 161 146 15 53 <10 40 156 <20 60 21 <10 169 4 31 13 197 104 57
43792 107.5 209 131 36 90 <10 50 214 <20 58 .29 <10 182 - 28 50 13 147 147 29
43792 139.5 176 116 22 70 <10 45 202 26 67 29 <10 172~ 41 41 13 168 131 34
44192 633 91 83 13 31 <10 20 87 <20 <50 <10 <10 101 25 28 10 260 79 26
44192 89 192 156 <10 52 <10 38 152 <20 71 17 <10 165 40 27 15 143 130 37
44192 97.7 173 117 <10 27 <10 35 114 <20 58 22 <10 168 23 40 14 178 116 32
44192 130.9 131 103~ 48 92 <10 32 133 <20 <50 10 <10 149 47 36 12 ‘ 212 111 34
44792 59.4 125 96 15 37 <10 29 109 <20 51 14 <10 159 35 27 13 237 107 30
01193 101.2 222 132 30 83 <10 53 252 26 60 35 <10 189 45 50 16 150 152 26
01193 103 210 182 16 72 <10 62 195 <20 55 30 <10 181 42 42 14 149 - 150 29
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Table 6-5
XRF Results: Minor and Trace Elements (continued)

01193 120.1 135 105 12 31 <10 34 149 <20 73 31 <10 165 56 24 14 193 114 37
01193 133 187 179 12 55 <10 50 164 <20 50 18 <10 211 41 29 14 157 127 36
01193 162 199 182 1 55 <10 35 82 <20 54 21 <10 205 17 21 13 133 116 29
01193 1715 172 123 <10 24 <10 30 116 <20 59 21 <10 184 27 36 14 162 114 30
01193 223 77 143 <10 45 <10 19 79 20 <50 <10 <10 84 30 20 10 257 75 29
21193 128 189 139 39 155 <10 43 177 <20 56 25 <10 181 36 34 14 161 140 34
21393 75.4 156 110 <10 23 <10 35 146 <20 85 24 <10 150 31 35 13 163 111 42
21393 118.1 208 170 <10 44 <10 45 109 <20 50 29 <10 215 . 39 31 14 160 119 42
21393 126 171 131 18 46 <10 42 434 <20 52 20 <10 204 38 45 12 1N 126 32
21493 47.4 151 119 <10 29 <10 30 81 <20 <50 16 <10 200 34 26 14 188 130 29
21493 98 177 184 28 125 <10 40 153 <20 51 29 <10 191 4 29 13 73 129 38
21493 114.6 194 128 11 35 <10 35 193 <20 55 21 <10 201 36 47 13 -~ 139 148 31
A\’ vanadium Pb lead

Cr chromium Mo molybdenum

Co cobalt Sr  strontium

Ni nickel U uranium

w tungsten Th  thorium

Cu copper Nb niobium

Zn zinc Zr  zirconium

As arsenic Rb  rubidium

Sn tin Y  yttrium

o D\tables\6-4_14.doc ™ge3of 3



Table 6-6
Comparisons of Rock Compositions

All Samples
Number of Samples Analyzed | 57 57 57 57 57 57 57 57 57 57 57 57
Number of Valid Values 57 57 57 57 29 28 57 57 57 46 57 57
Geometric Mean 0.14 1.86 1696 64.08 0.12 0.10 2.58 1.03 0.72 0.03 484 0.07
Standard Deviation 0.09 0.25 1.56 2.80 0.07 0.09 0.27 1.07 0.08 0.04 1.77 0.00
Claystone ‘
Number of Samples Analyzed | 16 16 16 16 16 16 16 16 16 16 16 16
Number of Valid Values 16 16 16 16 6 9 16 16 16 12 16 16

" |Geometric Mean 0.15 1.94 1830 6432 0.1 0.09 2.62 0.98 0.77 0.02 4.85 0.08
Standard Deviation 0.03 0.17 0.93 2.01 0.08 0.04 0.31 0.19 0.03 0.02 0.68 0.18
Silty Claystone
Number of Samples Analyzed | 28 28 28 28 28 28 28 28 28 28 28 28
Number of Valid Values 28 28 28 28 12 14 28 28 28 22 28 28
Geometric Mean 0.14 1.86 17.07 6362 0.14 0.1 259 1.07 0.74 = 0.03 5.06 0.07
Standard Deviation 0.09 0.29 1.18 2.63 0.07 0.10 0.28 1.50 0.08 0.05 1.94 0.00
Clayey Slitstone ’
Number of Samples Analyzed |7 7 7 7 7 7 7 7 7 7 7 7
Number of Valid Values 7 7 7 7 6 3 7 7 7 7 7 7
Geometric Mean ©10.13 1.77 15672 6367 0.10 0.07 2.54 0.96 0.66 0.04 5.08 0.07
Standard Deviation 0.16 0.22 1.21 429 0.06 0.03 0.21 0.33 0.07 0.05 2.88 0.00
Siitstone
Number of Samples Analyzed |5 5 5 5 5 5 5 5 5 5 5 5
Number of Valid Values 5 5 5 5 4 2 5 5 5 4 5 5
Geometric Mean 0.16 1.74 1458 66.60 0.11 0.19 2.48 0.95 0.61 0.02 3.55 0.07
Standard Deviation 0.12 0.31 141 3.22 0.03 0.23 0.11 0.54 0.08 0.02 0.54 0.00
Sandy Slitstone ‘
Number of Samples Analyzed | 1 1 1 1 1 1 1 1 1 1 1 1
Number of Valid Values 1 1 1 1 1 0 1 1 1 1 1 1
Geometric Mean - - - - - - - - - - - -
Standard Deviation - - - - - - - - - - - -
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Comparisons of Rock Compositions (continued)

Table 6-6

All Samples
Number of Samples Analyzed | 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57 57
Number of Valid Values =~ |57 57 40 57 57 57 6 42 51 57 57 57 56 57 57 57
Geometric Mean 157.50 127.17 19.01 4546 3560 13697 2757 59.63 21.36 16432 3629 3194 1348 188.73 11576 33.98
Standard Deviation 33.17 2643 2853 5227 8.83 120.02  6.52 1128  6.67 2987 9.14 9.50 163 ° 8042 1798 6.22
Claystone
Number of Samples Analyzed | 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16
Number of Valid Values 16 16 13 16 16 16 0 13 16 16 16 16 16 16 16 16
Geometric Mean 184.15 156.95 2283 68.07 4088 161.80 - 6592 22.82 18168 33.70 31.61 1393 178,72 12575 35.32
Standard Deviation 16.70 25.32  46.61 8235 7.1 182.65 - 5.58 5.21 18.02 9.38 8.91 1.51 143.01  13.60  7.65
Siity Claystone .
Number of Samples Analyzed | 28 28 28 28 28 28 28 28 28 28 28 28 28 28 28 28
Number of Valid Values 28 28 20 28 28 28 5 22 28 28 28 28 27 28 28 28
Geometric Mean 162.43 120.13 1964 4189 3845 15199 2939 60.91 2266 16690 38.77 3252 138t 179.72 11841 3465
Standard Deviation 28.05 14.06 13.06 3056 6.52 90.54 576 1128  6.88 2332 941 1038 1.55 2785 1649 5.62
Clayey Siltstone
Number of Samples Analyzed |7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
Number of Valid Values 7 7 4 7 7 7 0 4 5 7 7 7 7 7 7 7
Geometric Mean 139.34 116.17 1122 - 3470 2737 9470 - 69.57 15,69 15759 37.72 3396 1295 205.16 108.01 32.84
Standard Deviation 2393 16.56 _ 0.96 10.37 475 1151 - 20.62  3.67 36.71 7.98 9.87 1.29 38.06 13.41 3.56
Siitstone .
Number of Samples Analyzed |5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Number of Valid Values 5 5 3 5 5 5 1 2 2 5 5 5 5 5 5 5
Geometric Mean 102.86 107.33 13.98 32.71 23.03 8200 20.00 5296 1183 11870 3171 2646 1152 25222 90.26 28.53
Standard Deviation 2086 2417 1.00 7.80 4.72 2328 - 2.83 2.83 4758 469 4.66 1.52 1924 1460 5.92
Sandy Siltstone
Number of Samples Analyzed | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Number of Valid Values 1 1 0 1 1 1 0 1 0 1 1 1 1 1 1 1
Geometric Mean - - - - - - - - - - - - - - - -
Standard Deviation - - - - - - - - - - - - - - - -
Na;O sodium oxide KO  potassium oxide \"/ vanadium Pb lead
MgO magnesium oxide Ca0  calcium oxide Cr chromium Sr strontium
ALO; aluminum oxide TiO; titanium oxide Co cobalt U uranium
Si0;  silica MnO manganese oxide Ni nickel Th thorium
P05 phosphate Fe203 iron oxide Cu copper Nb niobium
S sulfur BaO  barium oxide Zn zinc Zr zirconium

As arsenic Rb rubidium

Sn tin Y yttrium
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Comparison of Rocky Flats Samples to Other Shales

Table 6-7

C

Cr 62-130* 127°
Zn 55-82* 137°
Sr 90-200* 164°
Zr 95-230* 189°
Rb 140° 116°
Ni 21-110* 45.5°
Cu 13-130* 35.6°
Sn 6° 59.6%
Pb 12-24° 21.4°
4.84° U 50-80° 36.3°
BaO - 0.072° - Th 12.5° 31.9
Co 4.8-13* 19°
As 14.5 . 27.6°
Nb 7.7 13.5°
Y 25-38° 342
Notes:

! Pettijohn, F.J., 1957, Sedimentary Rocks: Harper and Row, 628 p.

2 Geometric mean of samples collected during this study.

3 Clark, F.W., 1924, USGS Bulletin 770, 552 p.

4 Connor, 1.J., and H.T. Shacklette, 1975, Background geochemistry of some rocks, soils, plants, and vegetables in the conterminous
United States: USGS Professional Paper 574-F, 168 p.

“

Arsenic: B.A. Fowler, ed., 281 p.

Na;O sodium oxide
MgO magnesium oxide
AlO3  aluminum oxide
Si0;  silica

P,0s  phosphate

S sulfur

tp\2810010\tables\6-6_14.doc

KO
Ca0
TiO;
MnO
Fe20s
BaO

potassium oxide
calcium oxide
titarium oxide
manganese oxide

iron oxide
barium oxide
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Cr
Sr
Rb

Ni
Cu

Krauskopf, K.B., 1979, Introduction to Geochemistry: McGraw-Hill Book Co., 617 p.
Eisenbud, M., 1987, Environmental Geochemistry: Academic Press, Inc., 475 p.
Woolson, E.A., 1983, Emissions, cycling and effects of arsenic in soil ecosystems: in Biological and Environmenal Effects of

vanadium
chromium
zinc
strontium
zirconium
rubidium
nickel
copper

Sn
Pb

Co
As

tin

lead
uranium
thorium
cobalt
arsenic
niobium

yttrium



Table 6-8
Results of Other Laboratory Analyses

B217489 26 <011 <0.19 22.3 8000 445 132 1513
B217489 33 <0.11 <0.19 26.3 | 13600 446 131 897
B217489 41.5 <0.11 <0.19 18.4 3980 289 50.9 1323
B217489 443 <0.11 <0.19 6.8 14600 351 1030 646
B217489 46 <0.11 <0.19 13.5 7570 273 254 832
B217489 52.5 0.5 0.86 18 2590 259 428 509
B217489 62 0.69 1.19 18.4 4690 338 116 565
B217489 75.2 1.16 2 31 976 308 103 580
B217489 118.2 0.73 1.26 38.5 2080 516 143 . 903
B217489 1938 | 045 0.77 27.3 4110 403 92.8 754
B304989 10.2 0.15 0.26 42 23800 655 294 1278
B304989 17.6 0.21 0.36 37.2 22600 549 548 931
B304989 254 0.16 0.28 24 22100 553 521 837
B304989 35.8 0.19 0.33 46 7200 365 50.8 799
B304989 44.2 0.41 0.71 35.1 1140 273 28.7 525
B304989 56.9 0.56 0.96 31.3 2840 258 39.6 519
B304989 69.2 0.26 0.45 29.8 2400 - 462 9.73 727
40391 18 0.54 0.93 35.8 4330 365 53.4 902
40331 29 0.63 1.08 16.7 1730 216 ‘ 19.8 362
40391 40.8 0.58 1 9.9 5030 176 71.8 372
40391 48.5 0.61 1.05 12.8 3560 219 57.7 417
41691 14.9 0.19 0.33 183 3300 266 90.4 746
41691 16.6 0.22 0.38 18.5 6690 317 170 743
41892 20 <0.11 <0.19 24.8 3060 247 9.5 877
41892 29.4 <0.11 <0.19 20.7 2.05 22 8830 400 43.9 813
41892 30.7 0.12 0.21 22.7 6880 362 92.2 994
41892 33.5 0.28 0.48 329 2.16 20 536 219 7.54 545
41892 53 0.3 0.52 40.9 1310 463 8.97 838
41892 122 1.01 1.74 15.7 2.21 18 | 2480 270 35.9 441
41892 123.9 0.15 0.26 28.2 1.91 30 5530 561 80 901
41892 152 0.77 1.32 8.7 1710 - 199 463 317
42192 84.2 0.11 0.1 38.5 1.97 29 18100 661 95.7 1276
42192 87.9 0.17 0.29 40.6 2.04 25 4290 357 97.4 968
42192 90 0.15 0.26 34.8 2 26 6880 361 42.6 724
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Table 6-8
Results of Other Laboratory Analyses (continued)

42192 91.6 0.11 0.19 29.7 1.94 29 7870 351 111 770
42192 92.1 0.56 0.96 26.5 2.17 20 511 225 2.77 457
. 42192 100.8 0.17 0.29 13.1 2.09 22 359 166 1.63 306

42192 128.2 1.31 2.25 36.3 2.12 23 7700 411 158 758
42192 176 0.38 0.65 12 | 2.15 20 1130 239 12.5 463
42392 109.2 <0.11 <0.19 20.8 1.99 26 6020 342 630 658
42392 120.3 0.13 0.22 44 2.05 25 39000 996 209 1758
42392 129.4 0.22 0.38 45 2.07 23 6800 457 12.9 994
42392 130.8 0.24 041 32.4 2.07 23 5140 392 9.94 972
42392 132 2.62 4.51 38.3 2.04 20 1100 331 2.62 7M1
42392 141.6 0.16 0.28 11 2.05 22 529 175 1.85 392
42392 152.5 8.87 15.26 39 1.92 24 1140 374 5.43 464
42392 162 0.23 0.4 19 2.03 23 1440 337 8.48 633

CEC cation exchange capacity

Fe iron

Al aluminum

Mn manganese

Si " silicon

oC organic carbon

OM organic material
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Table 6-9
Petrography Summary: Compositional and Textural Data

0987
1387BR
1487BR
1487BR
1887BR
1887BR

BH3287

BH3387
BH4287
BH4287
BH4587

' B217089

B217089
B402189

P209189

55.3-57.8
20.3
273
30.2
31
33
20.5
10.5
20
111.9
131.2

9.7

148
38.7
55-55.3
23.8
20.3
1524

41.7

156

Ki*
K'
Ka®
Ka®
Ka®
K’
X'

K'
K

Ka®

K
Ka®
KI'

Ka®

Ka®

BE®
BE®
BE®
BE®
BE’
BE’+§*
BE+S*

BE®

BE®
BE®
BE®
BE’
BE'+§*
BE®+S*
BE®+S*

BE 4+ 8*

silt-v.fine sand
fine sand
silt-v.fine sand
v.fine-fine sand
v.fine-fine sand
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: Table 6-9
Petrography Summary: Compositional and Textural Data (continued)

P213889 19.7 Ka® v.fine-med. sand 40 2 tr <1 25 1 13 19 316
P416289 37.8 Ka® silty clay-v.fine sand 13 1 tr <1 16 15 53 1 386
40391 29 KI' c* v.fine sand 42 T2 tr <t 23 3 2 24 3 569
40391 40.8 K ct fine sand 50 6 <1 1 17 tr 3 2 21 406
40391 485 K’ cf v.fine sand 26 <l tr 1 28 2 3 <1 40 <t 469
41892 29.4 KI' ct silt-fine sand 37 4 . tr 2 4 1 49 444
41892 122 K' ct silt’ 19 <1 1 23 3 4 2 48 tr 397
41892 152 K’ (o v.fine sand 27 ' <1 1 23 2 37 2 6 2 393
42192 90 KI' ct clay .4 <1 3 20 1 71 tr 338
42192 100.8 K' c? v.fine sand 31 1 tr 1 a3 tr 34 <1 387
42192 128.2 K c® clay 4 tr tr 1 <1 18 2 . 74 tr 362
" 42192 176 Ki' (o _ vdine-fine sand 55 5 tr 1 9 o ‘ 28 393
42392 1092 | K c® silt 14 <1 1 29 2 53 tr 336
42392 110 Ki' ct silt-v.fine sand 36 1 tr - 4 5 tr? 6 47 423
| 42392 130.8 KI' ct clay 6 ) tr <1 tr 13 7 15 2 64 tr a7
42392 141.6 K ct v.fine-fine sand 46 3 tr 1 10 <t 40 529
42392 162 Ki' c* silt-v.fine sand 37 2 tr 2 7 1 1 50 404
Notes: 'Cretaceous Laramie Formation. ®Quartz is probably over-estimated in the thin sections that were not stained.
2Cretaceous Arapahoe Formation. Mica includes both muscovite and biotite grains.
3Sample impregnated with blue epoxy. 8Lithic grains include polycrystalline rock fragments (e.g., chert, schist, and quartzite).
4Samples stained with sodium cobaltinitrite. -SCarbonate cement includes micritic siderite/dolomite and sparry calcite and dolomite
5Samples impregnated with ctear epoxy. %Total porosity includes intergranular and intragranular porosity. -
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Table 6-10
Petrography Summary: Average Composition of Cretaceous Bedrock Units

Arapahoe Formation Sandstones 13 35 1.8 13 1 17 0 1 - 3.8 25 20
Laramie Formation Sandstones 24 32 42 0 14 20 1.8 1 - 3.2 31 10
Laramie Formation Siltstones and 5 9.4 0 . 0 1 14 3 14 - 1.8 62 0
Claystones
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Table 6-11
Petrography Summary: Post-Depositional Features

2186 31.5 silt-v.fine sand Structureless ) X X
2586A 719 fine sand Laminated X X X Pyrite?
3286 95.3 silt-v.fine sand . Laminated X X? l
3286 116.6 v.fine-fine sand Structureless X X X i
5286 122.8 KI' v.fine-fine sand Laminated X X X Carbonate
6286 55.3-57.8 Ka® fine sand Structureless X X X X Pyrite?,
' carbonate
0987 20.3 Ka® : fine sand Structureless X X
0987 27.3 Ka® fine sand Structureless X X X X
0987 30.2 Ka® fine sand Structureless : X X X
0987 31 KI' silt-v.fine sand Structureless X X X
0987 33 KI' v.fine-fine sand Structureless X X
13878R 205 Ka® clay-med.sand Structureless X X X? X Carbonate
1487BR 10.5 Ka® v.fine sand Laminated X X X X Carbonate
1487BR 20 Ka® i fine-med. sand Structureless | X X X X Carbonate
| 1887BR 1119 Ki! v.fine-fine sand Structureless ] X X X Calcite,
dolomite
1887BR ' 131.2 K' silty clay-v.fine sand Laminated X X? X Carbonate
BH3287 9.7 Kr' v.fine-med. sand Laminated X? X X X
BH3387 148 KI' fine sand Lamfnated D ¢ X X Pyrite?,
carbonate
BH4287 38.7 Ka® med. sand Structureless X? X X X
BH4287 55-55.3 K’ clay-fine sand Laminated X X X X Carbonate
BH4587 23.8 Kr' v.fine-fine sand Structureless X X X
B217089 203 Ka? v.fine sand Laminated X X
B217089 152.4 KI' v.fine sand Laminated X X X Carbonate
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Table 6-11
Petrography Summary: Post-Depositional Features (continued)

B402189 41.7 Ka? med.-coarse Structureless X
sand

P209189 15.6 Ka? v.fine-fine sand | Laminated X

P213889 19.7 Ka? v.fine-med. sand | Laminated X

P416289 37.8 Ka® silty clay-v.fine | Laminated X X

sand

40391 29 KI' v.fine sand Structureless X X X Carbonate, dolomite
40391 40.8 KI' fine sand Laminated X X? Carbonate, dolomite
40391 485 KI' v.fine sand Laminated X X Siderite, dolomite
41892 29.4 Ki' silt-fine sand | Structureless X X X?
41892 122 Ki' silt Structureless X X Carbonate, dolomite
41892 152 K v.fine sand Laminated X X Calcite, dolomite
42192 90 K’ clay Laminated X? X Siderite, dolomite
42192 100.8 K v.fine sand Structureless X? X X?
42192 128.2 KI' clay Structureless X X Siderite, dolomite
42192 176 K" v.fine-fine sand | Laminated X X?
42392 109.2 K" silt Structureless X X
42392 110 Ki' silt-v.fine sand | Structureless X X X?
42392 130.8 K clay Laminated X X Siderite, dolomite
42392 141.6 Ki' v.fine-fine sand | Structureless X X?
42392 162 Ki' silt-v.fine sand | Structureless X? X X?

Notes: 'Cretaceous Laramie Formation

2Cretaceous Arapahoe Formation

tp\ Oltables\6-6_14.doc Pge 2 of 2



Table 6-12
Electron Microprobe Summary: Phases Present

Apatite X . X

Biotite X" X X X X X
Chalcopyrite’ X
Chert . X X X X X
Chiorite X X X X X X
Chlorophaeite X? X?
Clinopyroxene ’ : X

Cu0 X

FeOOH X' X X X X
lllite/smectite | X X X X X
limenite X X X X X X
Kaolinite X X X

Microcline X' X' X' X' X' X'
Monzonite X X X X X X
Muscovite X X X X X X
Pyrite X X X
Quartz X X X X X X
Rutile X X X X X
Siderite X'

Sphene X ]

Zircon X X X X X
ZnS X

Note: 'Semiquantitative analysis available
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Table 6-13
Electron Microprobe Summary: Mineral-Grain Analyses

Microcllne

NazO 0.61 0.52 0.58 0.41 0.85 0.79
Al203 19.09 17.42 18.75 18.3 18.68 18.38
SiO2 67.53 66.22 66.1 67.18 67.13 66.29
K20 1193 151 14.04 13.68 12.77 13.88
CaO 0.27 0.4 0.19 0.25 0.15 0.29
MnO 0.11 0.06 0.12 0 0.18 0.16
FeO 0.04 0.21 0.15 - 0.14 0.19 0.11
MgO 0.16 0.08 0.08 0.05 0.03 0.12
TiO2 0.26

Total 100 100.01 100.01 100.01 99.98 100.02
Biotite

Na0 0

Al,O3 17.49

SiOs 44.29

K20 9.4

CaO 0.61

MnO 0.67

FeO 16.44

MgO 7.65

TiO2 3.44

Total 99.99

FeOOH

SiO» 2.54

Ca0 5.58

MnO 14

FeO 89.6

MgO 0.88

Total 100

Siderite

CaO 7.66

MnO 0.84

FeO 47.4

MgO 5.69

CO; 38

SiO, 0.42

Total 100.01

Albite

Na:0 4.64

AlO3 18.29

Si0O2 73.2

K20 3.25

Ca0 0.35

MnO 0

FeO 0.27

MgO 0

TiO2 0

Total . 100

Notes: All values in weight percent
! Average composition calculated from 10 analyses of individual grains.

Na;O sodium oxide
AlLO; aluminum oxide
SiO; silica

K20 potassium oxide
Ca0 calcium oxide
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Table 6-14
Terrestrial vs. Marine Microfossils

B217489
B217489
B217489
B217489
B217489
B217489
B217489
B217489
|B217489
B217489
B217489
B217489
B217489
B217689
B217689
B217689
B217689
B217789
B217789
B218589
B218589
B218589
B218589
B218589
8218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589
B218589

B217489

45.1
67.2
759

86.1
91.5
110
120.5
130.7
149
162.1
178.9
198.3
2143
82.3
87.3
104.8
116.9
76.8
78.7
45.1
67.2
75.9
84.3
86.1
91.5
110
120.5
130.7
149
162
162.1
178.9
182
198.3
202.6
214.3
222
243.2
257.7
272.4
289.8
162
182
202.6
222
243.2
257.7

843

100
67
100
73
75
75
67
88
100
82
86
60
100
100
72
81
100
100
66

100
67
100
73
75
75
67
88
100
81
76
86
60
81
100
82
100
95

81
71
86
76
81
82
95
79
81

DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a

-DOE, 1993a

DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a

tp\2810010\tables\6-6_14.doc

Page 1 of 2




Table 6-14

Terrestrial vs. Marine Microfossils (continued)

B218589
B315289
00191
00291
00291
00291
40591
40591
40591
40591
40891
40891
40891
41191
41191
41191
41191
41191
41191
42892
42892
42892
01193
01293
21493
41292
41392
41791
42192
42292
42392
42592
43792
43892
44192

B218589

85.1
91.3
120
102.5
122.1
139.8
1311
96.9
70.1
86
122
86.5
102.3
83.6
132.5
97.3
57.6
83.5
61.1

100
79
75
75
79
71
100
85
90
82
84
93
97
81
98
89
89
100
93
78

DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
DOE, 1993a
Okamura, 1994
Okamura, 1994
Okamura, 1994
Okamura, 1994
Okamura, 1994
Okamura, 1994
Okamura, 1994
Okamura, 1994
Okamura, 1994
Okamura, 1994
Okamura, 1994
Okamura, 1994
Okamura, 1994
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-

B: Crossed nichols

Representative sample of a fine-grained sandstone from the Arapahoe
Formation. Field of view =1.77 mm.

JNEG:z6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography Photomicrograph,
Sample 0987-20.3
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March 1995

Figure 6-16
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A: Plane light

B: Crossed nichols T

e~EG:=6G ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography Photomicrograph,
Sample 2586-71.9

Representative sample of a sandstone from the upper Laramie Geologic Characterization Report

Formation. Field of view = 0.89 mm.
March 1995

Figure 6-17
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Representative sample of a claystone from the upper Laramie Formation.
Field of view = 1.77 mm. Plane light.

J\EBG:65 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography
Photomicrograph,
Sample 42192-90

Geologic Characterization Report

March 1995

Figure 6-18

Sample witr some distinctly round grains.
Field of view = 1.77 mm. Plane light.-

J\EBG:=3 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography
Photomicrograph,
Sample 0987-30.2

Geologic Characterization Report

March 1995

Figure 6-19
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A: Plane light

B: Crossed nichols

Samole with intragranular pores. Selected grains within an igneous rock
fragment have been completely dissolved. Field of view = 1.77 mm.

JNEG=6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography Photomicrograph,
Sample 0987-30.2

Geologic Characterization Report

March 1995

Figure 6-20
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Sample with clay minerals that have bezn stained by iron oxides.
Field of view = 0.89 mm. Plane light.

N EBGsE ROCKY FLATS |
Rocky Flats Site, Golden, Colorado

Petrography Photomicrograph,
Sample 6286-55.3-57.8

Geologic Characterization Report

March 1995

Figure 6-21
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A: Plane light

B: Crossed nichols

A calcite-cemented, very fine- to fine-grained sandstone. Calcite cement
has been stained red with Alizerin Red solution.
Field of view = 0.89 mm.

I EG:=6 ROCKY FLATS
Rocky Flats Site Golden, Colorado

Petrography Photomicrograph,
Sample 1687BR-111.9

Geologic Characterization Report

March 1995

Figure 6-22
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\i

A claystone sample with micritic peloids and irregular masses.
Field of view = 0.89 mm. Plane light.

N EG:6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography Photomicrograph,
Sample 42192-90

Geologic Characterization Report

March 1995 Figure 6-23
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A: Plane light

B: Crossed richols ¢“§EG:. ROCKY FLATS

Rocky Flats Site, Golden, Colorado

Petrography Phctomicrograph,
Sample 40391-40.8

A detrital micrite grain with carbonate cement. Geologic Characterization Report

Field of view = 0.83 mm.
March 1995 Figure 6-24
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B: Crossed nichols

A sandstone sample with a detrital feldspar grain that has been stained yellow
by sodium cobaltinitrite along the perimeter, but is unstained near the center of
the grain. Note the twinning under crossed nichcls.

Field of view = 0.89 mm.

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

Petrography Photomicrograph,
Sample 2586-71.9
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March 1995

Figure 6-25
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A ccmpacted sandstone with a sand-sized pore surrounded by sand grains of
similar size and shape. The pore drobably represents a completely dissolved
framework grain; the dissolution postdates sediment compaction. The pore

may also represent a grain that was plucked from the sample during sample
preparation.

Field of view = 1.77 mm. Plane licht.

JNEG:6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography Photomicrograph,
Sample 6286-55.3-57.8

Geologic Characterization Report

March 1995 Figure 6-26
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A: Plane light

B: Crossed nichols

A porous sandstone showing subhedral, sparry, carbonate (dolomite?) cement
that has partially filled an intergranular pore.
Field of view = 0.89 mm.

J\EGs6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography Photomicrograph,
Sample 1487BR-10.5
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M\ES\Report Figures\Petro 6-27.mdw\10-11-94




A circular concentration of sand and silt surrounded by a clay matrix. This feature
probably represents either a root trace or a burrow fill.
Field of view = 4.1 mm. Plane light.

J\EBG:=6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography
Photomicrograph,
Sample 42191-128.2
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A sample with clay coatings and meniscus bridgss surrounding sand grains in a
porous sandstone.
Field of view = 1.77 mm. Plane light.

I\ EG:=3 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography
Photomicrograph,
Sample 0987-30.2
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A porous sandstone that has experienced minimal compaction.
Field of view = 0.89 mm. Plane light.

J\EG:=5 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography
Photomicrograph,
Sample 0987-20.3
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A sandstone that contains both compacted (right side of photo) and relatively
uncompacted (left side of photo) areas.
| Field of view = 1.77 mm. Plane light

N\ EG:3 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Petrography
Photomicrograph,
Sample 1487BR-20
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Sediment deposition
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(Bioturbation)

(Clay infiltration)
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Incipient compaction (sandstone porosity >10%)

Incipient grain dissolution
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_ (Corhpaction) (Calcite cementation)
(sandstone porosity <10%)

(Dolomite cementation) (Dolomite cementation)

(Grain dissolution)

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

Paragenetic Sequence
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JNEG:6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Electron Microprobe
Photomicrograph,
Sample 40391-40.8
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J\EG:z6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Electron Microprobe
Photomicrograph,
Sample 41892-29.4
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J\EG=6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Electron Microprobe
Photomicrograph,
Sample 42192-176

Q: Qua-tz

M: Microline
Musc: Muscovite
Bio: Biotite

B012 15,0k .

X400 - 1BNm

M: Microline
Q: Quariz Geologic Characterization Report
March 1995 Figure 6-35
J\EBGs5 ROCKY FLATS

Rocky Flats Site, Golden, Colorado

Electron Microprobe
Photomicrograph,
Sample 43292-110
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J\EGsG ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Electron Microprobe

Q: Quartz Photomicrograph,
M: Microline Sample 42392-141.6
Koal: Kaolirite Geologic Characterization Report
March 1995 Figure 6-37
JNEB:6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado
. Electron Microprobe
@; Quartz Photomicrograph,
Bio: Biotite Sample 42392-162
Py: Pyrite Geologic Characterization Report

March 1995

Figure 6-38
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S\ EBGs5 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

SEM Photomicrographs,
Sample 40391-40.8

Geologic Characterization Report

Detrital quartz, mica, kaolinite, and potassium feldspar grains with iron hydroxide floccules at 500x,

1,000x, and 1,500x magnification. Photograph 4 illustrates platey "books" of authigenic kaolinite. March 1995 Figure 6-39
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eNEBGEG ROCKY FLATS

Rocky Flats Site, Golden, Colorado

4 SEM Photomicrographs,
3 Sample 41892-29.4

Detrital quartz, potassium feldspar, and mica grains with mixed-layered illite/smectite grain coatings B Ch e e

and iron hydroxide floccules at 500x, 1,000x, and 1,500x magnification. Photograph 4 illustrates the

"ribbon-type" morphology of detrital illite/smectite. March 1995 Figure 6-40
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S EG:z6G ROCKY FLATS

Rocky Flats Site, Golden, Colorado

3 SEM Photomicrographs,
Sample 42192-176
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Detrital quartz, mica, and kaolinite grains with mixed-layered illite/smectite at 500x, 1,000x, and ]
1,500x magnification. March 1995 Figure 6-41
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N EG:6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

38kv 363

SEM Photomicrographs,
Sample 43292-110

Detrital quartz, mica, and kaolinite grains with mixed-layered illite/smectite and iron hydroxide floccules at Qeciogis Cherssinsaton Repar
500x, 1,000x, and 1,500x magnifications. Photograph 4 illustrates the clean surfaces of quartz grains in the

upper right and left corners and the etched surface of a weathered potassium feldspar grain.

March 1995 Figure 6-42
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Detrital quartz, mica, and kaolinite grains with mixed-layered illite/smectite grain coatings at 500x,
1,000x, and 1,500x magnifications. Photograph 4 illustrates the detrital smectite and mixed-layered
illite/smectite "ribbons" coating grains and filling pore spaces.

JNEG:=6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

SEM Photomicrographs,
Sample 42392-141.6
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JNEGsG ROCKY FLATS
Rocky Flats Site, Golden, Colorado

SEM Photomicrographs,
Sample 42392-162
Detrital quartz, mica, and kaolinite grains with abundant mixed-layered illite/smectite grain coatings at 500x,

1,000x, and 1,500x magnification; iron hydroxide floccules are also present. Photograph 4 shows a euhedral Geologic Characterization Raport

grain, possibly rutile or apatite, and mixed-layered illite/smectite coating other detrital grains.

March 1995 Figure 6-44
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From Nichols, 1994

N\ EG:=6 ROCKY FLATS

Rocky Flats Site, Golden, Colorado

Integricorpus rigidus
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Figure 6-45

From DOE, 1993d

S\ EG:6 ROCKY FLATS

Rocky Flats Site, Golden, Colorado

Liburnisporis adnacus
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From DOE, 1993d

SN EG:=E ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Thomposonipollis
magnificus
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From DOE, 1993d

JNEB:5 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Tripunctisporis
maastrichtiensis
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From Nichols, 1994

S\ EGz5 ROCKY FLATS
iocky Flats Site, Golden, Colorado

Manicorpus striatus
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From Nichols, 1994

S\ EG=6 ROCKY FLATS
3ocky Fiats Site, Golden, Colorado

Aquilapollenites delicatus
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From Nichols, 1994

SN EB=B ROCKY FLATS
%ocky Flats Site, Golden, Colorado

Pseudoplicapollis
newmanni
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From DOE, 1993d

Dinogymnium acuminatum

Cinegymnium euclaense

S\ EBG=5 ROCKY FLATS
Rocky Flats Site, Golden, Colorado

Linogymnium sp.
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List of taxa whose stratigraphic ranges in the Upper Cretaceous of the Rocky Mountain region are
shown on the left. Some range lines represent more than one taxon.

8 Aequitriradites ornatus Upshaw 77 Leptopecopites pocockii (Srivastava) Srivastava
54 Agquilapollenites attenuatus Funkhouser 61 Libopollis jarzenii Farabee etal.
65 A. bertillonites Funkhouser : 70 Liliacidites altimurus Leffingwell
69 A. collaris (Tschudy & Leopold) Nichols n. sp. 53 L.complexus (Stanley) Leffingwell
69 A. conatus Norton 38 Loranthacites sp.
59 A. delicatus Stanley 40 Mancicorpus calvus (Tschudy & Leopold) Tschudy
76 A. quadricretacus Chlonova 58 M. striatus (Funkhouser) Srivastava
49 A. quadrilobus Rouse 50 M. tripodformis (Tschudy & Leopold) Tschudy
A. reductus Norton 78 Marsypiletes cretacea Robertson emend. Robertson
1 5 10 15 20 CEI Y 3B 40 45 5 8 60 65 70 7B 80 39 A.senonicus (Mtchedlishvili) Tschudy & Lepold & Elsik
JU o o o e o o N | DU I I 44 A. turbidus Tschudy & Leopold , 52 Montanapollis endannulatus Tschudy
c ' ) i 1 M N1 7 B -I”h - 32  Arecipites spp. . 74 Muyrtipites scabratus Norton
v :‘:‘_‘; 1 18  Asteropollis asteroides Hedlund & Norris 24 Nyssapollenites albertensis Singh
-f:: I / : 9  Brenneripollis peroreticulatus (Brenner) Juhdsz & G6czan 14 Ornamentifera echinata (Bolkhovitina) Bolkhovitina
a 25 Camarozonosporites ambigens (Fradkina) Playford 56 Pandaniidites typicus (Norton) Farabee & Canright
g Thompsonipollis magnificus 19 Cicatricosisporites annulatus Archangelsky & Gamerro 2 Pityosporites spp. '
iHHV---"=-=-=-=- - 1 Il 1 - H-UHUUHHUHUH - - BUUBMHLIL - o o o o - - 1 Cicatricosisporites spp. 29 Plicapollis rusticus Tschudy
31 Complexiopollis sp. 10 Plicatella fucosa (Vavrdova) Davies
\Aquilapollenites delicatus 2 Corollina torosa (Reissinger) Klaus emend. Cornet 13 P. unica (Markova) Dorhofer
g lanicorpus striatus & Traverse 21 P.jansonii (Pocock) Dérhofer
'g 7 Costatoperforosporites foveolatus Deédk 28 Proteacidites retusus Anderson
@ g. 45 Cranwellia rumseyensis Srivastava 30 Proteacidites spp.
8 8 34 Cupanieidites spp. 33 Pseudoplicapollis newmanii Nichols & Jacobson
S : 3 Cupuliferoidaepollenites minutus (Brenner) Singh 22 Quadripollis krempii Drugg
§ | 1 Deltoidospora minor (Couper) Pocok ‘ 27 Reticuloidosporites pseudomurii Elsik
(&) 16 Densoisporites microrugulatus Brenner 52 Siberiapollis montanensis Tschudy
® 17 D. velatus Weyland & Krieger 75 Striatellipollis striatella (Mtchedlishvili) Krutzsch
s - """ "7 1inaryr - - -~"-~"~"~"~"""~""~"~"°"°"°~"7T°*"7*"°"7°7°”" 7= *°*"7”7°”7°°7°° 72  Discoidites parvistriatus (Norton) Nichols & Brown 73 Striatopollis tectatus Leffingwell
=N 47 Dyadonapites reticulatus Tschudy 15 Taurocusporites segmentatus Stover
L JHHH-------- HHHE --| ———————————————————————————— 4  Echinatisporis varispinosus (Pocock) Srivastava 2 Taxodiaceaepollenites hiatus (Potonié€) Kremp
g 64 Ephedra multipartita Chlonova 79 Thomsonipollis magnificus (Pflug & Thomson) Krutzsch
Sl JHHUH - - _ - _ T L L o o o o o e e e e e e o e e e e e e e e e e e = - 43  Erdtmanipollis cretaceus (Stanley) Norton 12 Tigrisporites reticulatus Singh
5 5 Foraminisporis wonthaggiensis (Cookson & Dettmann) 11 T scurrandus Norris
S Dettmann _ 62 “Tilia” wodehousei Anderson
E 1 Gleicheniidites senonicus Ross emend. Skarby 42 Tricolpites interangulus Singh
=1 +HHHI4------ HH-----"-"—"—"—-“ - - - = - 71 Gunnera microreticulata (Belsky et al.) Leffingwell 36 Trudopollis meekeri Newman
.g 57 Ilexpollenites compactus Stone 66 Triporopollenites plektosus Anderson
g 48 Integricorpus reticulatus (Mtchedlishvili) Stanley 26 Triporopollenites spp.
S 41 [ rigidus (Tschudy & Leopold) Farabee 80 Trisectoris sp.
8 46 I trialatus (Rouse) Krutzsch 51 Trisolissporites montanensis Tschudy
- r 3 H +1- “ I.”.", _________________________________ 63 Interpollis supplingensis (Pflug) Krutzsch 68 Ulmoideipites spp. '
20 Januasporites spiniferus Singh 37 Umbosporites callosus Newman
! 5 10 15 20 2 % 3% 40 45 50 5 60 65 70 75 80 60  Kurtzipites circularis (Norton) Srivastava 6 Vitreisporites pallidus (Reissinger) Nilsson
60 K. Trispissatus Anderson 67 Wodehouseia spinata Stanley
35 Kuylisporites scutatus Newman 23 obligate tetrads ( including Artiopollis, Foveotetradites,
1 Laevigatosporites haardtii (Potonié & Venitz) and Senectotetradites) :
Thomson & Pflug
S EBG:s6 ROCKY FLATS
Rocky Flats Site, Golden, Colorado
Palynology Relative Dating
) : . Summary: Stratigraphic Ranges for
- ) Three Spore and Pollen Taxa
Present in the Cretaceous Bedrock
Units Underlying the
Rocky Flats Site
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7.1

Structural Geology

The structural geology of Rocky Flats, including the locations and orientations of
potential faults and the significance of faulting, are discussed with respect to potential
groundwater-contaminant migration. The following subsections describe previous
studies that have identified faults in the Rocky Flats area and incorporate new data into
the interpretation of structure. This section also presents a structure contour map and
three structural cross sections that illustrate the evidence for faulting and the interpreted
displacements.

Summary of Previous Studies

This section summarizes the previous studies pertaining to the structural geology of the
Rocky Flats area. Key topics and findings of each study are presented to provide the
reader with a perspective of the diverse and sometimes contradictory interpretations of
the structural geology made by previous workers.

Geologic maps published by the USGS for the Louisville quadrangle (Spencer, 1961)
and the Golden quadrangle (Van Horn, 1972) depict the bedrock geologic units in the
vicinity of the Rocky Flats site. Spencer (1961) mapped a series of northeast-trending
faults in the Laramie Formation and Fox Hills Sandstone from the Boulder-Weld
coalfield to the Marshall area north of Rocky Flats. He also described the Eggleston
Fault as a northwest-trending, west-dipping, high-angle reverse fault with
approximately 300 feet of displacement. These faults were previously interpreted to be
nearly vertical and to form a series of horsts and grabens (Spencer, 1961). The faults

- were thought to extend 1o a depth of approximately 4,000 feet before attenuating in the

Pierre Shale. The horst-graben system was termed a product of right-lateral strike-slip
movement along the Idano Springs/Ralston Shear Zone. :

Davis and Weimer (1976) interpreted these faults in the Laramie Formation and Fox
Hills Sandstone as syndepositional growth faults formed in a deltaic setting. They
estimated that these growth faults extend to depths of 5,000 feet.

Blume (1972) conducted the first integrated subsurface irvestigation at Rocky Flats
that involved drilling, trenching, and seismic-refraction surveying. One of the
objectives of the study was to evaluate seismic risk, and it was concluded that there has
been no active faulting ar the site for more than one-million years.

In a hydrogeologic study of the Rocky Flats site, Hurr (1976) concluded that the
Arapahoe aquifer receives recharge primarily where it is in angular discordance with
the overlying Rocky Flats Alluvium in the western portion of the site. A geologic map
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accompanying that report shows the contact between the Arapahoe and Laramie .
formations immediately west of Rocky Flats as being low-angle and east-dipping. This
contact was not observed by previous workers (Spencer, 1961; Van Horn, 1972). The
same geologic map also depicts the Eggleston Fault as northwest-trending and
extending southeastward into the Rocky Flats site (Hurr, 1976). This interpretation was
based on the alignment of several bedrock features between Eggleston Reservoir and
Rocky Flats possibly associated with faulting.

Dames and Moore (1981) conducted a detailed seismic and geologic investigation of
the Rocky Flats site and surrounding areas as far south as Golden and as far north as
Eggleston Reservoir. The primary purpose of the investigation was to assess the
seismic hazard at Rocky Flats by conducting a trenching program and describing the
style and extent of Laramide and younger fault deformation in the area. The results of
the investigation provided no compelling evidence for Recent tectonic activity on
Laramide fault structures in the Rocky Flats area. Structural features observed were
interpreted to be slumps or syndepositional deformation structures. Dames and Moore
(1981) also conducted a trenching program north of Eggleston Reservoir across the
inferred fault trace, in an attempt to verify the existence of the Eggleston Fault. They
concluded that (1) the bedrock features south of the Eggleston Fault are syndepositional
slumps and faults, (2) all bedrock units exposed near the reservoir are part of the
Laramie Formation, and therefore (3) the Eggleston Fault does not exist.

Spencer (1986) conducted a detailed structural study of seven coal beds in the Boulder-
Weld coalfield. In this study, Spencer interpreted the faults as predominantly high-
angle normal faults of dip-slip origin that formed a series of horsts and grabens.
Spencer (1986) also related the origin of the faults to movement along the Idaho
Springs/Ralston Shear Zone. This study demonstrated that the thicknesses of coal beds
were not related to the fault structures and placed doubts on a growth-fault
interpretation of the faults.

In 1989, shallow seismic-reflection data originally acquired by the Colorado School of
Mines (Davis, 1976) were reprocessed to characterize the hydrogeology of the Rocky
Flats site and identify possible contaminant flow paths along structural features
(EG&G, 1990a). Shallow thrust faults in the Pierre Shale were evident on two of the
seismic lines. Displacement along the faults was estimated to be approximately 80
feet. These thrust faults may have displaced the overlying Fox Hills Sandstone and
Laramie and Arapahoe formations.

Shallow, high-resolution seismic-reflection data were acquired in 1989 and 1990 along
nine seismic lines in OU2 to characterize the stratigraphy and structure of this area
(EG&G, 1991b). This task also included borehole drilling and downhole geophysical
logging. Synthetic seismograms generated from the geophysical logs were used to
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correlate borehole data with high-resolution seismic data. Seismic-reflection data were
collected in one borehole and processed as a vertical seismic profile to provide velocity
control for the high-resolution seismic lines Several channel sands were interpreted on
the seismic lines, but no structural features were identified. The validity of the channel
sand interpretation is in question by current workers.

Shallow, high-resolution seismic-reflection surveys were conducted-at the Rocky Flats
site in 1990 to investigate stratigraphic and structural features along the eastern
boundary of the site near Indiana Street (EG&G, 1992b and 1993b) and across the West
Spray Field (EG&G, 1992b), which is located between the Industrial Area and
Colorado Highway 93. The surveys included three seismic lines near Indiana Street
and one seismic line in the West Spray Field at OU11 (see Figure 1-3 for the location
of OU11).

As a result of this study, three reverse faults were identified within the Laramie
Formation east of the Industrial Area, each with approximately 20 to 40 feet of
displacement (EG&G, 1993b). The monoclinal fold on the western side of the site is
apparent on the West Spray Field line. Apparent dip of the west limb of the fold is
approximately 45-degrees east; apparent dip of the east limb of the fold is
approximately 2-degrees east. The axial plane of the fold dips approximately 50- to 60-
degrees west (EG&G, 1992b). In addition, a possible fault was interpreted on one of
the seismic lines along Indiana Street (EG&G, 1992b and 1993b). Claystones in a
nearby borehole are intensely slickensided and highly fractured at depths between 200
and 216 feet, supporting the interpretation of faulting at this location.

During 1990 and 1991, EG&G conducted a Phase I Geologic Characterization
Program. The subsequent 1991 Geologic Characterization Report (EG&G, 1991a)
provides a synthesis of background information and geologic interpretations. Most of
the conclusions in the report focused on stratigraphy and an interpreted meandering
channel system in the Arapahoe Formation. Interpretations regarding the structural
geology of Rocky Flats were summarized from previous studies. The report references
work by Gries (1983), who concluded that east-west horizontal compression during the
Laramide Orogeny was responsible for the development of the Front Range uplift.
Gries (1983) also concludzd that the direction of compression shifted to north-south by
late Laramide, subjecting the Front Range to extensional forces.

In 1991 and 1992, EG&G conducted a Phase II Geologic Characterization Program,
which included a sitewide drilling program, a geologic mapping project, and a deep
seismic-reflection survey. Boreholes were drilled primarily to locate and better define
the meandering channel system in the Arapahoe Formation. Twenty-three of the
boreholes were drilled deep enough to provide information for future subsurface
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stratigraphic correlation studies. Geophysical logging was conducted in all of the deep
boreholes (personal communication with F. Grigsby, 1994).

A detailed geologic map of stratigraphy and structure of the Rocky Flats site and
vicinity was constructed as one of the tasks of the sitewide Phase II Geologic
Characterization Program and was included in the Geologic Mapping Report (EG&G,
1992a). Faults previously mapped by Spencer (1961) and Hurr (1976) were verified
and further characterized. @~ Two previously unrecognized zones of structural
deformation at Rocky Flats, inferred to be faults, were discovered using field mapping
of outcrops and borehole lithologic data (EG&G, 1992a). These inferred northeast-
trending faults coincide with the Rock Creek and Walnut Creek drainages. The report
described lithologically distinct beds within the Laramie and Arapahoe formations that
appeared vertically offset along these drainages. Slickensides and cataclasites were
described from outcrops.

A high-resolution, deep seismic-reflection line was shot along a northeast-southwest
line extending from Coal Creek Canyon across the Rocky Flats site as an additional
task of the sitewide Phase II Geologic Characterization Program (EG&G, 1993a).
Conjugate thrusts, backthrusts, and detachment faults were interpreted on the seismic
profile (see Figure 2-3). The report concluded that these structural features are the
product of compressional forces of crustal shortening that occurred during the
Laramide Orogeny.

In a study of subsurface data from the Boulder-Weld coalfield, Kittleson (1991)
showed that Upper Cretaceous strata in the area had been displaced to the southeast.
He concluded that this deformation was probably produced by gravity sliding of
sedimentary rocks along easily deformed strata of the Pierre Shale during Front Range
uplift.

Wright Water Engineers (DOE, 1994a) reprocessed a portion of one shallow, high-
resolution seismic line showing a possible fault zone. This line was shot in OU2 in
1989 and 1990 as part of a continuing review of previous seismic-reflection work. The
reprocessed line indicated a possible fault zone in the lower Laramie Formation and
Fox Hills Sandstone.

Selvig (1994) investigated the structural geometries, slip trajectories, shear sense, and
paleostress regimes of faulted areas adjacent to the Rocky Flats site. Laramide range-
front structures, as well as basin faults north of the site, were investigated. Kinematic
data were used to (1) demonstrate the slip incompatibility between north-northwest-
trending, range-bounding faults and northeast-trending basin faults near Marshall, (2)
test the slip transition along the Front Range as inferred by changing fold geometries,
and (3) construct restorable structural models. Selvig (1994) concluded that the Front
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Range west of the Rocky Flats area represents a complex zone exhibiting a transition
from west-directed slip to east-directed slip.

7.2 Summary of Current Studies

In 1993 and 1994, EG&G evaluated all of the deep borehole data from the sitewide
drilling program, OU2 pilot holes, and historical drilling programs for a subsurface
stratigraphic correlation study. Core logs and geophysical logs were used to identify
stratigraphic units that could be correlated across the site. Core logs were also
examined to characterize patterns and intensity of fracturing in bedrock units. Possible
faults were delineated, based on offset of correlative stratigraphic units. Nineteen
preliminary structural cross sections and a structure contour map were prepared, and
some were later modified for inclusion in this report (personal communication with F.
Grigsby, 1994).

The Seismic Investigation Program at Rocky Flats (EG&G, 1994a)—conducted under
the Systematic Evaluation Program—investigated the location, activity, and capability
of postulated faults in an area near the Present Landfill at OU7 (see Figure 1-3 for OU
locations). Areas were selected for further investigation based on a structure contour
map (Plate 7-1) of a stratigraphic horizon in the upper Laramie Formation.
Investigative methods used in this study included a review of available subsurface data,
seismic-refraction surveying, geologic mapping, bedrock topographic profiling,
drilling, and trenching.

Available subsurface data were reviewed during the Seismic Investigation Program to
determine the thickness of the Rocky Flats Alluvium and look for anomalies that might
be coincident with the postulated bedrock faults (EG&G, 1994a). Seismic-refraction
studies were also conducted across selected locations of inferred bedrock faults in one
or two areas of interest to test the feasibility of using seismic-refraction techniques to
characterize the bedrock/alluvium unconformity. Such investigations were conducted
to determine if structural deformation was apparent at the contact or on the ground
surface (EG&G, 1994a). Topographic profiles of the bedrock surface across the
projected traces of inferred bedrock faults were used to assess the amount of any recent
deformation. Boreholes were drilled to better constrain the location for a trench, which
was recently completed north of the Present Landfill. The location of the trench is
included on Plate 7-1. Fault-related fractures and structures were identified in the
trench within the bedrock, but displacement of the Rocky Flats Alluvium was not
apparent (EG&G, 1994a and 1995c). The significance of the fracturmg is discussed in
more detail in Sections 7.4 and 7.5 of this report.
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7.3 Identification of Inferred Faults

This section presents a new working hypothesis of faulting in shallow bedrock at
Rocky Flats. Locations of inferred faults have been identified based on correlation of
borehole lithology and downhole geophysical data. This section discusses the quality
of the data used, describes criteria used in fault identification, discusses the structure
contour map and structural cross sections, and compares the new interpretation with
faults identified in previous investigations. Current interpretations will likely change as
more data are collected. '

73.1  Data Quality

Prior to 1991, only a limited amount of relatively deep geologic data was available for
stratigraphic correlation purposes. With the inception of the sitewide drilling program,
conducted under the Phase II Geologic Characterization Program in 1991 and 1992,
more data became available. In 1993, these data were augmented with data from the
pilot holes in OU2 and boreholes drilled under the Systematic Evaluation Program and
the Well Abandonment and Replacement Program. Available data included lithologic
core logs and geophysical logs; these were evaluated to determine if a subsurface
structural map of the site could be developed.

The first step in the data evaluation was to identify a stratigraphic unit that could be
correlated across the Industrial Area and, if possible, the Buffer Zone. The second step
was to correlate the unit to determine the type of structures, including faults, that exist
at the site. Because of the abundance of fractures, oxidized and altered intervals, and
breccia zones, the probability of delineating faults was considered likely.

Data from lithologic core logs extending into bedrock (see Appendices A and B) were
used to identify stratigraphic units for correlation purposes. Some of the key 1989
cores were relogged in accordance with the procedures in SOP GT.01, Logging
Alluvial and Bedrock Material (EG&G, 1992h). All core logs were reviewed and
approved by EG&G geologists before they were put in final form. Lithologic data from
different site programs are considered comparable because core is logged using
standardized procedures and the core logs are reviewed by qualified geologists.

Data from downhole geophysical logging were collected in 17 widely spaced bedrock
wells prior to 1991. The data were used to confirm regional dip. A number of deep
bedrock boreholes were drilled and completed as monitoring wells in 1989. Downhole
geophysical logging was performed before well installation at some of the locations. In
1994, downhole geophysical logging was performed in 20 of the 1989 bedrock wells
that had not previously been logged. Geophysical logging was performed through the
well casing. These data are currently under review by EG&G. Some of these data have
been incorporated in the maps and cross sections presented in this section of the report.
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Downhole geophysical logging was performed in 23 of the boreholes drilled under the
sitewide drilling program in 1991 and 1992, six of the pilct holes at OU2 in 1993, four
of the boreholes drilled for the Systematic Evaluation Program in 1993, three wells
from the Well Abandonment and Replacement Program in 1993, and six of the
boreholes drilled for the trench in 1994. All of these data were incorporated in the
maps and cross sections presented in this section of the report. A total of 19 working
cross sections were constructed.

Geophysical logging was performed in accordance with the procedures in SOP GT.15,
Geophysical Borehole Logging (EG&G, 1992h), and was supervised by EG&G
geologists or their subcontractors. All equipment was cafibrated before and after the
logging run. Reruns of logs were made to ensure deep lccation of data. Field prints
and tapes or disks contain all portions of the logging run, including calibration steps.
Documentation forms and field logs were reviewed and approved by EG&G geologists
before they were put in final form. ‘

The quality of neutron logs is best on the eastern side of the site. The quality of density
logs, which were used for stratigraphic correlation instead of neutron logs where the
neutron log was of poor quality or was not available, is variable. More than half of the
natural gamma-ray logs were generally of good quality. However, the gamma-ray
response was suppressed in cases where geophysical logging instruments were run in
cased wells. Therefore, gamma-ray logs were used primarily to substantiate
correlations made with neutron logs. In cases where thz neutron log was of poor
quality or was not available, gamma-ray logs were used for stratigraphic correlations.

Geophysical log responses were compared to lithologies on core logs at specific
horizons to verify that the correlation was correct. Side-by-side comparisons of cores
would have been beneficial, however, this was not feasible because of the lack of
adequate facilities.

7.3.2 Criteria for Fault Identification

As part of the current investigation, stratigraphic offset was interpreted in correlations
of lithology from core logs and data from downhole geophysical logs at Rocky Flats.
These data are discussed in Section 7.3.3 and presented on a structure contour map of
the “A” claystone (Plate 7-1) and on structural cross sections. The following
subsections present the data from lithologic and downhole geophysical logs used in the
current investigation to identify inferred faults at the Rocky Flats site.

7.3.2.1 Lithologic Evidence

As a result of the sitewide drilling program and subsequent detailed core-logging,
several distinct calcareous siltstone beds and a persistent claystone bed were identified
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in the upper Laramie Formation. Figure 7-1 is a reproduction of one borehole (21393)
and the locations of units that were used for correlation. The geophysical logs are also
included and illustrate the basis for identification of the “A” claystone. These beds
were used in correlating the stratigraphy between boreholes. The calcareous siltstone
units are described as laminated to very thinly bedded and are generally limited in areal
extent. Although they lack the overall continuity of the “A” claystone, they were used
in several instances to confirm the correlations between adjacent boreholes.

The “A” claystone was selected as the horizon to be used in mapping the subsurface
structure of the Rocky Flats site because of its apparent continuity beneath the
Industrial Area. The “A” claystone is interpreted to be a homogenous delta-plain
claystone. It usually overlies, and is overlain, by silty claystone beds; it can, therefore,
be identified using core logs and core photographs. Because of the gross lithologic
homogeneity of the upper Laramie Formation, downhole geophysical logs were used to
identify the “A” claystone. Distinctive log responses were verified by calibrating the
geophysical logs to core logs and core photographs. It is recognized that correlations
between boreholes may be imperfect, due to lateral changes in the stratigraphic section
that reflect changes in the environment during deposition of the Laramie Formation.

During detailed logging of the bedrock cores, four distinct beds containing structures
resembling concentric rings or ellipsoids that radiate from a nucleus were noted
(Figures 7-2 through 7-5). The structures were initially thought to be of biological
origin (fossil or trace fossil). However, after examination by a Cretaceous trace-fossil
expert and several university professors, the structures are now thought to be of
mechanical origin (impact structure or stress-related fracture). The.beds containing
these structures range in thickness from less than 1 inch to several inches. The beds—
referred to here as lithostratigraphic marker beds—occur sitewide, and tend to occur at
very predictable intervals with respect to the “A” claystone. The lithostratigraphic
marker beds were used to confirm correlations on the structural cross sections. The
concentric-ring structures may exist because of molecular or compositional variations
in the lithostratigraphic marker beds, which may have resulted from the intermixing of
volcanic ashfall with marine or lacustrine clays (Corbett and Friedman, 1987). XRD
and XRF analyses of samples from the lithostratigraphic marker bed yielded conflicting
results with respect to their postulated volcanic origin. The marker bed samples did not
contain anomalously high percentages of illite/smectite, the clay mineral typically used
to identify volcanic ashfall deposits, relative to the other samples. Several samples
analyzed using XRF had anomalously high concentrations of rubidium, strontium,
yttrium, zirconium, and niobium (Table 6-5); however, these concentrations were not
characteristic of the entire data set.
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7.3.2.2

7.3.2.3

7.3.3

Evideﬁce from Downhole Geophysical Logs

Data from downhole geophysical logging were collected in numerous boreholes and
monitoring wells at the Rocky Flats site during the sitewide Phase II Geologic
Characterization Program and during remedial investigations at specific OUs. Gamma-
ray logs measure the natural radioactivity in geologic formations and can be used to
identify lithologies directly in boreholes and correlate lithologic units between
boreholes. All earth materials emit varying amounts of natural radioactivity, but shales
or claystones characteristically emit significantly more than most other geologic
materials. Neutron logs, which are standard counterparts to gamma-ray logs, are
porosity logs that measure the relative hydrogen-ion content of a formation. Where the
pore space is filled with- water, the neutron log primarily responds to liquid-filled
porosity. Density logs measure the bulk density of a formation. The density-log
response can be used to recognize different lithologies (LeRoy and LeRoy, 1977).

Geophysical logs found to be of most use for stratigraphic correlation at Rocky Flats
are the gamma-ray and neutron logs. In most cases, these logs were used to identify
and correlate the “A” claystone across the site. Density logs were also used where
neutron logs were not available or were of poor quality and could not be used for
reliable correlations. The most reliable and continuous correlations exist along the east
side of the Industrial Area. The correlations with neutron logs from drill holes in
outlying areas, located farther from the Industrial Area where well control is sparse,
may be questionable.

Evidence from Fractures

Numerous fractures, both open and healed, and some breccia zones were observed
during core-logging operations. Logging core immediately after the core was recovered
revealed that some of these breccia zones were saturated (personal communication with
F. Grigsby, 1994). Discrete intervals consisting of wet clays and/or muds were also
identified. Both examples show that these fractures result in increased hydraulic
conductivities that may be associated with, and indicative of, faulting.

Structure Contour Map and Structural Cross Sections

Inferred faults have been delineated on the “A” Claystone Structure Contour Map
(Plate 7-1), which incorporates offset interpreted from structural cross sections (Plates
7-2 through 7-4). The following subsections describe the methodology used in
preparation of the structure contour map and structural cross sections. "The inferred
faults interpreted on these displays are also discussed.
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7.3.3.1 Methodology

The “A” Claystone Structure Contour Map (Plate 7-1) shows the location of possible or
inferred, shallow bedrock faults, which were recently identified using stratigraphic
correlation. Fault displécements were identified from offsets in the “A” claystone
interpreted from downhole geophysical logs.

Structural cross sections (Plates 7-2 through 7-4) present stratigraphic correlations for
fault definition. These cross sections were constructed using data from monitoring
wells and boreholes; data from maps of various geologic surfaces; depths to
lithostratigraphic markers, calcareous siltstones, and the “A” claystone; and
information provided by EG&G project geologists.

Elevations and horizontal separation of wells and boreholes were determined from
monitoring-well and borehole data (Appendices A and B). Cross-section profiles for
surface topography, the top of bedrock, and the base of weathered bedrock were
obtained from the maps of these surfaces (Plates 4-1, 4-3, and 5-11). Surficial deposits
depicted on each cross section are from the Surficial Geologic Map of the Rocky Flats
Environmental Technology Site and Vicinity (Plate 4-1) (USGS, 1994).

The location and displacement of inferred faults shown on the structural cross sections
were determined from the “A” Claystone Structure Contour Map (Plate 7-1). In
conformance with the regional structural setting, as shown in the schematic cross
section of the Front Range and Rocky Flats area (Figure 2-3), which was interpreted
from the high-resolution deep seismic-reflection line (EG&G, 1993a), all inferred faults
are shown as high-angle, reverse faults. No control exists regarding the dip of the
inferred fault planes; however, for display purposes, all inferred faults were assumed to
have a dip of 60 degrees from horizontal in the plane of the cross section. This dip was
adjusted according to the amount of vertical exaggeration.

Construction of the cross sections was accomplished using a combination of electronic
and manual procedures. Cross-section bases were created in AutoCad® using elevation
and surface coordinate data obtained from core logs (Appendices A and B). A vertical
scale of 1 inch = 20 feet and a horizontal scale of 1 inch = 200 feet were used, yielding
a 10:1 vertical exaggeration. A 1:1 representation of each cross section was included at
the bottom of each cross section. The vertical position of each well or borehole was
referenced to mean sea level.

Using Geokit™ and electronic files containing location and elevation of contours and
well and borehole data, an electronic grid of each surface was prepared for surface
topography, depth to bedrock, and depth to the base of weathered bedrock. Profiles of
each surface were electronically extracted from these gridded surfaces for each cross
section. These profiles were then manually traced onto the appropriate cross-section
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base. All manually drawn or traced surfaces—along with other manually recorded
information on each cross-section base—were electronically scanned, converted into
AutoCad® format, and merged with the appropriate AutoCad® cross-section base file.
Edits and modifications to each cross section were accomplished in AutoCad® and the
final version of each cross section was plotted on a color plotter. |

7.3.3.2  Description of Inferred Faults

The “A” Claystone Structure Contour Map (Plate 7-1) shows the location of seven
-shallow, inferred bedrock faults that were identified using stratigraphic-correlation of
distinctive lithologic units and features and downhole geophysical-log signatures.
Structural offsets of the “A” claystone were identified on downhole geophysical logs.
This map and interpreted fault locations and displacements should be viewed as a
working model. Interpretations will necessarily change as more data become available.

The inferred faults are concentrated near the middle of the Rocky Flats site where more
subsurface data -are available. The inferred faults trend north-northeast and are
assumed to be high-angle reverse faults, in conformance with the regional structural
framework (Figure 2-3). The dip of the fault planes is not known. Inferred
displacement of the “A” claystone varies from 10 to 120 feet. Lengths of the inferred
fault traces range from 1,000 feet to almost 2 miles.

Inferred Fault 1 is located northwest of the Industrial Area (Plate 7-1). Displacement of
the “A” claystone is approximately 30 feet across the fault between boreholes 41992
and 42092. Because well control is limited in this area, the exact orientation of the
inferred fault is poorly constrained.

The longest inferred fault trace (Fault 2) is a northeast-trending reverse fault that
extends from Woman Creek to Colorado Highway 128 across the western part of the
Industrial Area and the Landfill Pond (Plate 7-1). It is assumed that the fault plane dips
to the west. Displacement of the “A” claystone varies from approximately 25 feet to 50
feet along the line of boreholes recently completed for the Systematic Evaluation
Program (Plate 7-1, boreholes 69194 to 69694), which provide the closest control for
both the location and displacement of the fault. Displacement of the “A” claystone is
also evident across the northern part of the fault trace between wells B203889 and
B203989, across the central part of the fault between borehole 42292 and well
B207189, and across the southern part of the fault between boreholes 43792 and 44192.
A structure contour map on the top of the Arapahoe Formation sandstone (Figure 7-6),
constructed hsing lithologic data rather than downhole geophysical data, corroborates
displacement along this fault. Displacement of the Arapahoe sandstone is present
between wells P416289 and P419689 (Figure 7-6).
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The trench, which was 570 feet long and was excavated to an average depth of 18 feet,
exposed a disturbed and extensively fractured zone of Laramie Formation claystones
proximal to the inferred fault. Slumps and zones of soft-sediment deformation were
also apparent along the excavation. Plates 7-5, 7-6, and 7-7 show the south wall of the
trench as mapped during excavation activities. The overlying Rocky Flats Alluvium
did not appear to be displaced by the fault (EG&G, 1995c).

A fault-related fracture zone was encountered during drilling of the Systematic
Evaluation Program boreholes and was identified in the trench excavated across the
fault. Borehole 69494, which was located either in the indicated fault zone or in the
surrounding fracture zone, filled with water within a few hours after drilling and
maintained a water level equivalent in elevation to the base of the alluvium (more than
230 feet of water). Water was also encountered in the trench in shallow channels
incised into the bedrock surface (personal communication with F. Grigsby, 1994). A
fault splay is interpreted along Fault 2 near the Industrial Area and is depicted as an
inferred fault on the structure contour map (Plate 7-1, Fault 2a). Vertical displacement
of the “A” claystone is present across the fault between boreholes 44092 and 44192.

To the east, an inferred north-trending reverse fault extends from Woman Creek across
OU1 and OU4 to McKay Ditch, where it joins the fault discussed above (Plate 7-1, -
Fault 3). It is assumed that the fault plane dips to the east. Displacement of the “A”
claystone varies from 50 feet at the south end of the fault trace between borehole 01193
and boreholes 21593 and 42892 to 90 feet at the north end of the fault trace between
wells B207189 and 3987. The location of this fault is similar to the east-dipping fault
encountered during excavation for the French drain at OUl. The fault in that -
excavation was interpreted as a normal fault, based on the orientation of adjacent drag
folds (DOE, 1993b).

The north-trending fault joins an inferred northeast-trending fault at its southern
terminus. The northeast-trending fault extends from Woman Creek to South Walnut
Creek across OU2 (Plate 7-1, Fault 4). It is assumed that the fault is a reverse fault and
dips to the northwest. Displacement of the “A” claystone is approximately 70 feet
between borehole 21493 and boreholes 21293 and 21393. The location of this fault is
similar to the OU2 “bedrock step” (EG&G, 1991b; DOE, 1993d), identified using
shallow seismic-reflection and borehole data. The Rocky Flats Alluvium is 15 to 45
feet thicker on the downthrown side of the fault as a result of a 30-foot drop in the
elevation of the top of bedrock at this location (EG&G, 1991b; DOE, 1993d).
Displacement of the “A” claystone is similar to the displacement interpreted in these
reports. A structure contour map on the top of the Arapahoe Formation sandstone
(Figure 7-6) corroborates displacement along this fault; sandstone is present between
well B402189 and well B405889.
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Inferred Fault 5 is located along the southeastern edge of the Industrial Area (Plate 7-1).
Displacement of the “A” claystone is approximately 30 feet across the fault between
boreholes 41191 and 21493. The area between inferred faults 4 and 5 corresponds to
the “eastern low” identified in OU2 (DOE, 1993d).

Two inferred short, northeast-trending faults cross Indizna Street along the eastern
“boundary of the site (Plate 7-1, Faults 6 and 7). The faults are interpreted to be reverse
faults. The more northerly of these two faults dips southeast and has approximately 30
feet of displacement. The location of this fault is similar to the southernmost reverse
fault identified using shallow seismic-reflection data (EG&G, 1992b). Displacement
interpreted from seismic data was 20 to 40 feet (EG&G, 1993b). The southerly fault
dips northwest and has approximately 120 feet of displacement. The correlation of the
data along Indiana Street is subject to further review and will likely be revised when
additional data are available.

Three structural cross sections were constructed to depict stratigraphic correlations
used to identify faulting at Rocky Flats. The surficial deposits, weathered bedrock, and
unweathered bedrock are shown on the cross sections. The location in the vertical
plane of the “A” claystone, an apparently locally continuous claystone, was interpreted
using correlations of downhole geophysical logs and lithostratigraphic marker beds
observed in core.

Cross section S1-S1' (Plate 7-2) runs from south of Smart Ditch in a north-
northwesterly direction across the eastern portion of the site to a point north of McKay
Ditch. The section runs just east of the Solar Evaporation Ponds, crossing the major
west-east drainages at the plant and passing through parts of OU5, OU2, OU6, and
OU10. Because this line runs roughly parallel to the general strike of the bedrock units,
the “A” claystone exhibits little or no structural dip in the cross section. Correlation of
the “A” claystone indicates that this cross section intersects five inferred faults which
cause ‘apparent offset in the “A” claystone ranging from 30 to 80 feet. Woman Creek,
North Walnut Creek, and the northern unnamed tributary of North Walnut Creek occur
in locations that are correlative with interpreted faulting. No faulting is interpreted in
the vicinity of Smart Ditch, a major topographic low along this profile.

Cross section $2-S2' (Plate 7-3) runs from southeast to northwest across the central
portion of the Industrial Area, passing southwest of the Solar Evaporation Ponds. This
line passes through OU2, OU10, and OU8. Along this line, which is subparallel to
regional strike, the “A” claystone appears relatively flat. Correlation of the “A”
claystone indicates that S2-S2' crosses two inferred faults with displacement ranging
from 35 to 75 feet. The downthrown side of the more northerly fault on this cross
section corresponds to a thickening of weathered bedrock from 30 to 50 feet.

~ tp\281001\section?.doc 7-13 3/1/95



Geologic Characterization Report

Cross section S3-S3' (Plate 7-4) runs from west to east across the northern part of the
Industrial Area and passes just north of the Solar Evaporation Ponds. This line passes
through OU8, OU4, OU6, and OU2. Because the plane of section is roughly
perpendicular to regional strike, the “A” claystone dips approximately 2-degrees east.
S3-S3' crosses three inferred faults with interpreted displacement ranging from 40 to 80
feet. The locations of interpreted faults seem to bear no relationship to the thickness of
weathered bedrock in this plane of section. The cross section runs obliquely across the
south side of the North Walnut Creek drainage and cuts across the South Walnut Creek
drainage. No faulting was interpreted in either drainage along this line of section.

734 Regional Structural Interpretations

The results of previous studies were evaluated in conjunction with more recently
collected data to develop an updated model for the structural setting of the Rocky Flats
site. Structural features have been identified in the Rocky Flats area by reviewing
satellite images, mapping the surficial geology, and interpreting and integrating the
many different types of subsurface data. As a result, structural features have been
identified at the surface, as well as in the subsurface.

Infrared Landsat™ satellite images of the Front Range region show a strong regional
northeast trend to drainage basins north of the Rocky Flats site. Three large-scale,
northeast-trending linear features extend from the Idaho Springs/Ralston Shear Zone
out across the piedmont. These features are coincident with South Boulder Creek, Coal
Creek, and Rock Creek (EG&G, 1992a). Spencer (1961) shows faults in the vicinity of
South Boulder Creek and Coal Creek. The Geologic Mapping Report (EG&G, 1992a)
postulated that there is also a fault along Rock Creek on the basis of stratigraphic
evidence. '

The Geologic Mapping Report (EG&G, 1992a) described the faults north of Rocky
Flats near Marshall as generally north- to northeast-trending, west- to northwest-
dipping, normal or reverse faults with straight to curved geometries. The report further
concluded that fault deformation of Upper Cretaceous strata occurred during the
Laramide Orogeny or thereafter, not syndepositionally as growth faulting. The
northeast trend of most of the faults north of the Rocky Flats site corresponds to that of
Precambrian basement structures exposed to the west. -

Selvig (1994) described the geometry of structures near Marshall as steeply inclined
fault planes separating rotated and repeated Upper Cretaceous strata. The fault planes
revealed reverse offset, dip-slip, and low-angle slip trajectories. Selvig (1994)
concluded that the structural style fits a gravity detachment model with thrusts and back
thrusts terminating into detachment faults in the upper Pierre Shale. In this model, the -
Upper Cretaceous rocks were shortened by northwest-southeast compression.
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The Eggleston Fault is located approximately 22 miles northwest of the Industrial Area
near Eggleston Reservoir (Plate 2-1). The Geologic Mapping Report (EG&G, 1992a)
concluded that bedrock exposed along the west side of the reservoir is Fox Hills
Sandstone based on textural and compositional characteristics, in agreement with
Spencer (1961), and that vertical displacement is required to place Fox Hills Sandstone
along the west side of Eggleston Reservoir. The fault trends northeast, rather than
northwest as shown in Hurr (1976), and therefore does not extend to the Rocky Flats
site. However, the fault trace was not observed in any surface outcrops, and therefore
the location of the fault trace on Plate 2-1 is approximate.

The fault east of the Industrial Area in OU2 was identified by shallow, high-resolution
seismic surveying (EG&G, 1991b; DOE, 1994a) and core logging (DOE, 1993c). This
fault was also identified using offset in the “A” claystone as discussed in Section 7.3.2.
This inferred fault may affect groundwater movemert in Arapahoe Formation
sandstones, which subcrop beneath the alluvium in the OU2 area, and in deeper
fractured rocks of the Laramie Formation.

During construction of the French drain at OQU1, a fault was encountered in the bedrock
at the base of the excavation (DOE, 1993b). This fault was also identified using offset
in the “A” claystone as discussed in Section 7.3.2. Because this inferred fault may
affect environmental restoration activities at OU4, additional information is needed to
verify its location and determine its capability to impede or enhance groundwater flow.

Using seismic-reflection data, three reverse faults were idzntified within the Laramie
Formation east of the Industrial Area (EG&G, 1993b). In addition, small anticlines,
synclines, and faults were identified within the Laramie Formation and Fox Hills
Sandstone of the West Spray Field and along Indiana Street (EG&G, 1992b and
1993b). The southernmost fault was also identified using offset in the “A” claystone as
discussed in Section 7.3.2. The apparent motion on these faults is consistent with the
structural style in the Boulder-Weld fault zone (EG&G, 1993b).

Velocity pull-up of the Paleozoic section identified in the deep-reflection seismic
profile (EG&G, 1993a) indicates the existence of a Precambrian basement overhang
riding on a thrust, whick terminates into a detachment surface in the basal Pierre Shale
(see Figure 2-3). Also apparent on this profile are conjugate thrusts and back thrusts
that appear to ramp upward out of this detachment surface and are present in the
Laramie and Arapahoe formations at the bedrock surface. These faults are associated
with the Laramide uplift. Using a variety of kinematic data, Selvig (1994) concluded
that the direction of compression or shortening along Laramide faults is N76°E.
Shallower thrusts and back thrusts in Cretaceous bedrock units may be conduits or
barriers for contaminant migration in groundwater.
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7.3.5 Other Possible Interpretations

The presence of lithologic contacts at different elevations in different boreholes could
result from folding of the strata, variable thicknesses of individual beds due to
basement weaknesses, or stratigraphic discontinuities produced by vertical and lateral
lithologic variability within the upper Laramie Formation. Folding of the strata could
account for the 10 to 120 feet of apparent vertical displacement. However, it seems
likely that folding would also deform beds in the lower Laramie Formation and Fox
Hills Sandstone. Seismic lines from OU2 show undeformed, shallowly southeast-
dipping reflectors in the lower Laramie and Fox Hills sandstones (EG&G, 1991b).
Variable thicknesses of individual beds due to basement weaknesses could account for
some vertical displacement, although it is unlikely that variable bed thicknesses could
account for 120 feet of displacement. Lithologic variability could also account for
some vertical displacement. However, it is unlikely that lithologic variability could
account for 120 feet of displacement. Vertical displacement could also be accounted
for either by a significant increase in indicated regional dip or a significant reversal in
regional dip. Changes in regional dip were ruled out as a possible explanation for unit
displacement because seismic data have indicated a constant 1 to 2 degree dip in the
underlying bedrock (EG&G, 1992a). Such a consistently shallow dip cannot account
for the displacement present at the Rocky Flats site.

7.4 Identification and Intensity of Fracturing

Fractures are commonly observed in drill cores, borings, and test pits at the Rocky Flats
site and have recently been observed associated with faulting in the recently excavated
Systematic Evaluation Program trench (Plate 7-1). The fractures observed in the trench
occur in the shallow bedrock and show a marked increase in intensity in the indicated
fault zone. Natural fractures as well as drilling- and coring-induced fractures are
present in the drill core and can usually be distinguished by experienced personnel.
Natural fractures existed in the rock prior to drilling and are a result of tectonic stresses.
Drilling-induced fractures propagate in the rock ahead of the drill bit. Coring-induced
fractures develop within the core barrel (Kulander et al., 1990).

In a study of the proposed site for the Solar Evaporation Ponds, Mudge and Brown
(1952) described the upper Laramie Formation as weathered to a depth of 100 feet with

- numerous small fractures that dissect the rock into numerous small blocks. Movement
of groundwater through the weathered bedrock is indicated by caliche deposits and iron
stains on fracture surfaces. Where fractures intersect sandstone lenses, groundwater
flow would increase. Mudge and Brown (1952) concluded that the Laramie Formation
was capable of transmitting groundwater downward and laterally.
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Fractures related to wetting and drying of bedrock claystones have been described in
the drainage downgradient of OU7 (see Figure 1-3 for the location of OU7) (Zeff,
Cogorno, and Sealy, Inc., 1974). Severely weathered claystones were encountered in
borings and test pits down to depths of S feet. Results from swell-consolidation tests
showed that the claystones have a moisture deficiency and exhibit low to moderate
swelling characteristics when wet. Very large drying cracks caused by volume changes
related to changes in moisture content were found in the drainage. Groundwater flow
occurs within the fractured claystones. During times of heavy runoff, surface water
may enter these large drying cracks and flow through the fracture system.

Both open and healed natural fractures have been described in core logs to dépths of
220 feet (EG&G, 1991a). Fractures in weathered bedrock are commonly lined with a
thin layer of iron oxide or filled with calcium carbonate cement. Manganese-oxide is
also commonly present as a coating on fractures and microfractures. Fractures in
bedrock claystones in core taken at OU4 have been described in detail (DOE, 1994c).
These fractures are inclined 10 to 40 degrees from horizontal. Fractures have also been
described in detail in the sitewide core logged since 1991. Saturated fracture zones and
isolated zones of damp, pliable mud or clay in relatively dry, intact core have been
observed when the core was logged immediately after drilling. These saturated fracture
zones (Table 7-1) are probably associated with larger-scale faulting.

The fractures observed in the Systematic Evaluation Program trench were associated
with slumping, weathering, soft-sediment deformation and faulting. Fractures that are
apparently directly associated with faulting are extensive and complex. Large blocks of
claystone had caved into the trench in these areas, revealing fresh fracture surfaces,
which were usually wet and commonly displayed slickensides. Seeps were commonly
observed along fracture zones at the contact with the overlying Rocky Flats Alluvium.
Fractures may also be associated with slump blocks along steep valley slopes or may be
weathering-induced in bedrock claystones and locally increase the permeability of these
units. Similar fractures were encountered in the excavation for the French drain at
OU1 (DOE, 1993b).

Fracture-enhanced permeability of the claystones may have a significant impact on
contaminant migration at the Rocky Flats site, particularly in any area that is potentially
underlain by an inferred fault as indicated on Plate 7-1. This includes the Present
Landfill (OU7), the west side of the Industrial Area from Building 371 to the Original
Landfill (IHSS 115) in OUS, the Solar Evaporation Ponds (OU4), and the 881 Hillside
(OU1). Also of particular interest is the Mound Area of OU2. The locations of these
OUs are identified on Figure 1-3. Various boreholes drilled in the Mound Area have
shown a higher occurrence of fractures relative to boreholes drilled in other portions of
OU2 (DOE, 1993c). A pilot borehole was drilled in OU2 to evaluate the mechanism
for downward migration of contaminants. Fracture intensity in the drill core was noted
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on the borehole log. Data from downhole geophysical logging of the borehole included
a caliper log and an acoustic televiewer log. Open fractures were encountered from
approximately 50 feet to 100 feet. Healed fractures were encountered below 100 feet '
(DOE, 1993c). Recent downhole geophysical logging of bedrock wells in the
proximity of OU2 further indicate that an unmapped east-west-trending fault may exist
and may extend across OU2 (persohal communication with F. Grigsby, 1994).

Healed fractures with minimal bedding offsets commonly occur in siltstones and very
fine sandstones. The fractures are generally less than 1 millimeter wide and are filled
with argillaceous or matrix material from the host rock (EG&G, 1991a). The bedrock
pediment was subjected to erosion prior to deposition of surficial units, resulting in
increased weathering of the upper 30 feet of bedrock. Weathering-induced fractures
and fracture fillings in bedrock siltstones have impacted the permeability of these units.
Weathering of sandstones has increased the friability and enhanced the permeability of
these coarser-grained units. '

In the Industrial Area and northeast part of the Buffer Zone, Arapahoe Formation
sandstones are cut by fractures that exhibit cataclastic (gouge) textures (EG&G, 1992a).

. Small-scale bedding offset was observed along these fractures (EG&G, 1992a). In
addition, polished slickenlines were observed on fracture surfaces that cut through
bedrock at a low angle to bedding. Thin sections of the fractured rock revealed the
presence of microbreccias and rehealed cataclastic textures with fracture zones 1 to 2
millimeters thick. Within the microbreccias, fractured quartz grains are commonly
rotated or sheared. Similar cataclastic textures were observed in outcrops of Arapahoe
Formation sandstones outside the site (EG&G, 1992a). Porosity and permeability have
been reduced in these rocks due to silicification. Because cataclasites are associated
with high rates of strain, this type of structural deformation is tectonic in origin
(Higgins, 1971).

Slickensided natural fractures are common in cores taken at the Rocky Flats site.
Differential shear movement, which occurs during faulting, can cause development of
slickensided surfaces (Kulander et al., 1990). Commonly, fault offset is greater than
the dimensions of the core, and in these cases, slickenlines may be the only indication
of fault movement. Friedman (1969) does not believe that slickensides automatically
indicate a natural fracture; they can be induced by torque during coring operations.
Typically, such induced fractures are found in clay-rich rocks and are characterized by
polished surfaces oriented at 90 degrees to the vertical core axis. These polished
surfaces commonly contain curved slickenlines.

Disc fractures are coring-induced fractures commonly found in cores of Laramie
Formation claystone. They originate at a secondary mineral grain or other flaw in the
claystone and exhibit a hackle plume that curves toward the edge of the core.
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7.5

Orientation is commonly horizontal to subhorizontal in vertical core. Disc fractures are
caused by in situ stresses, unloading, and bit pressure assisted by torsional stresses and
vibrations that accompany drilling and coring (Kulander et al., 1990). Unloading is
achieved by removal of the overlying drilled column. Concentric ring structures in
lithostratigraphic marker beds may be disc fractures.

Significance of Faults and Fractures

In order to evaluate the possibility of recent movement along these inferred faults,
visual comparisons of geology, topography, and inferred fault locations were made. No
consistent correlations were noted between the location of inferred faults and trends
observed on any of these maps. A trench was excavated across one of the inferred
faults north of the Present Landfill (trench location is illustrated on Plate 7-1) to
characterize the fault zone and evaluate the possibility of recent movement along the
fault. Four zones of deformation were identified in the trench and are designated as
Zones A, B, C, and D on Plates 7-5, 7-6, and 7-7. Although numerous shears were
delineated, the dominant strike of the shears is to the northeast, including the main
shears in each of the four zones. In Zone C, a gouge was mapped at the base of the
primary shear, and the strike changed from northeast in the exposed lower portion of
the shear to the northwest in the upper part of the shear at the unconformity. Because
of the overall length of the trench, criteria were established to eliminate mapping minor
fractures and structures not directly related to tectonics activity. However, many of
these structural features were recorded in order to identify and characterize the zones of
deformation significant to the objective of the trench.

Because of the similarity in lithology of the stratigraphic units of the Upper Laramie

Formation, correlation of stratigraphic units across structures is difficult. Based on an
analysis of the types of fractures and slickensides, two hypotheses were presented
(EG&G, 1995c). The first suggests deformation due to post-depositional loading of
fine-grained swamp deposits by sandy to silty crevasse splay deposits. The second
considers the intensity of the deformation occurring at Zone C to be the near-surface
expression of a possible bedrock fault inferred in the control boreholes.

Although a definitive conclusion was not reached, the inferred fault is not considered
capable (EG&G, 1995¢) according to the Nuclear Regulatory Commission (10 CFR
Part 100, Appendix A) definition (NRC, 1990 and 1991), because the Rocky Flats
Alluvium is not deformed over the intensely fractured areas of the Laramie Formation.

~ As previously described, faulting produces a zone of fracturing, in addition to a plane

of displacement. Fractures may be open or partially to completely filled with mineral
precipitates derived from groundwater or percolation of meteoric water. The nature
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and degree of fracture fill and interconnectedness of the fracture system determines the
degree to which fracturing enhances or reduces permeability to groundwater flow.

In Arapahoe Formation sandstones, fault-related, small-scale displacements exhibit
cataclastic textures resulting from brecciation of sand grains during faulting. These
cataclastic rocks have the appearance of gouge-filled fractures. The gouge surfaces
may become interconnected and form a rather continuous surface or zone of reduced
permeability (Jamieson and Stearns, 1982).

Because Arapahoe Formation sandstones are present at shallow depths beneath the
Rocky Flats Alluvium, they are breached by modern stream erosion along the ridge
underlying the Industrial Area and crop out on the hillslopes above Walnut Creek and
Woman Creek. The Arapahoe Formation at Rocky Flats is, therefore, not connected to
the Arapahoe Aquifer in the Denver Basin and does not constitute a primary pathway
for groundwater migration offsite. However, the distribution of the sandstone lenses is
important in terms of local considerations, including remediation design. Inferred fault
displacements ranging from 10 to 120 feet were interpreted, based on structural cross
sections and the “A” claystone structure contour map (Plate 7-1). This amount of
displacement is more than adequate to juxtapose permeable Arapahoe Formation
sandstones against low permeability claystone and siltstone. Such juxtaposition can
terminate, modify, or enhance contaminant migration pathways in groundwater.

A primary concern relative to groundwater migration is that faulting and associated
fracture zones constitute possible groundwater migration pathways offsite. Evidence
- from core logs indicates that fractured Laramie Formation claystones are conduits for
groundwater flow. What is unknown at this time is the depth at which fractures are
sufficiently open to conduct lateral movement of water offsite. Further discussion and
recommendations relative to groundwater flow in fractured Laramie Formation
claystones is discussed in the Hydrogeologic Characterization Report (EG&G,1995a).

7.6 Current Interpretations of Subsurface Structures

Knowledge of subsurface structures may influence decisions concerning future
remediation of OUs and land-use options for the site. The presence and location of
inferred bedrock faults may be of particular importance because of the possible
presence of preferential pathways along fracture zones that may affect contaminant
migration. The following interpretations should be considered a working hypothesis
that will change with time as more data are collected.

e Deep seismic-reflection data indicate the existence of a Precambrian basement
overhang riding on a thrust, which terminates into a detachment surface in the
Pierre Shale. Conjugate thrusts and back thrusts appear to ramp upward out of this
detachment surface and are present in the Laramie and Arapahoe formations at the
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bedrock surface. This style of faulting developed in response to Laramide
compression and crustal shortening. The shortening direction is N76°E.

e Small anticlines, synclines, and faults in the Laramie Formation and Fox Hills
Sandstone beneath the West Spray Field at OU11, east of the Industrial Area near
OU2, and along Indiana Street were inferred from shallow seismic-reflection data.
These faults may represent conjugate thrusts and back thrusts at the bedrock
surface. The presence of small anticlines and synclines identified along Indiana
Street coincide with changes in surface topography, indicating that these structures
may be artifacts of seismic-data processing.

¢ The existence of the Eggleston Fault, located north of Rocky Flats near Eggleston
Reservoir, was clarified during this study. The fault trends northeast and, therefore,
does not extend to the Rocky Flats site.

e Two potential stratigraphic markers in the upper Laramie Formation were identified
by detailed core logging: (1) the “A” claystone, a claystone that can be identified
on downhole geophysical logs, and (2) the structures resembling concentric rings or
ellipsoids that are found in claystones that occupy distinct stratigraphic positions in
the upper Laramie Formation. It is assumed that these potential markers were
deposited on a flat surface and are local time-stratigraphic units.

e Gamma-ray and neutron logs can be useful for stratigraphic correlation of beds in
the upper Laramie Formation across the site.

e Seven shallow, possible or inferred bedrock faults have been preliminarily
identified on the basis of offsets in the “A” claystone beneath the Rocky Flats site.
Possible or inferred faults are linear, trend north-northeast, and are assumed to be
high-angle reverse faults in accordance with the regional structural framework.
Fault displacement ranging from 10 to 120 feet was interpreted on these faults.
Fracture zones associated with the faults and displaced permeable sandstone beds
are likely groundwater migration pathways and are of concern relative to the
potential migration of contaminants. -

e Open and healed natural fractures have been described in core logs across the site.
Some fracture surfaces exhibit slickensides, which develop as a result of differential
shear movement. Fault-related cataclastic textures and small-scale displacements
have been described in Arapahoe Formation sandstones in outcrop.

e Fracture zones and slickensides have been described in Laramie Formation
claystones in drill core and in the trench excavated across the fault near the Present
Landfill at OU7. Most of the fractures are healed at depth. The intensity of
fracturing increases in areas near known or inferred faults, and the fractures are
often wet. Breccia zones may be associated with the fractures. These zones are
often wet and appear to be conduits for groundwater flow. The hydrogeological
significance of fractures in terms of offsite migration needs to be evaluated.
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e Evaluation of geologic and topographic features indicates that recent movement has
not occurred along faults at the Rocky Flats site. This was recently confirmed in
the Systematic Evaluation Program trench where extensive fracturing was exposed
in the bedrock but did not offset the unconformity between the Laramie Formation
and the overlying Rocky Flats Alluvium. The fault is not capable according to
Nuclear Regulatory Commission guidelines and, therefore, does not pose a seismic
risk for the site (EG&G, 1995c). '
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Table 7-1
Fracture Zones in Core

41392 135.4 - 137.8
160.3 - 162.2
41892 138.5 - 147.0
159.5 - 161.3
41992 78.4 - 84.6
92.7 - 94.5
115.1 - 117.4
42092 38.0 - 47.2
50.9 - 62.8
63.0 - 67.5
42292 18.0-23.4
108.3 - 116.6
42392 138.3 - 140.4
189.0 - 193.3
209.0 - 212.8
42492 60.9 - 63.8
42592 40.0 - 52.6
98.0 - 102.3
138.0 - 143.5
43292 21.4-37.8
138.5 - 144.0
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