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Foreword

This data package discusses the geology of the single-shell tank (SST) farms and the geologic history
of the area. The purpose of this report is to provide the most recent geologic information available for the
SST farms. This report builds upon previous reports on the tank farm geology and Integrated Disposal
Facility geology with information available after those reports were published.

Both metric and English units of measurement are used in this document. However, English units are
used for descriptions and discussions of drilling activities and samples because that is the system of units
used by drillers to measure and report depths and well construction details. To convert feet to meters,

multiply by 0.3048; to convert inches to centimeters, multiply by 2.54; to convert meters to feet, multiply
by 3.28.
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1.0 Introduction

This data package discusses the geology of the single-shell tank (SST) farms, relating the site-specific
geology to the region’s geologic history. The purpose of this report is to provide the most recent geologic
information available for the SST farms and the Integrated Disposal Facility (IDF). This report builds
upon previous reports on the tank farm geology (Reidel et al. 2006) and IDF geology (Reidel 2005) with
information available after those reports were published. Horton (2007) recently published a companion
report to this one that discusses the groundwater flow and contamination beneath the SST farms.

The Hanford Site (Figure 1.1) lies within the Columbia Plateau, a broad plain situated between the
Cascade Range to the west and the Rocky Mountains to the east, and is underlain by the Miocene
Columbia River Basalt Group (CRBG) (Figure 1.2). The northern Oregon and Washington portion of the
Columbia Plateau is often called the Columbia Basin because it forms a broad lowland surrounded on all
sides by mountains. In the central and western parts of the Columbia Basin and Pasco Basin where the
Hanford Site is located, the basalt is underlain predominantly by Tertiary continental sedimentary rocks
and overlain by late Tertiary and Quaternary fluvial and glaciofluvial deposits. All these were folded and
faulted during the Cenozoic to form the current landscape of the region.
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2.0 Physiographic Setting of the Hanford Site

The physiography of the Hanford Site (Figure 2.1) is dominated by the low-relief plains of the Central
Plains physiographic region and anticlinal ridges of the Yakima Folds region (Figure 1.2). The physio-
graphy of the Columbia Basin is controlled by the late Cenozoic faulting and folding of the CRBG and
overlying sediments of the Ringold Formation. Surface topography in the Columbia Basin has been
modified within the past several million years by geomorphic processes related to 1) Pleistocene
cataclysmic floods, 2) Holocene eolian activity, and 3) landslides.
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o B0 1oD Kilometers

D 28 80 Mileo

e ONY
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Figure 2.1.  Physiographic Map of the Pacific Northwest

Cataclysmic flooding of the Hanford Site occurred when ice dams in western Montana and northern
Idaho were breached, allowing large volumes of water to spill across eastern and central Washington
(DOE 1989). The last major flood occurred about 13,000 years ago, during the late Pleistocene Epoch.
Anastomosing flood channels, giant current ripples, bergmounds, and giant flood bars are among the
landforms created by the floods and are readily seen on the Hanford Site. Most of the large landslides in
the region occurred when these flood waters eroded steep slopes of the ridges. The single-shell tank
(SST) farms are located on a major Pleistocene flood bar, the Cold Creek bar.

Since the end of the Pleistocene, winds have locally reworked the flood sediments, depositing sand
dunes in the lower elevations and loess (windblown silt) around the margins of the Pasco Basin.
Generally, sand dunes have been stabilized by anchoring vegetation except where the sand dunes have
been reactivated where vegetation is disturbed. Localized landslides still occur along the Columbia River
at the White Bluffs, where irrigation water above the bluffs is reducing friction on some of the bedding
planes.
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3.0 Geologic History of the Hanford Site

This section describes how the Hanford Site evolved within the context of the Pacific Northwest. It
also forms the basis for extrapolating the detailed geology of the tank farms to the surrounding area.

3.1 Structural Setting of the Hanford Site with Respect to the
Pacific Northwest

The structure of the Pacific Northwest is controlled by a basement rock assemblage of accreted
terranes fused onto the structurally complex North American craton by accretion during the early
Mesozoic to early Cenozoic. The accreted terranes form the backbone of the Cascade Range, Okanogan
Highlands, and the Blue Mountains. The terranes east of the Cascades now are mostly covered by a thick
sequence of Cenozoic rocks that were folded and faulted in a north-south—oriented compressive regime.
North-south compression is continuing today east of the Cascades, and this pattern of Cenozoic
deformation is expected to continue into the future.

The Columbia Basin is a structurally and topographically low area surrounded by mountains ranging
in age from the late Mesozoic to recent (Figure 1.2). The Columbia Basin is composed of two funda-
mental subprovinces, the Palouse Slope and the Yakima Fold Belt (YFB; Figure 1.2). The Palouse Slope
is a stable, undeformed area overlying the old continental craton that dips westward toward the Hanford
Site. The YFB is a series of anticlinal ridges and synclinal valleys in the western and central parts of the
Columbia Basin. The edge of the old continental craton lies at the junction of these two structural sub-
provinces and is currently marked by the Ice Harbor dike swarm of the CRBG east of the Hanford Site.

The Blue Mountains subprovince of the Columbia River flood-basalt province is a northeast trending
anticlinorium that extends 250 km from the Oregon Cascades to Idaho and forms the southern border of
the Columbia Basin and the southern part of the Columbia Plateau.

3.2 Major Structural Features of the Columbia Basin

Three major structural features are present in the Columbia Basin. One, the YFB, forms the western
part of the Columbia Basin. Two features crosscut the Columbia Basin and influence the geology of the
Hanford Site. These are the Olympic Wallowa lineament (OWL) (Figures 1.2 and 3.1) and the Hog
Ranch-Naneum Ridge (HR-NR) anticline. The OWL passes along the southern boundary of the Hanford
Site, and the HR-NR anticline forms the western structural boundary of the Pasco Basin and Hanford Site.

3.21 The Olympic-Wallowa Lineament

The OWL (Figure 3.1) is a major topographic feature in Washington and Oregon that crosscuts the
Columbia Basin and forms the southern boundary of the Hanford Site (Raisz 1945). This alignment of
structural features parallels pre-basalt structural trends along the northwest margin of the Columbia Basin,
but it has not been linked to any individual structure (Campbell 1989; Reidel and Campbell 1989).
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Figure 3.1.

The portion of the OWL that crosses the Columbia Basin is called the Cle Elum-Wallula (CLEW)
deformed zone (Figure 3.1) (DOE 1988). It is defined by a 10-km-wide, moderately diffuse zone of
anticlines that have an N50°W orientation. As defined in Davis (1981), the CLEW deformed zone
consists of three structural parts: 1) a broad zone of deflected or anomalous fold and fault trends

Main Structural Features of the Pasco Basin and Surrounding Area

extending south from Cle Elum to Rattlesnake Mountain on the Hanford Site; 2) a narrow belt of

topographically aligned domes and doubly plunging anticlines extending from Rattlesnake Mountain to
Wallula Gap; and 3) the Wallula fault zone, extending from Wallula Gap to the Blue Mountains.

Northwest of the CRBG margin, numerous northwest- and north-trending faults and shear zones of
the Straight Creek fault system lie subparallel to the OWL (Tabor et al. 1984). The Snoqualmie batholith
intrudes these faults but is not cut by them, indicating that any possible movement along the OWL at the

western margin of the Columbia Basin must be older than the batholith, 17 to 19.7 Ma.
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The structural significance of the OWL has been called into question by two recent geophysical
studies. Neither a seismic profiling survey (Jarchow 1991) nor a gravity survey (Saltus 1993) could find
any obvious geophysical signature for the OWL below the CRBG.

3.2.2 Hog Ranch-Naneum Ridge Anticline

The western structural boundary of the Pasco Basin, the basin containing the Hanford Site, is the Hog
Ranch-Naneum Ridge anticline (Figure 3.1). The HR-NR anticline is a broad south-trending anticline in
the CRBG that crosses the Yakima Fold Belt in a north-south direction. This south-plunging structure
passes through five Yakima Folds and the OWL (Figure 3.1). The HR-NR anticline was active in late to
middle Miocene, as demonstrated by thinning of basalt flows across it (Reidel et al. 1989a), but the east-
trending Yakima Folds show no apparent offset across this structure (Campbell 1989; Tabor et al. 1984;
Reidel et al. 1989a). Growth of the anticline continued from the Miocene to Recent and is evidenced by
the highest structural points along the ridges that cross it.

3.2.3 The Yakima Fold Belt

The YFB covers about 14,000 km? of the western Columbia Basin (Figure 1.2) and formed as basalt
flows and intercalated sediments were folded and faulted under north-south directed compression. The
YFB overlies a large pre-basalt basin that has been subsiding since the early Tertiary. The ridges, valleys
and basins in the western Columbia Basin are the product of north-south compression that began in the
early Tertiary prior to the eruption of the CRBG and continues today. The rates of deformation in the
Columbia Basin have declined since the early Tertiary (Reidel et al. 1994). The current rate of ridge
growth is estimated at 0.04 mm/yr, and the rate of subsidence in the basin is estimated at 3 x 10 mm/yr.

The Hanford Site lies in the Pasco Basin, which is one of the larger structural basins near the eastern
limit of the YFB. Deformation in the YFB has controlled the location of the Columbia River system
since the late Miocene and the depositional pattern of the post-basalt sediments in the Pasco Basin.

3.23.1 Characteristics of the Yakima Folds

The YFB consists of asymmetrical anticlinal ridges and synclinal valleys. The anticlines are typically
segmented and usually have a north vergence, although some folds have a south vergence. Synclines are
typically asymmetrical with a gently dipping north limb and a steeply dipping south limb. Fold length is
variable, ranging from several kilometers to over 100 km; fold wavelengths range from several kilometers
to as much as 20 km. Structural relief is typically about 600 m but varies along the length of the fold.
The greatest structural relief along the Frenchman Hills, the Saddle Mountains, Umtanum Ridge, and
Yakima Ridge occurs where they intersect the north-south trending HR-NR anticline (Reidel et al.
1989a).

Synclines generally form passively, i.e., they are simply lows between two folds. One significant
exception to this is the Cold Creek syncline where it crosses the Pasco Basin. Here, the syncline has been
actively deforming and subsiding throughout deposition of suprabasalt sediments.

In general, the axial trends produce a “fanning” pattern across the fold belt (Figures 3.1 and 3.2).
Anticlines on the western side of the fold belt generally have a N50°E trend (Swanson et al. 1979a).
Anticlines in the central and eastern part of the fold belt have east-west trends except along the CLEW
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deformed zone where a N50°W trend predominates. The Rattlesnake Hills, Saddle Mountains, and
Frenchman Hills have overall east-west trends across the fold belt, but Yakima Ridge and Umtanum
Ridge change eastward from east-west to N50°W in the zone of the CLEW deformed zone. In the central
part of the fold belt, the Horse Heaven Hills, the Rattlesnake Hills, and the Columbia Hills have eastward
terminations against the CLEW deformed zone.

3.2.3.2 Fold and Fault Geometry

Within the Hanford Site and surrounding area, the geometry of the anticlines typically consists of
steeply dipping to overturned north flanks and gently dipping (<5°) south flanks (Figure 3.3). Exceptions,
however, include the doubly plunging anticlines within the Rattlesnake-Wallula alignment of the CLEW
deformed zone and the conjugate box-fold geometry of parts of the anticlines such as the Smyrna segment
of the Saddle Mountains (Reidel 1984). The main variable in fold profiles is the width of the gently
dipping limb that varies from as little 5 km to as much as 35 km (Figure 3.3).
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Figure 3.3.  Generalized Cross Section Through the Yakima Fold Belt
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Segmentation of the anticlines is common throughout the fold belt and is defined by abrupt changes
in fold geometry or by places where regional folds die out and become a series of doubly plunging
anticlines. Segment lengths are variable but average about 12 km (7 mi) (ranging from 5 to 35 km [3 to
34 mi]) near the Hanford Site; some of the larger segments contain subtler changes in geometry, such as
different amplitudes, that could also be considered segment boundaries. Segment boundaries are often
marked by cross or tear faults that trend N20°W to north and display a principal component of strike-slip
movement (e.g., Saddle Mountains) (Reidel 1984). Near the Hanford Site, these cross faults are confined
to the anticlinal folds and usually occur only on the steeper limb, dying out onto the gentler limb.

Segment boundaries may also be marked by relatively undeformed areas along the fold trend where
two fold segments plunge toward each other. For example, the Yakima River follows a segment
boundary where it crosses the Rattlesnake-Wallula alignment at the southeast termination of Rattlesnake
Mountain (Figure 3.1).

The steep limb of the asymmetrical anticlines is almost always faulted (Figure 3.3). Where exposed,
these frontal fault zones have been found to be imbricated thrusts, as, for example, at Rattlesnake
Mountain, Umtanum Ridge near Priest Rapids Dam (Bentley 1977; Goff 1981), the Horse Heaven Hills
(Hagood 1986), and the Saddle Mountains near Sentinel Gap (Reidel 1984).

Yakima Folds have emergent thrust faults at the ground surface. Faulted material moves along the
fault onto the surface in front of the fold, giving the appearance the fault is a low-angle thrust fault with
detachment surfaces either within the CRBG, in the sediments below the basalts, or at the basalt-sediment
contact. However, where erosion provides deeper exposures into the cores of folds, the frontal faults are
observed to be reverse faults (e.g., the Columbia water gap in the Frenchman hills, 45°S [Grolier and
Bingham 1971]; the Columbia Hills at Rock Creek, Washington, 50 to 70°N).

Hydrocarbon exploration boreholes provide direct evidence for the dips of these frontal faults
(Figures 3.2 and 3.3). Reidel et al. (1989a) have shown that the Saddle Mountains fault must dip more
than 60° where the Shell-ARCO BN 1-9 borehole was drilled. Drilling of the Umtanum fault near Priest
Rapids Dam (PSPL 1981) suggests that this fault dips southward under the ridge with a dip of at least 30°
to 40° (PSPL 1981) but perhaps as high as 60° (Price and Watkinson 1989).

3.3 Geologic History of the Hanford Site with Respect to the
Pacific Northwest

The Hanford Site is a small portion of the Columbia Basin, but the geologic record of the Site is
representative of the geologic history of the Pacific Northwest. The following discussion puts the
Hanford Site geology into perspective with the regional geologic setting.

331 Stratigraphy of Rocks Older Than the Columbia River Basalt Group

Rocks older than the CRBG are exposed mainly along the margin of the Columbia Basin. However, they
are important to understanding the history of the Hanford Site because many are thought to extend under the
basalt and form the foundation of the area. Stratigraphy along the margin of the CRBG is complex and varies
widely in both age and lithology. The principal age, lithologies, and importance to the history of Hanford
were taken from Reidel et al. (1994) and are summarized below.
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e The oldest rocks in the Pacific Northwest are found along the northeast and east margins of the
Columbia Basin near the lIdaho border. These are late Precambrian and early Paleozoic metavolcanic
and metasedimentary rocks (2.3 billion-300 million years before present) interspersed with younger
igneous intrusive rocks. These older rocks represent the ancient North American craton and the
remnants of the 1-billion-year-old supercontinent Rodinia that broke apart 750 million years ago to
form the Pacific Ocean. The boundary of that rifted margin occurs east of the Hanford Site.

o Late Paleozoic, Mesozoic, and early Cenozoic metavolcanics and metasediments are exposed along
the south and western margin of the Columbia Basin. These are the rocks that were added onto the
North America Plate remnants of Rodinia between 200 and 50 million years ago. Although many are
of similar age to rocks along the north and east margins of the Columbia Basin, they formed as ocean
islands and microcontinents far away from the Pacific Northwest. Through the process of plate
tectonics, these rocks were carried along on the oceanic plate that collided with the North American
Plate beginning 200 million years ago. During the collision process, these ocean islands and
microcontinents were accreted onto North America and resulted in the westward growth of North
America. Similar accreted terrane rocks are thought to occur deep beneath the Hanford Site.

o Along the west and northwest margin, a series of sedimentary basins formed in early Tertiary time
(Campbell 1989). These basins formed in the accreted terranes and are now separated by tectonic
“blocks” or uplifts exposing the accreted terranes. The Tertiary rocks extend under the Columbia
Basin and Hanford Site and were the targets of oil exploration in the latter half of the 20th century.
The rocks include the volcanic and sedimentary rocks that are 50 to 20 million years old and were
derived from the erosion of highlands in the Pacific Northwest.

3.3.2 Columbia River Basalt Group and Ellensburg Formation

The CRBG forms the main bedrock of the Columbia Basin and Hanford Site. This consists of over
200,000 km?® of tholeiitic flood-basalt flows that were erupted between 17 and 6 Ma and now cover
approximately 230,000 km? of eastern Washington, eastern Oregon, and western ldaho (Camp et al. 2003).
Eruptions had volumes as great as 5,000 km® (Reidel et al. 1989b), with the greatest amounts being erupted
between 16.5 and 14.5 million years before present. The flows were erupted from north-northwest—
trending fissures or linear vent systems in north-central and northeastern Oregon, eastern Washington,
and western lIdaho (Swanson et al. 1979b). These flows are the structural framework of the Columbia
Basin, and their distribution pattern reflects the tectonic history of the area over the past 16 million years
(Reidel et al. 1989a).

The CRBG has been divided into five formations (Swanson et al. 1979b); only the Grande Ronde
Basalt, the Wanapum Basalt, and the Saddle Mountains Basalt are exposed on the Hanford Site
(Figure 3.4). The Imnaha Basalt occurs at the base of the Columbia River basalt under the Hanford Site.
The Picture Gorge Basalt is not present on the Hanford Site.

The basalt flows of the CRBG are recognized using a combination of lithology, chemistry, and
paleomagnetic data (Swanson et al. 1979b). Chemical composition and paleomagnetic data have proven
to be the most reliable criteria for flow recognition and correlation. Lithology is reliable for many flows
primarily within the Wanapum and Saddle Mountains Basalts, but chemical compositions still are used to
confirm identifications.

3.6



More than 65% of the CRBG was erupted in a 1-million-year span of the Grande Ronde Basalt. In
the field, the Grande Ronde Basalt is divided into four magnetostratigraphic units, which, from oldest to
youngest, are Reversed 1, Normal 1, Reversed 2, and Normal 2 (Swanson et al. 1979b). The Grande
Ronde Basalt is further subdivided into 17 groups of flows based on chemical compositions (Reidel et al.
1989b). The Wanapum Basalt has been subdivided into four members, and the Saddle Mountains Basalt
has been subdivided into ten members. The Elephant Mountain Member and Ice Harbor Member are the
uppermost basalt lava flows at Hanford.

The younger basalt flows of the Wanapum and Saddle Mountains Basalts on the Hanford Site have
been locally eroded to various degrees. Some erosion of the basalt occurred between eruptions, as well as
before and during deposition of the oldest Ringold sediments. Uplift along anticlinal ridges has resulted
in erosion to different depths along the margin of the Pasco Basin and Cold Creek syncline. Within the
synclines where the basalt surface is covered by sediment fill, the upper basalt flows have been locally
eroded by fluvial activity and proglacial flooding. North of the 200 Areas near Gable Gap, the Saddle
Mountains Basalt has been eroded down to the oldest member, the Umatilla Member.

Intercalated with and in some places overlying the CRBG are sedimentary rocks of the Ellensburg
Formation (Swanson et al. 1979a). In the western Columbia Basin, the Ellensburg Formation is mostly
volcanic-derived sediment; in the central and eastern basin, fluvial sediments of the ancestral Clearwater and
Columbia Rivers form the dominant lithologies (Fecht et al. 1987).

3.3.3 Post-Columbia River Basalt Stratigraphy

Most post-CRBG sediments are confined to the synclinal valleys of the YFB. Although the sedimentary
record is incomplete, the sedimentation pattern is what is expected in an area with limited rainfall and
significant structural development (Fecht et al. 1987). The dominant source of sediment between the upper
Miocene to middle Pliocene (10 to 3 million years ago) is the Columbia River system. The upper Ellensburg
Formation and the Ringold Formation are the main sediment packages that contain this history and record the
migration of rivers and streams into their present channels (Fecht et al. 1987). Capping the sedimentary
sequence in the synclines and basins are sediments comprising the Pleistocene Hanford formation deposited
during cataclysmic floods and recent eolian deposits.

The upper Ellensburg Formation at the Hanford Site mainly records the path of the ancestral Clearwater-
Salmon River system as it flowed from the Rocky Mountains west to its confluence with the Columbia River
near the present Priest Rapids Dam. During this time, the Columbia River flowed along the western margin
of the Columbia Basin. The Snake River did not enter the Columbia Basin until the end of the Pliocene. The
Clearwater-Salmon River geologic record consists of main stream and overbank deposits that occur between
lava flows of the Saddle Mountains Basalt. These sediments are important to Hanford because they form part
of the confined aquifer system.

Ridges of the YFB were growing during the eruption of the CRBG but usually were buried completely
by each new basalt eruption. After the last major basalt eruption, the ridges began to develop significant
topography. The highest topography first developed where the ridges intersected the north-south trending
HR-NR anticline (Figure 3.1) along the western boundary of the Pasco Basin. Continued uplift of the
HR-NR anticline and the ridges of the YFB forced the Columbia River and its confluence with the Salmon-
Clearwater River eastward. By 10.5 million years ago, the Columbia River was flowing along the western
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boundary of the Hanford Site and then turning southwestward through Sunnyside Gap (Figure 3.1) and south
past Goldendale, Washington. This is when the Snipes Mountain conglomerate (Figure 3.4), the last
Ellensburg Formation unit in the Pasco Basin, was deposited.

Sediment of the Ringold Formation represents evolutionary stages of the ancestral Columbia River as it
was forced to change course across the Columbia Basin by the growth of the YFB. Ringold Formation time
began approximately 8.5 million years ago when the Columbia River abandoned Sunnyside Gap (Figure 3.1),
a water gap through the Rattlesnake Hills, and began to flow across the Hanford Site, leaving the Pasco Basin
through the present Yakima River water gap along the southwest end of the Rattlesnake Mountain anticline.

The northern margin of the 8.5-million-year-old Ice Harbor basalt controls the Columbia River channel as it
exits the Pasco Basin.

The first record of the Columbia River at Hanford is in the extensive gravel and interbedded sand of
unit A, Ringold Formation member of Wooded Island (Figure 3.4). The Columbia River was a gravelly braid

plain and widespread paleosol system that meandered across the Hanford Site (Fecht et al. 1987; Reidel et al.
1994; Lindsey 1995).
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At about 6.7 million years ago, the Columbia River abandoned the Yakima River water gap along the
southeast extension of Rattlesnake Mountain and began to exit the Pasco Basin through Wallula Gap
(Figure 3.1). The main channel of the Columbia River in the Pasco Basin was still through Hanford and the
200 Areas. At this time, the Columbia River sediments change to a sandy alluvial system with extensive
lacustrine and overbank deposits (Fecht et al. 1987; Reidel et al. 1994; Lindsey 1995). A widespread
lacustrine-overbank deposit called the lower mud was deposited over some of the Hanford Site at this time
and is a nearly continuous feature under the 200 West Area and much of the 200 East Area. The lower mud
was then covered by another extensive sequence of fluvial gravels and sands. The most extensive of these is
called unit E, Ringold Formation member of Wooded Island, but locally other sequences are recognized (e.g.,
units C and D). Unit E is one of the most extensive Ringold Formation gravels and appears to be continuous
under the 200 Areas. To the north near the 100 Areas, Ringold Formation sediments reflect mostly overbank
deposition of fine-grained sediments during this time.

The Columbia River sediments became more sand-dominated about 5 million years ago when over 90 m
(295 ft) of interbedded fluvial sand and overbank deposits accumulated at Hanford. These deposits are
collectively called the Ringold Formation member of Taylor Flat (Lindsey 1995). The fluvial sands of the
member of Taylor Flat dominate the lower cliffs of the White Bluffs.

Between 4.8 million years ago to the end of Ringold time at 3.4 million years ago, lacustrine deposits
dominated Ringold Formation deposition. A series of three successive lakes is recognized along the White
Bluffs and elsewhere along the margin of the Pasco Basin (Lindsey 1995). The lakes probably resulted from
damming of the Columbia River farther downstream, possibly near the Columbia Gorge. The lacustrine and
related deposits in the Pasco Basin are collectively called the Ringold Formation member of Savage Island.

At the end of Ringold time, western North America underwent regional uplift, resulting in a change in
base level for the Columbia River system. Uplift caused a change from sediment deposition to regional
incision and sediment removal. Regional incision is especially apparent in the Pasco Basin, where nearly
100 m (328 ft) of Ringold Formation sediment has been removed from the Hanford Area. The regional
incision marks the beginning of Cold Creek time and the end of major deposition by the Columbia River.

Regional incision and erosion during Cold Creek time are most apparent in the surface elevation
change of the Ringold Formation across the Hanford Site (Figure 3.3). As incision of the Columbia
progressed eastward across Hanford, and less erosion occurred on the surface of the Ringold Formation in
the 200 West Area, leaving it at a higher elevation than in the 200 East Area (Figure 3.5). The surface of
the Ringold Formation in the 200 West Area is consequently also older than that in the 200 East Area and
thus was exposed to weathering processes for a much longer time. Less erosion of the 200 West Area
surface accounts for the isolated remnants of the fluvial sands of the Ringold Formation member of
Taylor Flat. At the north side of 200 East Area, the ancestral Columbia River was able to cut completely
through the Ringold Formation to the top of the basalt. The channel can be traced from Gable Gap across the
eastern part of the 200 East Area and to the southeast. The greatest amount of incision is near the current
river channel.

In the Pasco Basin, the Cold Creek unit records most of the geologic events between the incision by the
Columbia River and the next major event, the Missoula floods. The older Ringold Formation surface at the
200 West Area was exposed to weathering, resulting in the formation of a soil horizon on its surface.
Because the climate was becoming arid, the resulting soil became a pedogenically altered, carbonate-rich,
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Figure 3.5. Generalized Cross Section Through the Hanford Site

cemented paleosol. The development of this carbonate-rich paleosol is much greater in the 200 West Area
than in the 200 East Area due to longer exposure of the surface. This ancient paleosol is referred to as the
lower Cold Creek unit (CCU)) subunit.

Concurrently, eolian sediments and minor fine-grained flood deposits from streams originating from the
nearby ridges were deposited on the paleosol, resulting in a wide variety of sediments that are called the
upper subunit of the Cold Creek unit (CCU,). Because of the long time interval (approximately 3.4 to
2 million years ago), several localized paleosols like the lower Cold Creek unit were able to develop in the
upper Cold Creek unit. Throughout Cold Creek time, streams from the Rattlesnake, Yakima, and Umtanum
Ridges were carving channels to the Cold Creek drainage, depositing basaltic gravels in their stream beds.
These form the side-stream alluvial facies of the Cold Creek unit.

During Cold Creek time in the central Pasco Basin, the Columbia River flowed through Gable Gap,
depositing gravels of mixed lithologies in a sand matrix. These gravels, informally called the “Pre-
Missoula gravels” (PSPL 1981), overlie the Ringold Formation and are up to 25 m (82 ft) thick. The
200 East Area lies along the boundary between these two geologic environments, undergoing signifi-
cantly more erosion than beneath the 200 West Area but with some soil development occurring in areas.
There may have been other periods of fluvial deposition near the 200 East Area that reworked the existing
Ringold Formation gravels. The difficulty and uncertainty in distinguishing between these similar units is
reflected in the differences in geologic contacts and their descriptions among authors.
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During the Pleistocene, cataclysmic floods inundated the Pasco Basin several times when ice dams failed
in northern Washington (Baker et al. 1991). Current interpretations suggest as many as 40 flooding events
occurred as ice dams holding back glacial Lake Missoula repeatedly formed and broke. In addition to larger
major flood episodes, there were probably numerous smaller individual flood events. Deciphering the history
of cataclysmic flooding in the Pasco Basin is complicated, not only because of floods from multiple sources
but also because the paths of Missoula floodwaters migrated and changed course with the advance and retreat
of the Cordilleran Ice Sheet.

Along with sedimentological evidence for cataclysmic flooding in the Pasco Basin, high-water marks and
faint strandlines occur along the basin margins. Temporary lakes were created when flood waters were
hydraulically dammed, resulting in the formation of the short-lived Lake Lewis behind Wallula Gap. High-
water mark elevations for Lake Lewis, inferred from ice-rafted erratics on ridges, range from 370 to 385 m
(1,214 to 1,261 ft) above sea level.

The sediment deposited by the cataclysmic flood waters has been informally called the Hanford
formation because the best exposures and most complete deposits are found there. The coarse-grained flood
facies (gravel-dominated facies of DOE-RL 2002) is generally confined to relatively narrow tracts within or
near flood channelways. The plane-laminated sand facies (sand-dominated facies of DOE-RL 2002), on the
other hand, occurs as a broad sheet over most of the central basin. Paleocurrent indicators within beds of
plane-laminated sands are unidirectional, generally toward the south and east within the Pasco Basin.

Rhythmite facies (interbedded silt and sand-dominated facies of DOE-RL 2002) occur in slackwater
areas around the margins of the basin and were deposited by multidirectional currents, including upvalley
currents. Individual rhythmites become finer and thinner both laterally and vertically upward.

The 200 West and 200 East Areas occur on a major depositional feature called the Cold Creek bar
(Figure 3.6). Recent studies using the magnetic polarity of the Hanford formation sediments have shown that
the earliest floods may have occurred as long ago as 2 million years. Four magnetic polarity reversals have
been found in sediments from core holes in the 200 East Area (Pluhar et al. 2006). These polarity reversals
have paleosols at the top of each reversed sequence of sediments. The oldest sediments occur in the ancestral
Columbia River channels where the Pre-Missoula sediments occur. The age of the Hanford formation in the
200 West Area is more difficult to determine because only normal-polarity sediments occur here.

Since the end of the Pleistocene, the main geologic process has been wind. After the last Missoula flood
drained from the Pasco Basin, winds moved the loose, unconsolidated material until vegetation was able to
stabilize it. Stabilized sand dunes cover much of the Pasco Basin, but there are areas, such as along the
Hanford Reach National Monument, where sand dunes remain active.
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4.0 Geology of the Pasco Basin and Hanford Site

As discussed in Chapter 3, the events occurring throughout the Pacific Northwest and Columbia
Basin are reflected in the sedimentary record in the Pasco Basin and consequently the Hanford Site. This
chapter provides a description of the large geologic framework for the Hanford Site.

4.1 Structure of the Hanford Site

The Cold Creek syncline (Figure 4.1) lies between the Umtanum Ridge-Gable Mountain uplift and
the Yakima Ridge uplift and is an asymmetric and relatively flat-bottomed structure. The Cold Creek
syncline began developing during the eruption of the CRBG and has continued to subside since that time.
The 200 Areas lie on the northern flank, and the bedrock dips gently (approximately 5°) to the south. The
300 Area lies at the eastern end of the Cold Creek syncline where it merges with the Pasco syncline. The
deepest parts of the Cold Creek syncline, the Wye Barricade depression and the Cold Creek depression,
are approximately 7.5 mi southeast of the 200 Areas and southwest of the 200 West Area, respectively
(Figure 4.1).

------- w ' Fault, bar and ball on downthrown side, Ql= Loess -
: and teeth on thrust fault on upthrown side  Qa= Alluvium |:| ST e TG

Qda= Active Sand Dunes - Hanford Formation - Sands

- -N-
.- 3 .-+ Anticline .
: - 0 1 2 3 4 5 Kilometers n |:| Hanford Formation - Gravel
~-k---  Syncline \ l L L | | |:| Columbia River Basalt Group
D o C
""""""" . Pmtanum Fault — Wablafee QQ T C::)
w o Fau N s 2 S,
b LT S
Gable Gap = -
SN 3 LD
Cold Creek @ N ol T L
Fault - *] SN
¥ N %
‘ e\ Gable Mountain

>

N

:May
> Junction
2 Fault

:: Wye

~ Barricad@
ression

R25E Yakima Ridgg Anticline R26E R27E
G04030080.3

Figure 4.1. Geologic and Geomorphic Map of the 200 Areas and Vicinity
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The Wahluke syncline north of Gable Mountain is the principal structural unit that contains the
100 Areas. The Wahluke syncline is an asymmetric and relatively flat-bottomed structure similar to the
Cold Creek syncline. The northern limb dips gently (approximately 5°) to the south. The steepest limb is
adjacent to the Umtanum-Gable Mountain structure.

The Umtanum Ridge-Gable Butte-Gable Mountain structural trend (Figures 3.1 and 4.1) is a
segmented anticlinal ridge extending for a length of 110 km in an east-west direction and passes north of
the 200 and 300 Areas and south of the 100 Areas. This structure consists of five segments. From the
west, the Umtanum Ridge plunges eastward and joins the Gable Mountain-Gable Butte segment just east
of the western boundary of the Hanford Site. The easternmost segment, the Southeast anticline, extends
southeast from the eastern boundary of the Gable Mountain-Gable Butte segment.

Umtanum Ridge is an asymmetrical, north-vergent to locally-overturned anticline with a major thrust
to high-angle reverse fault on the north side (Figures 3.1 and 4.1) (Goff 1981; Price and Watkinson 1989)
that dies out eastward toward Gable Mountain. Gable Mountain and Gable Butte are two topographically
isolated, anticlinal ridges that are composed of a series of northwest trending, doubly plunging, en
echelon anticlines, synclines, and associated faults.

The Yakima Ridge uplift extends from west of Yakima, Washington, to the center of the Pasco Basin,
where it forms the southern boundary of the Cold Creek syncline south of the 200 West Area (Figures 3.1
and 4.1). The easternmost surface expression of the Yakima Ridge uplift is represented by an anticline
that plunges eastward into the Pasco Basin (Myers et al. 1979). The eastern extension of Yakima Ridge is
mostly buried beneath late Cenozoic sediments and has much less structural relief than the rest of Yakima
Ridge.

41.1 Structural Setting of the 200 West Area Tank Farms

The 200 West Area sits on the western part of the Cold Creek bar, which is along the north flank of
the Cold Creek syncline (Figure 4.1). The surface of the Columbia River basalt bedrock under the
200 West Area has an overall strike to the northwest and is tilted to the southwest into the Cold Creek
depression (Figure 4.1). A deep structural low, the Cold Creek depression, developed along the Cold
Creek syncline southwest of the 200 West Area and greatly influences the structural attitudes of the
sedimentary layers that overlie the basalt.

4.1.2 Structural Setting of the 200 East Area Tank Farms

The 200 East Area sits on the eastern part of the Cold Creek bar, which is along the northern flank of
the Cold Creek syncline (Figure 4.1). Another deep structural low, the Wye Barricade depression,
developed along the Cold Creek syncline southeast of the 200 East Area. The May Junction fault is a
normal fault that marks the western boundary of the depression.

The 200 East Area sits at the southern end of a series of secondary doubly plunging anticlines and
synclines that are associated with the Umtanum-Gable Mountain anticlinal structure (Figure 4.1).
WMASs A, AX, B-BX-BY, and C in the 200 East Area lie near the southern flank of the closest secondary
anticline. A fault was recently detected during drilling of seismic test boreholes at the Waste Treatment
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Plant. The fault caused some displacement in the Pomona Basalt that lies beneath the Elephant Mountain
Basalt but is not thought to have caused any displacement in younger basalts or overlying sediments
(Barnett et al. 2007).

4.2 Stratigraphy of the Hanford Site

The generalized stratigraphy of the Pasco Basin and Hanford Site is shown in Figure 3.4. The prin-
cipal rocks exposed at the surface of the surrounding ridges are the CRBG and intercalated sedimentary
rocks of the Ellensburg Formation. In the low-lying basins and valleys, these are overlain by younger
sedimentary rocks of the Ringold Formation, Cold Creek unit, and the Pleistocene catastrophic flood
deposits of the Hanford formation.

421 Columbia River Basalt Group and Ellensburg Formation

The Elephant Mountain Member is the uppermost basalt flow beneath the 200 Areas and much of the
Hanford Site. Where folds and faults have formed basalt ridges, other flows from the Saddle Mountains,
Wanapum, and Grande Ronde Formations are exposed.

The Ellensburg Formation is intercalated with and overlies the CRBG in the Pasco Basin and includes
epiclastic and volcaniclastic sedimentary rocks (Waters 1961; Swanson et al. 1979b). At the Hanford
Site, the Ellensburg Formation consists of sediments deposited by the ancestral Clearwater and Columbia
Rivers. Relatively few boreholes in the 200 Areas penetrate the Ellensburg Formation. Those that do
generally find tuffaceous siltstones and sandstones, with conglomerates marking ancient main river
channels. The Ellensburg stratigraphy of the Hanford Site has been discussed in more detail in Fecht
et al. (1987).

4.2.2 Post-Columbia River Basalt Group Sediments

The Hanford Site and tank farms are situated on a sequence of Ringold Formation, Cold Creek unit,
and Hanford formation sediments overlying the CRBG (Figure 3.4). The upper Miocene to middle
Pliocene record of the Columbia River system in the Columbia Basin is represented by the upper
Ellensburg and Ringold Formations. Except for local deposits (e.g., the Cold Creek unit [CCU]), there
is a hiatus (erosion or lack of sedimentation) in the stratigraphic record between the end of the Ringold
Formation deposition (3.4 Ma) and the beginning of Pleistocene (1.6 Ma) time (DOE 1988; DOE-RL
2002).

Pleistocene to Recent sediments overlying the CRBG at the Hanford Site include cataclysmic flood
gravels and slackwater sediments of the Hanford formation; terrace gravels of the Columbia, Snake, and
Yakima Rivers; and eolian deposits.

4.3 Geology of the Central Plateau

Because of the need to understand the geologic controls on movement of contaminants in the vadose
zone and groundwater, the Central Plateau has become one of the best characterized areas on the Hanford
Site. The geology of the Hanford Site has largely been determined using samples from numerous
boreholes. Boreholes used in the following discussion are shown in Figure 4.2.
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Figure 4.2. Borehole Location Map

Figure 4.3, a fence diagram of the Central Plateau area, depicts the geology above the CRBG. By
necessity, Figure 4.3 is highly generalized, depicting the overall consistency of stratigraphy between the
200 East Area and 200 West Area. The major differences are in the thicknesses of the units in response to
the geologic history. For example, the Hanford formation thickens to the east as the Ringold Formation
thins. This variation is a response to the downcutting by the Columbia River after Ringold Formation
time and then further erosion and filling of the erosional channels by Missoula Flood deposits.

43.1 Basalt

The uppermost basalt flow beneath the Central Plateau is the Elephant Mountain Member. The top of
basalt surface dips to the southwest beneath 200 West Area and to the south-southwest beneath 200 East
Avrea (Figure 4.4). Low-amplitude secondary folds such as the one to the northeast of 200 East Area may
occur throughout the area and have probably not been fully identified. Between 200 East Area and Gable
Gap to the north, the Elephant Mountain has been eroded to expose underlying basalt flows. There is also

a suspected window eroded through the Elephant Mountain near the northeast corner of the 200 East
Area.
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4.3.2 Ringold Formation

Although exposures of the Ringold Formation are limited to the White Bluffs on the east side of the
Hanford Site and isolated exposures along the Rattlesnake Hills on the west side as well as the Smyrna
and Taunton Benches within the Othello Basin, extensive data on the Ringold Formation are available
from boreholes at the Hanford Site (e.g., Tallman et al. 1979; DOE 1988). The Ringold Formation at the
Hanford Site is up to 185 m thick in the deepest part of the Cold Creek syncline south of the 200 West
Area and 170 m thick in the western Wahluke syncline near the 100 B Area. The Ringold Formation
pinches out against the Gable Mountain, Yakima Ridge, Saddle Mountains, and Rattlesnake Mountain
anticlines. It is largely absent in the northern and northeastern parts of the 200 East Area.

The Ringold Formation consists of semi-indurated clay, silt, pedogenically altered sediment, fine- to
coarse-grained sand, and granule to cobble gravel. Ringold Formation strata typically are below the water
table on the Hanford Site, and the textural variations influence groundwater flow. The Ringold Formation
historically has been divided into a variety of units, facies types, and cycles (Newcomb 1958; Newcomb
etal. 1972; Tallman et al. 1979; DOE 1988; Lindsey 1995). However, these terminologies have proven
to be of limited use because they are too generalized to account for significant local stratigraphic variation
or they were defined in detail for relatively small areas and do not account for basin-wide stratigraphic
variation (Lindsey 1991, 1995).

Studies of the Ringold Formation in the Pasco Basin indicate it contains significant stratigraphic
variations (Lindsey 1991, 1995) that are best described on the basis of sediment facies. Sediment facies
in the Ringold Formation, defined on the basis of lithology, stratification, and pedogenic alteration,
include the following:

o The fluvial gravel facies consists of clast-supported granule to cobble gravels with a sandy matrix and
intercalated sands and muds. Clast composition is variable but typically includes basalt, quartzite,
porphyritic volcanics, and greenstone. Sands generally are quartzo-feldspathic, with less than 25%
basalt content. Bedforms have low angle to planar stratification, massive bedding, wide shallow
channels, and large-scale cross bedding. The facies was deposited in a gravelly fluvial braidplain
characterized by wide, shallow, shifting channels.

o The fluvial sand facies consists of quartzo-feldspathic, cross-bedded and cross-laminated sands that
are intercalated with lenticular silty sands, clays, and thin gravels. These sands usually contain <15%
basalt lithic fragments, and fining upwards sequences are common. Strata comprising the association
were deposited in wide, shallow channels.

o The overbank facies consists of laminated to massive silt, silty fine-grained sand, and paleosols
containing variable amounts of pedogenic calcium carbonate. Overbank deposits occur as thin
lenticular interbeds in the gravels and sands and as thick laterally continuous sequences. These
sediments record deposition in proximal levee to more distal floodplain conditions.

o The lacustrine facies is characterized by plane-laminated to massive clay with thin silt and silty sand

interbeds displaying some soft-sediment deformation. Deposits coarsen upwards. Strata were
deposited in a lake under standing water to deltaic conditions.

4.6



o The alluvial fan facies is characterized by massive to crudely stratified, weathered to unweathered
basaltic detritus. These deposits generally are found around the periphery of the basin and record
deposition by debris flows in alluvial fan settings and in sidestreams draining into the Pasco Basin.

In the Pasco Basin, the lower half of the Ringold Formation, the member of Wooded Island, is the
main unconfined aquifer under the Hanford Site and contains five separate stratigraphic intervals domi-
nated by the fluvial gravels facies. These gravels, designated units A, B, C, D, and E (Figure 3.2), are
separated by intervals containing deposits typical of the overbank and lacustrine facies (Lindsey 1991).
In the 200 Areas, only fluvial gravel units A and E occur. Between these two gravel units in many places
is the lowermost of the fine-grained sequences, designated the lower mud sequence. Fluvial gravel units
A and E correspond to the lower basal and middle Ringold Formation units, respectively, as defined by
DOE (1988). Gravel units B, C, and D do not correlate to any previously defined units (Lindsey 1991,
1995) and do not occur beneath the tank farms. The lower mud sequence corresponds to the upper basal
unit and lower unit as defined by DOE (1988).

The following discussion of the geology of the Central Plateau is based on interpretations of new and
old wells for this report (Table 4.1) as well as geologic picks from Williams et al. (2000, 2002) and
Thorne et al. (1993). Well locations are shown in Figure 4.2. Specific lithologic descriptions and unit
distributions are discussed in more detail in Chapter 5 for each tank farm.

Ringold unit A occurs throughout much of the Central Plateau and ranges from 0 to more than 30 m
(0 to 100 ft) thick (Figure 4.5). This unit is thickest to the north and south of the 200 West Area. As can
be seen in Figure 4.6, beneath 200 West Area the top of this gravel unit dips to the southwest into the
Cold Creek Depression, while beneath the 200 East Area the unit dips to the south into the Cold Creek
syncline except in the northern part where it has been eroded. The dip of this unit into the syncline
indicates continued structural deformation during and after deposition of the sediments. Generally, unit A
is a conglomerate with clasts of basalt and other lithologies in a silty sand matrix intercalated with beds of
sand and silt. The sediments may be strongly cemented with silica or calcite in places.

The Ringold Formation lower mud unit has apparently had a more complex history in the 200 Areas.
As can be seen in Figure 4.7, the lower mud has been eroded from beneath most of the 200 East Area.
There is also a poorly defined channel cut through the lower mud unit in the northeastern corner of the
200 West Area. Near 200 East Area, the top of the mud dips to the southeast into the Cold Creek
syncline, indicating continuing structural deformation after deposition. In the 200 West Area, the surface
of the lower mud unit reflects erosion more than structural deformation, with elevations decreasing in the
southern and western parts of 200 West Area and then increasing above the Cold Creek Depression. The
lower mud unit ranges in thickness from 0 to 30 m (0 to 103 ft). Thickness of the lower mud increases in
the Cold Creek Depression (Figure 4.8), representing deformation during deposition of the fine-grained
sediments. The lower mud is thickest beneath the 200 East Area and decrease to the south. Figure 4.8
shows a broad zone of decreased thickness bounded by the 50-ft contours that run southeast from the
200 West Area and may trace an old river channel from early in Ringold Formation unit E time. This
unit consists primarily of lacustrine silt and clay, with at least one well-developed paleosol noted in the
200 West Area. It is an aquitard, separating the suprabasalt confined aquifer in unit A from the
unconfined aquifer in unit E.
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Table 4.1. Contact Elevations of Boreholes Not Associated with Tank Farms

Ground Contact Picks (Elevation in ft)
Surface Top Top Top Top Top
Hanford Elevation | Uppermost | Uppermost| Lower Lower ccu Top Top Basalt-Rich | Top Top Top Top Top of
Well No. Well ID ft Sand Gravel Sand Gravel | Undiff. | CCU, ccu, Gravels Ry Ruie Rim Ruia Basalt
299-E16-1@ A4727 697 674 572 560 482 422 362 298 224
299-E17-21® B8500 735 730 498 400 357 296
299-E19-19 A5889 734 734 716 479 372 358 304 213
299-E23-20 A4748 722 717 522 352 277
299-E25-94 C4665 693 689 421 413
299-E27-6 AB673 675 675 575 418 409 332
299-E32-2 A4830 672 672 592 482 385
299-E34-4 A4879 589 589 413
299-E35-2 A4886 603 603 403
299-W10-149 | A4891 701 701 626 586 566 551-501 501
299-W11-25B | C4669 688 688 653 597 588 564-556 556 282
299-W11-26 AT7287 697 697 632 609 586 549-527 527 289 267 197
299-W11-43 C4694 711 711 684 617 608 591-552 552 299
299-W13-1® C4238 731 731 668 582 566 546 304 205
299-W14-14 B8547 671 671 638 577 563 548-506 506 269 233
299-W15-49® | C4301 684 684 655 620 604 523 517 249
299-W17-1® C4237 651 651 596 551 536 521
299-W18-16® | C4303 682 682 664 632 587 542 532-447 447
299-W19-45 C3394 675 675 623 542 538 521-450 450
299-W19-47 C4258 676 668 629 552 538 531-438 438
299-W22-249 | A7845 694 684 654 644 552 509 474 454 229 196 127
699-36-58A A8571 737 737 425
699-36-70A° A9901 706 706 559 528 451 274
699-37-47A® B2822 717 432 407 352 278 200
699-38-65© A5148 755 755 514 473 358 303 229




6'Y

Table 4.1. (contd)

Ground Contact Picks (Elevation in ft)
Surface Top Top Top Top Top
Hanford Elevation | Uppermost | Uppermost | Lower Lower ccu Top Top Basalt-Rich | Top Top Top Top Top of
Well No. Well ID ft Sand Gravel Sand Gravel | Undiff. | CCU, ccy, Gravels Ry Ruie Rim Ruia Basalt
699-38-70B® C4236 728 721 557 536 449 279 271
699-40-62® A5158 751 748 711 438 377
699-40-65 C4235 756 750 724 484 477 391 323
699-44-64® A5188 727 727 652 467 412 392 285
699-45-69© A5196 728 726 558 550-503 503 408 368
699-47-60@ A5202 652 652 604 585 426 368
699-48-77AC AB772 676 676 651 589-541 541 351 219

(@  Numbers below Hanford from Williams et al. 2000 (PNNL-12261).
(b)  Numbers below Hanford from Martinez 2004 (WMP-21220).

(¢)  Numbers below Hanford from Williams et al. 2002 (PNNL-13858).
(d)  Numbers from Reidel 2005 (PNNL-14586, Rev. 1).

()  Numbers below Hanford from Weiss and Walker 2005 (WMP-26333).

()] Numbers below Hanford from Reidel and Horton 1999 (PNNL-12257).
(9)  Numbers below Hanford from Last et al. 1989 (PNL-6820).
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Figure 4.5. Isopach Map of Ringold Unit A
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Figure 4.6. Structure Contour Map of Ringold Unit A
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Unit E of the member of Wooded Island is by far the thickest of the Ringold Formation units present
in the Central Plateau. It consists of well-rounded gravel in a sand and silt matrix deposited by major
rivers. Gravel lithologies are varied with sources outside the Columbia Basin. Cementation varies from
well- to poorly indurated. Unit E ranges from 0 to more than 90 m (0 to 300 ft) in thickness (Figure 4.9).
This variation in thickness is due in part to continued subsidence of the Cold Creek syncline and in part to
erosion during the Cold Creek unit and Hanford formation times. Increasing thicknesses to the west of
200 West Area and to the south of 200 East Area are a combination of both processes. Main channels
during both Cold Creek and Hanford floods went through Gable Gap and across the northeastern part of
200 East Area, removing unit E from most of that area and leaving a complicated surface in the 200 East
Avrea (Figure 4.10).

In the Pasco Basin, the upper part of the Ringold Formation includes members of Taylor Flat and
Savage Island (Lindsey 1995). The member of Taylor Flat consists of a sequence of fluvial sands and
overbank deposits while the member of Savage Island consists of lacustrine sediments. The member of
Savage Island is found only along the White Bluffs in the eastern Pasco Basin and corresponds to the
upper Ringold Formation unit as originally defined by Newcomb (1958). In the 200 West Area, erosional
remnants of the member of Taylor Flat consists of fine-grained fluvial sand and overbank facies with
localized stringers of calcum carbonate. Member of Taylor Flat sediments are found beneath parts of the
T, TX, and TY tank farms and in the vicinity of the U tank farm and are discussed in more detail in
Chapter 5.

4.3.3 Pliocene to Pleistocene Transition

Two main alluvial units of the Pliocene to Pleistocene transition are recognized at the Hanford Site—
the CCU and the pre-Missoula gravels. Recently, the pre-Missoula gravels were tentatively incorporated
into the CCU (DOE-RL 2002); both units are discussed together here.

The laterally discontinuous CCU overlies the tilted and truncated Ringold Formation in an uncon-
formable relationship in the western Cold Creek syncline in the vicinity of 200 West Area (DOE-RL
2002). To the east, the pre-Missoula gravels replace the calcrete and silt-dominated subunits of the CCU.
The CCU appears to be correlative to other sidestream alluvial, eolian, and pedogenic deposits found near
the base of the ridges bounding the Pasco Basin on the north, west, and south. These sedimentary
deposits are inferred to have a late Pliocene to early Pleistocene age on the basis of stratigraphic position
and magnetic polarity of interfingering loess units (DOE 1988). Figure 4.11 shows a structure contour
map of the Cold Creek unit surface in the vicinity of 200 West Area. Because of the difficulty in
distinguishing the pre-Missoula gravels from the underlying Ringold and overlying Hanford formation
sediments, the structure contour of the Cold Creek Unit does not extend into the 200 East Area. Ata
coarse scale, the surfaces of the Ringold Formation and the CCU in the 200 West Area (Figures 4.10 and
4.11) dip to the south. This surface also dips to the east between 200 West and 200 East Areas. Local
trends of the CCU are discussed in more detail for each of the tank farms in Section 5.

The Cold Creek Unit is important it fine-grained sediments and/or its carbonate-rich paleosols can
have a significant impact on contaminant movement in the vadose zone. Perched water zones above the
CCU have been encountered in several wells in 200 West Area.
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Figure 4.9. Isopach Map of Ringold Unit E
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Figure 4.11. Structure Contour Map of Cold Creek Unit
43.3.1 Pre-Missoula Gravels — Central Pasco Basin

The Pre-Missoula gravels disconformably overlie the Ringold Formation in much of the central basin
and may extend into areas in or near the 200 East Area. The nature of the contact between the pre-
Missoula gravels and the overlying Hanford formation is not clear. In addition, it is unclear whether the
pre-Missoula gravels overlie or interfinger with the CCU. In this report, we include the Pre-Missoula
gravels in the Cold Creek unit because they overlie the Ringold Formation and underlie the Hanford
formation. The gravel lying on basalt beneath the much of the northern half of the 200 East Area has
been variously interpreted as Ringold Formation unit A, as gravels deposited during Cold Creek time, or
as part of the cataclysmic Hanford flood deposits that include some reworked Ringold. The difficulty in
distinguishing between these units is reflected in the cross sections for the 200 East SST tank farms
presented in Chapter 5.

43.3.2 Lower Cold Creek Unit Calcrete and Side-Stream Alluvium — 200 West Area

The lower Cold Creek unit (CCU)) in the 200 West Area is a highly weathered paleosurface that
developed unconformably on top of the Ringold Formation and side-stream alluvium. Other names used
to describe this facies have included “caliche” (Brown 1959) and “calcrete” (DOE 1988). The CCU,
consist of basaltic to quartzitic gravels, sands, silt, and clay that are cemented with one or more layers of
secondary, pedogenic calcium carbonate. Root traces and animal borrows, as well as other relict soil
structures, point to a pedogenic origin for the calcium carbonate, although Slate (1996, 2000) also
suggests the calcium carbonate could be associated with paleo groundwater levels. The concentration of
calcium carbonate within the CCU, is generally 20 to 30 wt% but can range from 5 to 70 wt%.

4.14



Considerable variability is found within the CCU, because of natural heterogeneity inherent in soils
and soil-forming processes, which vary under different physical, chemical, and biological conditions (e.qg.,
moisture, grain size, aspect, mineralogy, bioturbation, microbial activity). An additional complicating
factor is that the land surface during late Pliocene time was locally undergoing changes via fluvial and
eolian activity, which resulted in variable rates of aggradation, degradation, and soil development (DOE
1988; Slate 1996, 2000; Wood et al. 2001). The calcium carbonate overprint is superimposed onto a
variety of rock types, including silt, quartz-feldpsar-rich sand and gravel, and locally derived basaltic sand
and gravel (Slate 1996, 2000; Lindsey et al. 2000).

Fluvial activity included local streams with sources in the nearby basalt ridges which continued to
flow through the Cold Creek syncline and 200 West Area. These local side-streams to the Columbia
River deposited basaltic gravels across their channels. Most of these side-stream deposits have been
found in the ancestral Cold Creek drainage that ran more or less down the Cold Creek syncline (DOE
1988).

Recent review of old and new boreholes through the central portion of 200 West Area have identified
up to 26 m (85 ft) thick in a channel cut into Ringold unit E (Table 4.1, Post-Ringold basalt-rich gravels).
The channel for this gravel may be reflected in the abrupt change in elevation on the top of Ringold
Formation unit E (Figure 4.10) in the northern part of 200 West Area. A small high on the northern
boundary extends above the much lower surrounding surface (i.e., 699-48-77A and 299-W7-3). Basalt
content increases abruptly from 20-30% in Ringold Formation gravels to about 50% in the basalt-rich
gravels and generally continues to increase toward the top of the unit. In well 299-W11-25B, gravel has
been interpreted as member of Taylor Flat sediments while in other boreholes it underlies the CCU,
paleosol. The high basalt content is not typical of the Ringold Formation across the Hanford Site.
Information is insufficient to determine what this basalt facies represents other than it is a sediment of the
Cold Creek unit.

The upper boundary of the CCUj is usually sharp and distinct in contrast to the lower boundary,
which is commonly gradational and overprinted onto the underlying Ringold Formation within the west-
central Pasco Basin. The top of the CCU; is well defined by 1) a contrast in color, 2) an increase in
calcium carbonate content and decrease in mud content and sorting, and 3) a sudden drop in total gamma
activity (i.e., potassium-40) on borehole geophysical logs (Bjornstad 1990; DOE-GJO 1997). In this data
package, the top of the CCU; is defined as the top of the first pedogenically altered, carbonate-rich,
cemented zone accompanied by a sudden drop in natural gamma activity.

The CCUj; subunit plays a major role in movement of water through the vadose zone in the 200 West
Area. The calcrete forms an impermeable barrier in places, causing lateral movement of water from
liquid waste disposal sites.

4.3.3.3 Upper Cold Creek Unit Silt-Dominated — 200 West Area

A distinctive silt-rich interval, referred to as the silt-dominated facies of the CCU (DOE-RL 2002)
and as Hanford formation/Cold Creek unit (Hf/CCU) deposits, overlies the CCU calcrete facies over most
of the 200 West Area (Brown 1960; Tallman et al. 1979; DOE 1988). Recent investigators have included
the “early Palouse soil” (Hanford formation/Plio-Pleistocene deposits) as a subunit of the CCU (Lindsey
et al. 1994). Unlike the lower boundary of these strata, which is easily differentiated from the underlying
Cold Creek calcrete, the upper contact with the overlying Hanford formation can be difficult to identify in
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well cuttings. The age of the silt-dominated deposits is bracketed by the Pliocene CCU calcrete (3.4 Ma)
and the well-established overlying Missoula flood deposits of the Hanford formation (Pleistocene Epoch).
This report will refer to these silt-dominated sediments as the CCU silt-dominated facies (upper Cold
Creek unit [Cold Creek fine-grained unit] [CCU,]). Because the upper portion of these deposits may
appear similar to or grade upward into the Hanford formation, this interval is referred to in places as
undifferentiated Hf/CCU deposits.

Historically, these silt-dominated deposits have been described as a massive, unconsolidated,
micaceous, brown to yellow, loess-like silt and minor fine-grained sand (Price and Fecht 1976g; Price and
Fecht 1976h; Price and Fecht 1976i; Tallman et al. 1981; DOE 1988; Last et al. 1989; DOE-RL 1993).
Brown (1959) originally reported this well-sorted, buff-colored, eolian unit to be up to 21 m (70 ft) thick
in the southern portion of the 200 West Area.

More recent investigations have shown that the silt-dominated deposits may contain facies other than
eolian silt and fine sand (Lindsey et al. 1994, 2000; Slate 1996). For example, at WMA S-SX, these
deposits are composed of mostly intercalated layers of fine sand and silt, more characteristic of alluvial
deposits (Lindsey et al. 2000). It appears then that this interval may consist of a mixture of fine-grained
deposits under both eolian and alluvial conditions. Regardless of its exact stratigraphic relationship and
origin, the silt-dominated sediments are a distinctive lithostratigraphic unit that significantly influences
the moisture and contaminant distribution within the vadose zone.

The silt-dominated deposits can be correlated across most of the 200 West Area using fine-grained
texture and high natural gamma activity on geophysical logs (DOE 1988; Last et al. 1989). These
deposits generally are absent away from the 200 West Area. The top of the silt-dominated interval is
identified based on an increase in background gamma activity on geophysical logs (DOE-GJO 1997) and
an increase in mud content (up to 75 wt%). Calcium carbonate content often is a few weight percent
more than the overlying fine-grained Hanford formation (referred to as the H2 unit by Lindsey [2001a]),
and usually is significantly less than that for the underlying pedogenic calcrete facies of the Plio-
Pleistocene unit. The basal contact is distinct, indicated by a sharp drop in total gamma activity below
and percentage of mud content. Also, compared to the pedogenically altered and cemented Cold Creek
unit calcrete, the silt-dominated deposits are relatively loose and friable. Whereas the Hanford formation/
Plio-Pleistocene interval often contains moderate to high concentrations of calcium carbonate, it appears
to be evenly disseminated and therefore probably is of detrital origin (Wood et al. 2001).

4334 Cold Creek Unit — 200 East Area

The CCU as described above is largely absent from the 200 East Area. The exact origin of the
sedimentary deposits overlying the CRBG and underlying the Hanford formation is uncertain and still
open to interpretation. These deposits beneath the Hanford formation have been called the Hf/CCU
(undifferentiated Hanford/Cold Creek) (Wood et al. 2000) and undifferentiated Hanford formation/Cold
Creek unit/Ringold Formation unit (Hf/CCU/RF) (Lindsey et al. 2001b). In this data package, they are
placed in the CCU or lower Hanford gravel/CCU undifferentiated because they represent sediments
deposited between the late Pliocene and early Pleistocene. This is the age range of the CCU in the
200 West Area. By assigning these deposits to this unit, only the age is implied, not the origin of the
deposits.
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Wood et al. (2000) recognized two facies of the Hf/CCU beneath the 200 East Area tank farms: a
fine-grained eolian/overbank silt (silt facies Cold Creek unit), up to 10 m thick, and a sandy gravel to
gravelly sand facies Cold Creek unit. The thick, silt-rich interval is believed to be a pre-Pleistocene flood
fluvial deposit because silty layers associated with Ice Age flood deposits of the Hanford formation in this
area are generally much thinner (i.e., a few centimeters or less) (Wood et al. 2000). Where the silt unit is
absent, the gravel sequence below the silt unit is indistinguishable from similar-appearing facies of the
overlying Hanford formation (Wood et al. 2000). If the thick silt layer predates the Hanford formation,
however, then the underlying gravels also must predate the Hanford formation. Thus, the gravel sequence
beneath the silt layer must belong to either a mainstream alluvial facies of the ancestral Columbia River
(pre-Missoula gravels) or the Ringold Formation.

4.3.4 Quaternary Stratigraphy of the Pasco Basin

Quaternary sediments, as much as 100 m thick within the Pasco Basin, overlie the Ringold Formation
and/or CCU at the tank farms. The most extensive of these is the Pleistocene-aged Hanford formation
(Figure 3.2), but the sediments also include eolian deposits and recent alluvium.

4.3.4.1 Eolian Deposits

Loess deposits at the Hanford Site contain a detailed Quaternary record; five units are represented
within the Pasco Basin (Reidel et al. 1992). These units are informally referred to as L1 through L5 and
differentiated on the basis of 1) position relative to other stratigraphic units, 2) color, 3) soil development,
and 4) paleomagnetic polarity. They are discussed in more detail in Section 6.

4342 Hanford Formation

The Hanford formation is the main stratigraphic unit at the surface of the tank farms. The Hanford
formation consists of pebble to boulder gravel, fine- to coarse-grained sand, and silt. These deposits are
divided into three facies: 1) gravel-dominated, 2) sand-dominated, and 3) sand- and silt-dominated.
These facies are referred to as coarse-grained deposits, plane-laminated sand facies, and rhythmite facies,
respectively, in DOE (1988). The rhythmites also are referred to as the Touchet Beds. The Hanford
formation is thickest beneath the Cold Creek bar, particularly in the vicinity of the 200 East Area, where it
is over 100 m thick (Figure 4.12).

The gravel-dominated facies association generally consists of coarse-grained basaltic sand and
granule to boulder gravel. These deposits display massive bedding, plane to low-angle bedding, and
large-scale planar cross-bedding in outcrop. The gravel facies dominates the Hanford formation in the
100 Areas north of Gable Mountain, the northern part of the 200 East and West Areas, and the eastern
part of the Hanford Site including the 300 Area. The gravel-dominated facies was deposited by high-
energy flood waters in or immediately adjacent to the main cataclysmic flood channelways.

The sand-dominated facies association consists of fine- to coarse-grained sand and granule gravel
displaying plane lamination and bedding and, less commonly, plane bedding and channel-fill sequences in
outcrop. These sands may contain small pebbles and rip up clasts in addition to pebble-gravel interbeds
and silty interbeds less than 1 m thick. The silt content of these sands is variable. These sands typically
are basaltic, commonly being referred to as black, gray, or salt-and-pepper sands. This facies is most
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Figure 4.12. Isopach Map of Hanford Formation

common in the central Cold Creek Syncline, in the central to southern parts of the 200 East and 200 West
Areas. The laminated sand facies was deposited adja