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The 2009 three-dimensional, geologic models of the Los Alamos National
Laboratory site, southern Espafiola Basin, and Espariola Basin

Greg Cole, David Coblentz, Elaine Jacobs, Daniel Koning, David Broxton, David
Vaniman, Fraser Goff and Giday WoldeGabriel

ABSTRACT

An overlapping set of new, three-dimensional, geologic models is presented for
the Los Alamos National Laboratory (LANL) site, the southern Espafola Basin,
and the full Espafiola Basin, extending from the Abiquiu Reservoir in the north, to
the Cochiti Reservoir to the south. These models are the latest in a series of 3-D
geologic models that have evolved over the past 14 years to represent the
geometry of the subsurface geology and provide a geologic framework for the
region. These models incorporate:
¢ revised surface geologic contact data from recently-remapped geologic
quadrangles,
e new subsurface contact data from newly developed cross-sections, and
from recently developed wells of the Environmental Programs at LANL,
+ and new sedimentation models for the Espafiola Basin.

Geologic models provide the framework for the modeling of groundwater flow
and contaminant transport. The detailed representation of stratigraphic units,
facies, and volcanic flows allows flexible assignment of hydrogeologic properties
and the construction of hydrogeologic models. Previous models focused on the
Pajarito Plateau with very simplified extension into nearby parts of the Espafiola
Basin. The new models integrate with existing models of the City and County of
Santa Fe, and the U.S. Geological Survey, and allow a much better definition of
the boundary conditions of groundwater flow about the environs of LANL. The
new Site model also provides significantly enhanced detail of the local geology
beneath LANL.

In this report, we provide an overview of the geology of the modeled regions. We
then describe the processes used to develop structural surfaces of the geologic
units and to blend these surfaces into coherent, self-consistent geologic
framework models. We illustrate the models with detailed 2-D and 3-D views of
the subsurface geology. We also provide statistics regarding the fit of the
modeled surfaces to the subsurface data. The full set of individual geologic
surfaces, supporting sets of digital data, and locally developed scripts and
programs are provided as appendices. Digital grids of the multiple models are
also provided in commonly used formats.
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ABBREVIATIONS, DEFINITIONS, AND CONVENTIONS

This section provides general definitions and/or specific usage conventions for some of the technical
terminology used in this report. Some words that are used in the definitions, identified in italics, are further
defined in this list.

aquifer: A saturated geologic formation that contains and transmits significant quantities of water under
normal field conditions.

Arc Macro Language (AML): A scripting language that is part of the Arcinfo geographic information
system (GIS) software. It provides the ability to perform command line execution of branching, looping,
variable manipulation, and argument transfer. AML also supports arrays and lists of objects.

bilinear interpolation process: An extension of linear interpolation for interpolating functions of two
variables on a regular grid. The key idea is to perform linear interpolation first in one direction, and then
again in the other direction.

coverage: A geographic data set within the Arcinfo GIS which provides the vector data, topology, and
feature attributes for an organized set of similar objects such as points, arcs (lines), or polygons.

DEM: Digital Elevation Model, generally referring to gridded elevations of a topographic surface, but can
describe elevations for other surfaces as well.

digitized: An object that is defined by a set of digital spatial coordinates.
digitizing: The process of converting points and lines on a map to digital files of points and lines (arcs).

DLG: Digital Line Graphs are digital vector representations of cartographic information. We generally use
this term for DLGs of hypsography (surface elevations of the Earth), e.g., digital elevation contours.

ESRI: Environmental Systems Research Institute, Inc. Developer and vendor of the commercial Arcinfo
GIS product. http://esri.com/

facies: A mapable, areally restricted part of a lithostratigraphic body.

fanglomerate: Sedimentary rock consisting of heterogeneous fragments of all sizes deposited as an
alluvial fan.

flow/facies unit: An unofficial category of geologic unit created for modeling purposes to define a rock
unit of limited areal extent which is completely or partly enclosed within another unit.

geologic unit: Used synonymously for geologic map unit or lithostratigraphic unit; where the rock has a
substantial degree of overall lithologic homogeneity.

geologic model: A model depicting the spatial distribution of geologic structures and units.

Geologic Framework Model (GFM): Used synonymously in this report with geologic model and geologic
framework surface model. It is the (minimal) set of geologic contact surfaces that fully defines the 3-D
spatial extent of the geologic units.

GIS: Geographic Information System. A computer system designed to analyze and display geographic data.
GPS: Global Positioning System.

graben: A down-thrown elongate, displaced crustal unit or block that is bounded by faults on its long
sides.

“heads up” digitizing: The process of performing the digitizing process interactively at a computer
terminal with a mouse rather than on a separate device called a digitizer or digitizing tablet which has a
multiple-key, cursor device. Based on our experience, “heads up” digitizing is usually faster and more
accurate than the older tablet technology. “Heads up” digitizing requires a scanner and a computer
capable of rapidly displaying a large image. Traditional digitizing requires a large digitizing tablet capable
of supporting and adequately lighting a paper document; with rapid input/output to a supporting computer
or storage device.
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hydraulic conductivity: The ability of a porous medium to transmit fluid, dependent on both fluid and
porous medium properties.

hydrogeology: The science that deals with subsurface waters and with related geologic aspects of
surface waters. Also used in the restricted sense of groundwater geology only. We use the term
hydrogeology in its more restricted sense as referring to groundwater geology, i.e., geology relevant to
groundwater flow.

Hydrogeologic Framework Model: Used synonymously with geologic model. It is the set of geologic
surfaces that define materials of similar hydrologic properties.

inverse distance weighting: An interpolation process which assigns a value to a point based on its
distance (adjusted by a weighting factor) from known points with defined values.

isochore: A measure of vertical thickness.

isopach: In this report, used interchangeably with isochore as a measure of the unit thickness in the
vertical direction (note that isochore is the correct term for the vertical measurement; isopach, sensu
stricto, is the unit thickness perpendicular to the bedding surface.

isosurface: A surface that represents equal values of some property within a 3-D volume or field.
Ka: thousand years ago.

kriging: a group of geostatistical techniques to interpolate the value of a random field at an unobserved
location from observations of its value at nearby locations.

lithologic: Adjective pertaining to the physical character of rocks.

lithostratigraphic: Adjective pertaining to a body of rock consisting dominantly of a certain lithologic type
or combination of types.

Ma: million years ago.

paleotopography: The topographic relief of an area at a particular time in the past.
QA: Quality Assurance, or quality assurance activities.

Recent: (Holocene): The geologic time interval from 11 ka. to the present.

RGB values: Red, Green, Blue values ranging from 0-255 indicating the relative strength ot the hue of
each of these three blended color components in a defined color.

saturated zone: A region of the subsurface where pores are completely filled with water; the saturated
zone is bounded at the top by the water table.

stratigraphic unit: A body of rock established as a distinct entity in the classification of the Earth's rocks,
based on any of the properties or attributes or combinations thereof that rocks possess. Stratigraphic
units based on one property will not necessarily coincide with those based on another.

TIN (Triangular Integrated Network): A data structure created from points (x,y,z) and edges joining
these points into triangular faces to create a faceted, continuous surface.

water table: A surface separating the saturated and unsaturated zones of the subsurface, defined as a
surface at which the fluid pressure is atmospheric.
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1.0 INTRODUCTION

Los Alamos National Laboratory (the Laboratory) has produced a series of three-dimensional (3-D)
geologic framework models (GFMs) of the Laboratory area and nearby portions of the Espafiola Basin
during the past 14 years. These models are developed to support visualization and the numerical analysis
of groundwater flow and transport in the subsurface. The models consist of sets of two-dimensional (2-D)
(x, y) grid surfaces of elevations that uniquely define the geologic volumes of a three-dimensional
geographical region and form the basis for hydrogeologic (property) framework models (HFMs).

1.1 Background

The earliest 3-D geologic model for the Laboratory site was produced in the mid-1990s to support
compliance with the Laboratory’s Hazardous Waste Facility permit(s), required under the Resource
Conservation and Recovery Act. The 1995 site geologic model (Vaniman et al. 1996) used Arcinfo
software for building the model and IBM DX-Explorer software for 3-D visualizations. The model consisted
of 14 surfaces that were derived from the contouring of triangular integrated networks (TINs) created from
limited sets of surface and drillhole control points. The model surfaces did not extend to the Laboratory
boundaries and were limited to units/subunits of the Bandelier Tuff, portions of the Cerro Toledo interval,
Puye, and Totavi units, and two local units of the Santa Fe Group. Through the ensuing years, the
Laboratory has continued to support the development of 3-D geologic models (Cole et al. 1997; Cole et
al. 1998; Carey et al. 1999; 2002 (no report produced); Stauffer et al. 2005 (partial model including

Area G and Mortandad and Sandia Canyons); and Cole et al. 2006).

For the past several years, there has been an accelerated effort to complete the characterization and
remediation of the hazardous (release) sites at the Laboratory. This effort has resulted in the installation
of many new characterization and monitoring wells and additional surface geologic mapping. In addition
to the Laboratory, a number of other government entities, including the New Mexico Bureau of Geology
and Mineral Resources, the U.S. Geological Survey (USGS), and the City and County of Santa Fe, have
been involved in the development of new digital geologic data and the creation of geology-based,
groundwater models for the region.

Land ownership adjacent to or nearby the Laboratory includes the National Park Service, San lldefonso
Pueblo, the U.S. Forest Service, the communities of Los Alamos and White Rock, the Bureau of Land
Management, and the State of New Mexico (Figure 1).

In order to incorporate this new information and integrate data from the Laboratory with other agency
models, the Environmental Programs group at the Laboratory funded the creation of three GFMs. Two of
these models are high-resolution models that revise and expand upon the most recent model produced
by the Laboratory in 2005 (Cole et al. 2006). The new models include data from 330 drillholes compared
with 213 drillholes included in the 2005 model and increase the number of geologic units from 24 to 36.
Additional geologic units in the 2009 models result from the break-out of older, hydrologically important,
Miocene sediments of the Santa Fe Group. In addition, the increased areal extent of the models allows
the Laboratory to look beyond its boundaries. These extended models also provide a resource for
evaluating boundary conditions for groundwater flow within the basin.

1.2 Scope

Three overlapping models were created that extend out from the Laboratory site, with decreasing model
resolution. These models include the Laboratory (Site) model, the Southern Espafiola Basin (SEB) model,
and the Espafiola Basin (EB) model (Figure 2). The Site model covers four 7.5-minute quadrangle maps
centered on the Laboratory at a 50-foot spacing of grid points/nodes in the x and y directions of the map
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projection. The SEB model extends the Site model to the east and south (including the city of Santa Fe)
and covers twelve quadrangles at a 100-foot resolution. The full EB model includes 68 quadrangles,
extending to the hydrologic boundaries of the Espafiola Basin at a 400-foot resolution. Each of the
individual models is also provided as a half-resolution version (at 100-foot, 200-foot, and 800-foot
spacings respectively) to allow for its usage within the EarthVision software. The term "grid resolution” is
used interchangeably with the terms grid spacing and grid interval as the surfaces in the model are
infinitely resolvable. Model grid extents are provided in Table 1.

The Site and SEB models nominally have 36 geologic units although four of the units do not extend into
the defined boundaries of the Site model. A description of units for the Site and SEB models is given in
Figure 3. A schematic cross section of the Espafiola Basin showing the relationship of Site and SEB
model units is shown in Figure 4. The EB model has 10 units, one of which extends below the base of the
Site and SEB models. Two alluvial units, Qu and Qvf, are included in the count of units for all models.
These alluvial units are not defined by grid surfaces but rather by surface polygons that can be used to
create stacked saturated and unsaturated alluvial/colluvial volumes immediately below the topographic
surface. Figure 5 shows the surface distribution of geologic units and identifies locations where
photogtraphs of the units are provided in Appendix F.

All illustrations, data and models presented in this document are developed and presented in New Mexico
State plane coordinates (NAD 83) with elevations in US feet.

2.0 PHYSIOGRAPHY, GEOLOGIC SETTING, AND HYDROGEOLOGY

This section provides an overview of the physiography, geologic setting, and hydrogeology of the
Espafiola Basin. Deposition of the Santa Fe Group is emphasized due to the importance of these units in
the new Site and SEB models. Further information on the regional geology is provided in several
appendices. Details on the EB model are provided in Appendix D. More detail of the hydrogeology is
provided in Appendix E. Appendix F consists of a concise geologic history of the main depositional units
and numerous photographs of the units. Appendix G provides the programming, data, and digital data
sets. Appendix H consists of the digital models.

2.1 Physiography of the Espafiola Basin

The boundaries of the Espafiola Basin vary from being well defined to indistinct. The northern boundary
with the San Luis Basin is generally considered to extend from the Proterozoic Picuris Mountains
northwest to Proterozoic exposures near Ojo Caliente along a northwest-trending, buried basement high
(Cordell 1979; Manley 1979a; Kelley 1978; Koning et al. 2004a) (Figure 6). North of Ojo Caliente, the
northern boundary extends along the southern edge of the Ortega Mountains (composed of Proterozoic
Ortega Quartzite) and then west along the southern edge of the topographic highlands immediately north
of El Rito (Figure 7).

A >17 km-wide zone of normal faults, including the Cafiones fault, demarcates the western margin of the
Espafiola Basin and the eastern margin of the Colorado Plateau (Baldridge et al. 1984) (Figure 6). Part of
the southern boundary of the Espafiola Basin with the Santo Domingo Basin is defined by the La Bajada
fault and the Cerrillos uplift in its footwall. However, west of the La Bajada fault, the southern boundary is
ill-defined where it is mostly obscured by upper Miocene through Quaternary volcanic rocks of the Jemez
Volcanic Field (JVF). The southern extension of this western margin under the JVF has been variously
depicted in past literature (e.g., Kelley 1978; Manley 1979a) (Figure 6).

The Proterozoic-cored Sangre de Cristo Mountains form the eastern margin of the basin (Figure 6 and
Figure 7). The Sangre de Cristo Mountains are the highest topographic feature in the region, with crest
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elevations of 9200 to 13102 feet in the EB model area and topographic relief of 20007000 feet. The
lowest elevation in the Espafiola Basin, 5500 feet, is at the mouth of White Rock Canyon (note the EB
model extends a short distance southward into the northern Santo Domingo Basin, where the lowest
elevation is 5210 feet) (Figure 7).

The Santa Fe embayment (Figure 6) is defined physiographically as the southern arm of the Espafiola
Basin that extends south of the Santa Fe uplands (Figure 7). The Santa Fe embayment is bounded by the
granite-dominated Sangre de Cristo Mountains on the east, the north rim of the incised Galisteo River
valley to the south, the Cerrillos Hills to the southeast, and basalt-capped mesas of the Cerros del Rio
volcanic field to the southwest. However, only the northern part of this embayment includes thick basin fill
commonly associated with the Espafiola Basin. The thick basin fill thins to the south along the Rancho
Viejo hinge zone, a north-facing, arcuate structural feature located south of Santa Fe (Grauch et al. 2009)
(Figure 6). Basin fill averages approximately 250 feet thick south of the Rancho Viejo hinge zone (Grauch
et al. 2009). The Site and SEB model areas lie north of the Rancho Viejo hinge zone in relatively deep
basin fill that can reach thicknesses greater than 10,000 feet (Grauch et al. 2009).

The topography of the Espafiola Basin can be characterized as eroded badlands with local, scattered
mesas. The Abiquiu and Pefiasco embayments are two topographic features located in the northwest and
northeast corners of the Espafiola Basin, respectively (Figure 7). The general geologic structure beneath
the Abiquiu embayment may be described as a structural platform covered by shallow basin fill. This ~1
km of basin fill is extensively faulted, with the west-down Ojo Caliente fault being the longest structure
(May 1980). A west-striking syncline coincides with the Pefiasco embayment.

The Rio Grande flows north to south through the Espafiola Basin, and has numerous perennial tributaries
(Figure 7). Two gorges dominate the Rio Grande's course through the basin: the Rio Grande Gorge to the
north, which is bounded by basalt-capped mesas, and the White Rock Gorge to the south, which is cut
into basalt and andesite flows of the Cerros del Rio volcanic field. West of the White Rock Gorge, rocks of
the Cerros del Rio volcanic field are capped by ash-flow tuffs that form the southern Pajarito Plateau, a
16- to 25-km-wide, 48-km-long tableland that flanks the eastern side of the Jemez Mountains. The
Laboratory and the town of Los Alamos are located on the Pajarito Plateau, which extends through much
of the western quarter of the Site and SEB models.

Immediately north of Santa Fe are broad highlands referred to as the Santa Fe uplands (Koning et al.
2002a). These form a drainage divide between northward-draining ephemeral streams and streams
flowing south into the Santa Fe River. The drainages associated with the Santa Fe River south of the
divide are not as deeply eroded as the drainages north of the divide.

The largest population centers in the Espafiola Basin are Los Alamos (pop. ~18,000), Espafiola (pop.
~10,000), and Santa Fe (pop. ~72,000). Most of the water supply for these communities is from wells
(Figure 7). The Guaje well field, located roughly 7 km northeast of town, produces most of the water for
Los Alamos. Wells within and immediately adjacent to the city supply Espariola’s water. Santa Fe obtains
water from two reservoirs (up to 30-40% depending on rainfall), McClure Reservoir and Nichols
Reservoir, as well as two major well fields: the city well field and the Buckman well field (Figure 1).

Smaller communities within the Espafiola Basin include Tesuque, Pojoaque, Chimayo, Velarde, Dixon,
Pefiasco, Truchas, Ojo Caliente, La Madera, El Rito, and Abiquiu (Figure 7). Perennial streams supply
irrigation water for small-scale farms within and adjacent to these communities while private and
community wells supply water for household use.
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2.2 Geologic Setting and Depositional Environment of the Santa Fe Group

Uplift and erosion over the past 2 million years has led to extensive exposures of Late Cenozoic sediment
within the Espafiola Basin, designated as the type area of the Santa Fe Group (Spiegel and

Baldwin 1963). The Santa Fe Group ranges in age from early-late Oligocene to late Pliocene-early
Pleistocene. In the model area, most of the Santa Fe Group has been divided into the Oligocene-middle
Miocene Tesuque Formation (Smith 2004; Barghoorn 1981; Tedford and Barghoorn 1993) overlain by the
middle to late Miocene Chamita Formation (Spiegel and Baldwin 1963; Galusha and Blick 1971; Tedford
and Barghoorn 1993; Mcintosh and Quade 1995). In this report, the Tesuque and Chamita Formations
have been subdivided into several hydrostratigraphic units that are presented in section 2.3. The Plio-
Pleistocene Puye and Ancha Formations are included in the Santa Fe Group as well.

To better understand the stratigraphic context of the individual model units, a brief overview of the main
depositional environments of the Santa Fe Group and how these changed with time is presented. These
depositional environments are illustrated in Figure 8, Figure 9, Figure 10, and Figure 11, which depict the
stratigraphic evolution of the Espafiola Basin from the early Miocene to the early Pleistocene. The
following discussion begins with depositional environments in the east and moves westward.

Eastern alluvial slope deposits are found along the foot of the Sangre de Cristo Mountains and consist of
eroded detritus shed from these mountains. This depositional environment probably included coarse-
grained alluvial fans in its proximal part, based on the presence of planar, stacked beds of gravelly
sediment found there, but the deposits transition westward to finer-grained, alluvial slope sediment
studied by Smith (2000b) and Kuhle and Smith (2001). Alluvial slope sediment is characterized by tan to
orange confined-flow deposits, including sandy or gravelly channel-fills, interbedded with finer-grained
sand and clayey-silty sand (Smith 2000b; Kuhle and Smith 2001).

Eastern alluvial slope deposits grade and interfinger westward into basin-floor deposits deposited by
semiparallel, south-flowing streams or rivers whose provenance included the Pefiasco embayment and
San Luis Basin (Cavazza 1986). Basin-floor deposits are typically slightly grayer in color, as compared to
alluvial slope deposits, and contain floodplain deposits interbedded with wide, sandy channel-fills

(Koning 2002a 2003; Koning and Manley 2003). The basin-floor deposits, in turn, grade and interfinger
westward into western alluvial slope deposits. Gravel and coarse sand in the western alluvial slope
deposits were derived from a dacitic-andesitic volcanic edifice in the southwestern San Luis Basin
(Ingersoll et al. 1990). Fine-grained, orangish sand and clay beds are increasingly more common in
western alluvial slope deposits in a downstream direction (southward) and predominate in the SEB model
area.

The Santa Fe River is interpreted to have been the largest drainage developed on the Sangre de Cristo
Mountains, with its upward reaches occupying what is now the upper Pecos River drainage (Koning et al.
2004b). This interpretation is based on the large proportion of quartzite clasts in the gravel fraction that
likely came from the Truchas Peaks area (Koning et al. 2004b). Apparently, this large drainage carried
and deposited more detritus compared to the alluvial slope drainages to the north (Figure 8) (Koning et al.
2004b). In the middle and late Miocene, the toe of the eastern alluvial slope prograded westward, likely
causing the basin-floor to shift westward as well (Koning 2002a and 2002b; Koning 2003; Koning et al.
2004c and 2005a) (Figure 9 and Figure 10).

Significant changes occurred in the sedimentation of the Espafiola Basin around 13-13.5 Ma. One was a
pronounced coarsening of the basin-floor and eastern alluvial slope deposits (Koning 2002a, 2002b, and
2003). Because of probable narrowing of the basin floor and increased competency of basin-floor streams
after 13 Ma, we use the term "axial river deposits” rather than basin-floor deposits for the late middle to
late Miocene deposits. Northwest of what is now Espafiola a large dune field developed at this time on
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what was previously the western alluvial slope. Sandy fluvial deposits extended south of this dune field
into the model area and are included with axial river deposits in the SEB model.

After 13.5 Ma, volcanic eruptions produced basalt and basaltic andesite flows and phreatomagmatic
deposits that are interbedded within Santa Fe Group deposits in the western model area (WoldeGabriel et
al. 2006a). Relatively more silicic and voluminous volcanism that formed the modern Jemez Mountains
began as early as 11-13 Ma in the northern Jemez Mountains (Gardner and Goff 1984; Koning et al.
2007b) and peaked at 10-7 Ma (Gardner and Goff 1984).

A period of erosion during the late Miocene led to the development of an unconformity across most of the
basin with the exception of the eastern flank of the Jemez Mountains where the basin continued to
subside. Coarser, gravelly sedimentation occurred when deposition began in the Pliocene. Pliocene-age
sediment is only preserved in the central part of the basin as the Puye Formation and in the Santa Fe
embayment as the Ancha Formation (Figure 11). The Puye Formation was derived from erosion of dacitic
volcanoes (i.e., Tschicoma Formation) immediately west of the Pajarito Fault (Manley 1979a;

Waresback 1986; Waresback and Turbeville 1990). The Ancha Formation consists of detritus shed from
the southern Sangre de Cristo Mountains (Spiegel and Baldwin 1963; Koning et al. 2002a).

Much volcanic activity occurred in the Pliocene and early Pleistocene in the model area. Between 2.8 and
2.2 Ma, several basaltic to andesitic volcanoes were active west of Santa Fe and formed the Cerros del
Rio volcanic field (Figure 11). Air-fall tephras from these volcanoes are interbedded in the Ancha
Formation, and lava flows from this field interbed with and overlie the Ancha and Puye Formations. At

1.6 Ma, a major caldera eruption deposited the Otowi Member of the Bandelier Tuff (Izett and

Obradovich 1994; Spell et al. 1996). Thick portions of this member are preserved on the Pajarito Plateau
(Figure 11). Some fluvial deposition occurred on the Pajarito Plateau between 1.6 and 1.2 Ma, which is
included in the Cerro Toledo interval. At 1.2 Ma, a second caldera eruption created what is now the Valles
caldera (Izett and Obradovich 1994; Spell et al. 1996; Phillips et al. 2007). Air-fall and ash-flow tuffs of the
Tshirege Member of the Bandelier Tuff were deposited during this eruption and form a thick blanket over
the Pajarito Plateau.

Erosion of the Espafiola Basin occurred after emplacement of the Tshirege Member punctuated by
episodes of minor valley-floor aggradation. Alternating cycles of aggradation and incision left terrace
deposits along drainages. The last major period of incision occurred during the late glacial maximum
(25-15 ka), after which the valley floor has aggraded (Dethier and Reneau 1995; Johnpeer et al. 1986).
Major aggradation occurred in the middle to late Holocene, followed by incision in the latest Holocene
(Hall and Periman 2007). Latest Holocene incision has created terrace deposits along lower order
tributary drainages. However, 10—-30 m of valley-floor sediment still remains along the major drainages
(Johnpeer et al. 1986).

2.3 Hydrogeologic Units

The regional surface and subsurface geology provide important controls on the infiltration and subsurface
flow of groundwater. The physical properties of the geologic units directly affect hydraulic conductivity and
transmissivity. The chemical properties of units may also affect the migration of dissolved contaminants
within the groundwater.

Information is currently lacking on how to easily subdivide mappable geologic units into hydrogeologic
units, although it is possible to combine multiple geologic units into a single hydrogeologic unit with similar
hydraulic properties. Geologists have spent a considerable amount of time remapping and
redefining/subdividing sedimentary deposits of the Espafiola Basin into new and/or redefined units and
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facies that represent specific depositional environments with homogeneous hydraulic properties. These
data provide the impetus for developing (hydro)geologic models:

General characteristics of the hydrologic properties of the Espafiola Basin sedimentary units include:

e sediments higher up-section show progressively larger hydraulic conductivities which probably
reflect the upward-coarsening trend in the sediments;

o valley-fill alluvium (the Qvf unit of the EB model) has significantly larger conductivity values than
all other units; and

o channel-fills are coarser-grained than overbank deposits and likely have larger conductivities as
well, creating horizontal conductivity anisotropies that correspond to their orientation.

A discussion of the hydrogeologic properties of the basin sedimentary units and a table of hydraulic
conductivities is provided in Appendix E.

3.0 DESCRIPTION OF GEOLOGIC UNITS

Geologic unit boundaries are generally defined by observable differences in the bedrock, which may or
may not represent significant differences in physical or chemical properties. For the 12 quadrangles of the
Site and SEB models, more than 400 geologic units are identified on the current set of geologic maps.
When reducing the number of mapped units to a reasonable, computational subset, it is important to
consider differences in the physical and chemical properties of the units and whether they are adjacent
and/or stratigraphically equivalent. After a careful evaluation of all mapped geologic units by project
geologists, thirty-six model units were defined for the Site and SEB models (Figure 3). The remapping of
geologic quadrangle units to model units of the Site and SEB models of the GFM is provided in

Table A-3a and Table A-3b, respectively. Figure 12 provides a west-east stratigraphic column, identifying
the basin units and the input of Jemez volcanic material beginning in the middle—late Miocene. The
following sections describe the model units. Photographs of all units are provided in Appendix F.

3.1 Bedrock (Bedr)

The bedrock (Bedr) unit is made up of deposits that occur below the Santa Fe Group and include the
Cieneguilla Basanite (the Cieneguilla limburgite of Sun and Baldwin 1958), the Espinaso and Galisteo
Formations, Mesozoic-Paleozoic sedimentary rocks, and Proterozoic crystalline rocks.

The Cieneguilla Basanite includes black lava flows and intercalated, dark gray to brownish gray, mafic
volcaniclastics. The Espinaso Formation consists of alluvial fan deposits composed of light gray to gray
latite to andesite detritus with minor intercalated latite and andesite flows. Deposits of the Espinaso
Formation were shed from volcanic edifaces centered near the Cerrillos Hills-La Cienega area

(Smith et al. 1991; Erskine and Smith 1993; Kautz et al. 1981). The Galisteo Formation includes reddish-
brown sandstone, gravelly sandstone, conglomerate, and mudstone primarily of arkosic and granitic
composition. Galisteo Formation sediments were deposited in a depression formed during the Laramide
orogeny (Koning and Hallett 2000; Cather 1992; Lucas et al. 1997). The Galisteo Formation pinches out
to the north, east of the Rio Grande, and is likely only present near the southern border of the eastern
SEB area (Myer and Smith 2006). Mesozoic-Paleozoic sedimentary rocks consist of interbedded
limestone, shale, and sandstone. These rocks dip to the south in the Santa Fe embayment and are
truncated at the top by a pronounced unconformity at the base of the Galisteo Formation (Grant 1999).
Proterozoic crystalline rocks are primarily granite, although minor gneiss, schist, and amphibolite may
occur.
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3.2 Santa Fe Group

The Santa Fe Group is broken out into 10 separate units in the Site and SEB models. These units were
divided based on their hydrologic properties.

3.2.1 Tesuque Formation

3.2.1.1 Lower, coarse-grained unit (Ttlc)

A coarse-grained, alluvial slope (or alluvial fan) deposit that occurs at the base of the Tesuque Formation
in the eastern Espafiola Basin is defined as ‘Ttlc’ (Figure 12). This unit is Oligocene-Miocene in age and
includes the Bishop's Lodge Member. ‘Ttlc’ sediment is tan to pink in color and contains channel fills of
sandy pebbles-cobbles, pebbly sand, and very fine- to very coarse-grained sand. Minor overbank beds of
clay, silt, and very fine- to fine-grained sand occur. Clasts are primarily granite but include an increasing
proportion of limestone to the south. Near the Rio Tesuque drainage, the proportion of limestone clasts
increases down-section. The ‘Ttlc’ unit grades laterally southward into unit ‘Ttal’, and is gradationally
overlain by unit ‘Ttca'. It is inferred that this unit grades laterally westward into unit Ttb (lithosome B).

3.2.1.2 Lower lithosome A, fine-grained unit (Ttal)

South of unit ‘Ttlc’ and adjacent to the Sangre de Cristo Mountain front, is an Oligocene-Miocene fine
grained eastern alluvial slope deposit of the Tesuque Formation defined as lower lithosome A or ‘Ttal’
(Figure 12). This tan to pink sand, clayey sand, and pebbly-cobbly sand contains primarily granitic clasts
with occasional local yellowish limestone-siltstone. This unit is well-consolidated and underlies fine-
grained lithosome S (Ttsf).

3.2.1.3 Lithosome B (Ttb)

Lithosome B or unit ‘Ttb’ consists of Miocene basin-floor and axial river deposits of the Tesuque
Formation (Figure 8 and Figure 12). These gray sands and gravels represent abundant overbank
deposits and laterally extensive channel-fills. Light gray to light greenish-gray clay, silt, and very fine- to
medium-grained sand that represent relatively fine-grained overbank deposits predominate within the
SEB model area (Koning 2002a; Koning and Maldonado 2001). Subordinate coarse-grained channels
contain medium- to very coarse-grained sand, pebbly sand, and sandy pebbles. Clast lithologies include
limestone, sandstone, and siltstone with minor quartzite and felsic-intermediate volcanics. Lithosome B
(Ttb) grades southward into fine-grained ancestral Santa Fe River deposits of lithosome S (Ttsf) and
eastward into alluvial slope deposits of lithosome A of the Tesuque and Chamita Formations (Ttca)
(Figure 8). The unit becomes finer-grained to the south (downstream). Near its contact with lithosome S
(Ttsf), this unit is dominated by clay, silt, and very fine- to fine-grained sand.

3.2.1.4 Lithosome S, fine-grained unit (Ttsf)

The fine-grained portion of lithosome S of the Tesuque Formation, defined as unit ‘Ttsf’, consists of
Oligocene—Miocene eastern alluvial slope deposits of the ancestral Santa Fe River (Figure 8 and

Figure 12). This unit contains abundant amounts of red clay, silt, and very fine- to medium-grained sand
intercalated with subordinate to subequal coarse-grained channel-fills of pebbly sand and sandy pebbles-
cobbles. Clasts are primarily granite with minor yellowish limestone and siltstone. Unit ‘Ttsf' grades
northward into lithosome A of the Tesuque and Chamita Formations (Ttca) and northward and westward
into lithosome B (Ttb). The coarser-grained part of lithosome S (Ttsc) interfingers and grades into ‘Ttsf’
although ‘Ttsf’ generally lies below it (Figure 8 and Figure 9). Unit ‘Ttsf' has an approximate volume of
130 cubic miles (Table C-3), and forms a significant portion of the basin fill.
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3.2.1.5 Lithosome S, coarse-grained unit (Ttsc)

The coarse-grained portion of lithosome S of the Tesuque Formation, defined as unit ‘Ttsc’, consists of
Oligocene—Miocene eastern alluvial slope deposits of the ancestral Santa Fe River (Figure 8, Figure 9,
and Figure 12). Generally reddish in color, this sediment consists of pebbly sand and sandy pebble
channel-fills with subordinate overbank deposits of clay, siltstone, and clayey very fine- to fine-grained
sandstone. Clasts are primarily granite with minor quartzite, yellowish limestone and siltstone. Quartzite
clasts indicate that the Truchas Peaks formed the headwaters of the Santa Fe River at this time (Koning
et al. 2004b)

3.2.1.6 Chama-El Rito Member (Ttc)

The Chama-El Rito Member of the Tesuque Formation, defined as ‘Ttc’, consists of Miocene western
alluvial slope deposits (Figure 8 and Figure 12). Within the SEB model area, unit ‘Ttc’ is light orangish tan
in color and consists of very fine- to medium-grained sand, siltstone, and claystone with rare pebble beds.
Unit ‘Ttc’ was deposited on a south-southeastward-dipping alluvial slope environment in the west part of
the Espafola Basin during the early to middle Miocene. The unit includes quartz-rich sand from a
southeast-flowing tributary drainage. Unit ‘Ttc’ comprises a significant volume (~180 cubic miles

[Table C-3]) of the Santa Fe Group aquifer in the SEB model area, but generally lies below depths
penetrated by water wells. This unit gradationally underlies the axial river deposits of the Chamita
Formation (Tcar) and interfingers to the east with lithosome B of the Tesuque Formation (Ttb) (Figure 8
and Figure 9).

3.2.2 Chamita Formation

3.2.2.1 Axial river deposits of the Chamita Formation (Tcar)

Basin-floor and axial river deposits of the Chamita Formation, or unit ‘Tcar’, consist of channel fills of
sandstone, gravelly sandstone, and sandy conglomerate as well as floodplain deposits of claystone,
siltstone, and very fine- to medium-grained sandstone (Figure 9 and Figure 12). These sediments were
deposited in the middle Miocene (ca 13.2 Ma) as the river system that was flowing south along the basin
floor of the Espafiola Basin shifted westward and may have narrowed (Figure 8 and Figure 9) (Koning
and Manley 2003; Koning et al. 2007c). The gravels of the axial river deposits contain tan to gray, felsic to
intermediate volcanic clasts with lesser quartzite and Paleozoic sedimentary clasts. The ‘Tcar’ unit also
includes sandy channel-fills from a large drainage that flowed southeastward under what is now the
Jemez Mountains, as well as alluvial fan sediment that was shed from late Miocene volcanic edifices in
the Jemez Mountains. Unit ‘Tcar’ correlates to the Vallito, Hernandez, and Cejita Members of the Chamita
Formation (Koning and Aby 2005). It interfingers to the east with axial river deposits and coarse-grained
lithosome A of the Chamita Formation (Tcara) and overlies lithosome B (Ttb) and the Chama-El Rito
Member (Ttc) (Figure 9). The lower part of unit ‘Tcar’ interfingers to the north with a large eolian dune field
(Ojo Caliente Sandstone Member of the Tesuque Formation).

3.2.2.2 Interbedded axial river deposits of the Chamita Formation with coarse-grained lithosome A of
the Tesuque and Chamita Formations (Tcara)
This Miocene unit, defined as ‘Tcara’, demarcates a zone of interfingering and mixing between coarse-
grained eastern alluvial slope deposits (lithosome A of the Tesuque and Chamita Formations or ‘Ttca’)
and the axial river deposits of the Chamita Formation (Tcar) (Figure 9). Lithosome A (Ttca) in this zone is
a light orange-tan, silty-clayey sand interbedded with minor pebbly channel-fills. Axial river deposits
include tan to light gray floodplain deposits of claystone, siltstone, and very fine- to medium-grained
sandstone with subequal proportions of fine- to very coarse-grained sand, pebbly sand, and sandy
pebble-cobble channel-fills. This unit interfingers with axial river deposits of the Chamita Formation (Tcar)
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to the east and west and with lithosome A of the Tesuque and Chamita Formations (Ttca) to the east
(Figure 9). It gradationally overlies lithosome B of the Tesuque Formation (Ttb).

3.2.2.3 Lithosome A of the Tesuque and Chamita Formations fine-grained unit (Ttca) and coarse-
grained unit (Tcac)
Following Cavazza (1986) and Koning et al. (2005a), lithosome A of the Tesuque and Chamita
Formations describes strata containing arkosic sand and granite-bearing gravel that were deposited on
an alluvial slope by Oligocene-Miocene streams draining the west flank of the Sangre de Cristo
Mountains south of the Truchas Peaks (Figure 8, Figure 9, Figure 10, and Figure 11). Lithosome A
represents a coarsening upward sequence as well as lateral variability with coarser-grained strata
dominating deposits adjacent to the mountain front.

Unit Ttca

The fine grained unit ‘Ttca’ lies between two coarse-grained units: unit ‘Ttlc’ which occurs below it, and
unit “Tcac’ which occurs on top of it. Fine-grained, distal alluvial slope strata that make up unit ‘Ttca’
postdate the 13.2 Ma coarsening (Koning et al. 2007) that deposited unit ‘Tcar’. ‘Ttca’ sediment consists
of light orange-tan to tan, clayey-silty sandstone intercalated with coarse channel-fills of sandy
conglomerate and conglomeratic sandstone. Fossils found in the unit allow correlation with lithosome A
sediment of the Pojoaque, Skull Ridge, and Nambe Members of the Tesuque Formation (Cavazza
1986);and with fine-grained, distal alluvial slope strata of the Cuarteles Member of the Chamita and
Tesuque Formations (Koning and Aby 2005). Unit ‘Ttca’ grades laterally to the west into lithosome B (Ttb)
and to the south into deposits of the ancestral Santa Fe River (Ttsc and Ttsf) (Figure 8).

Unit Tcac

This relatively coarse-grained sediment consists of light orange-tan, coarse channel-fills of sandy
conglomerate and conglomeratic sandstone, interbedded with subordinate clayey-silty sandstone and
pebbly clayey-silty sandstone. Gravel includes granite with minor quartzite, yellowish limestone and
siltstone. Unit ‘Tcac’ dominates lithosome A adjacent to the mountain front (Figure 9, Figure 10, and
Figure 11). Unit ‘Tcac’ correlates with the Cuarteles Member of the Chamita and Tesuque Formations
(Koning and Aby 2005).

3.2.3 Mafic Rocks Interbedded within the Santa Fe Group

3.2.3.1 Guaje Canyon Basalt (Th1)

Unit “Th1’ consists of middle Miocene (11.39-13.22 Ma) volcanic rocks that are encountered in water
supply wells within the central (e.g., O-1 and PM-5) and north-central (e.g., Guaje well field) parts of the
Pajarito Plateau (WoldeGabriel et al. 2001, 2006b) (Figure 12). Temporally correlative ‘Tb1’ flows occur at
different stratigraphic positions within the sedimentary deposits of the Santa Fe Group. For example, thick
sections (>100 m) of basaltic flows (12.51-13.13 Ma) are exposed along the north wall of Santa Clara
Canyon (Aldrich and Dethier 1990; WoldeGabriel et al. 2006b). on top of the Tesuque Formation
sandstone of the Santa Fe Group with a baked zone (~1 meter) present along the contact. In the Guaje
well field south of Santa Clara Canyon, multiple flows of basalt, basaltic andesite, and basaltic
trachyandesite lavas and phreatomagmatic eruptions contain temporally correlative lava flows
interbedded within the Vallito member of the Chamita Formation more than 90 m above the Tesuque
Formation. In the central part of the Pajarito Plateau beneath the Laboratory, the Tesuque Formation
underlies unit ‘Th1’ basalts once more.

3.2.3.2 Bayo Canyon Basalts (Tbh2)

The upper Miocene (8.86-10.2 Ma) ‘Th2’ volcanic rocks are exposed along canyon walls and fault scarps
and in the subsurface in water supply and exploratory wells in the south central, central, and the northern
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parts of the Pajarito Plateau (WoldeGabriel et al. 1996, 2001, 2006a and b) (Figure 12). The ‘Th2’
volcanic rocks mostly consist of basaltic rocks with minor basaltic trachyandesite lavas. In Santa Clara
Canyon, the ‘Tb2’ basaltic and andestic flows crop out above the ‘Tb1’ basaltic sequence (Aldrich and
Dethier 1990; WoldeGabriel et al. 2006a). No ‘“Th2’ volcanic rocks were encountered in the Guaje well
field above the ‘Tb1’ basaltic and basaltic andesite sequence. However, in Bayo Canyon, which is directly
located on the south side of the Guaje well field, at least two strongly fractured and partially altered flows
of Upper Miocene (8.86-8.87 Ma) ‘Th2’ basaltic units are exposed along both walls of the canyon and
along a fault scarp that cuts across it. Chemically and temporally correlative basaltic lava flows were
encountered at about 180-m depth in the R-9 exploratory well about 3 km south of Bayo Canyon.
Moreover, other ‘Th2’ lava flows were intersected in the Otowi (O-1 and O-4) and Pajarito (PM-4 and
PM-5) well fields about 1.5 to 5 km to the south and west of the Bayo Canyon basaltic outcrops, where
upper Miocene (8.81-9.3 Ma) basalts and basaltic trachyandesite occur about 150 to 500 m below the
surface. At the intersection of White Rock and Ancho canyons, a basaltic trachyandesite is exposed along
the west bank of the Rio Grande. This flow is chemically correlative to the basaltic trachyandesite
encountered in the PM-4 well beneath the Laboratory.

The upper Miocene ‘Th2’ basalt and basaltic trachyandesite lava flows occur at different stratigraphic
levels interbedded within the Hernandez Member of the Chamita Formation. The elevation differences
among the lava flows in the O-1, O-4, PM-4, PM-5, and R-9 water wells and at Ancho Canyon may be a
result of their location within and outside of an inferred upper Miocene trough below the central part of the
Pajarito Plateau. The inferred trough coincides with a gravity low in the same area (Ferguson et al. 1995;
Purtymun 1995; Broxton and Reneau 1996).

3.24 Younger Santa Fe Group deposits

3.2.4.1 Totavi Lentil (Tpt)

The Totavi Lentil (Griggs 1964), defined as unit ‘Tpt’, is a coarse, poorly consolidated conglomerate that
appears at the top of the Chamita Formation (Figure 10 and Figure 12). The Totavi Lentil is extremely
distinctive because of the presence of well-rounded clasts of a variety of Precambrian lithologies. It
contains cobbles and boulders of primarily quartzite, granite, pegmatite, and altered volcanics. Griggs
(1964) defined the Totavi Lentil as the basal unit of the Puye Formation based on conformable bed
relations with overlying fanglomerate layers. However, the lithologies of the cobbles and arkosic sandy
matrix demonstrate that this unit is more similar to axial deposits of the Santa Fe Group.

Recent data indicate that Totavi Lentil gravels form lenticular deposits of limited lateral extent and are
coeval with a variety of stratigraphic units spanning a longer time interval than previously recognized
(Broxton and Vaniman 2005). The river gravels probably represent channel deposits of the ancestral
Rio Chama/Rio Grande drainages and derive their Precambrian and younger materials from northern
source areas, indicating through-going, north-to-south fluvial systems dating back to at least 7.9 Ma
(Broxton and Vaniman 2005). The Totavi Lentil is intersected by nine of the water wells and test holes
originally studied by Griggs (1964).

3.2.4.2 Puye Formation (Tpf)

The Puye Formation (Bailey et al. (1969)), defined as unit ‘Tpf,” is an extensive volcanogenic alluvial fan
complex shed eastward from volcanic domes and flows of the Tschicoma Formation (Smith 1938;
described in section 3.4.2) and distributed over an area of 200 km? (Figure 10, Figure 11, and Figure 12).
Puye Formation fanglomerates contain >15 km? of volcaniclastic material that occurs as laterally variable,
complex, intertonguing mixtures of stream flow, sheet flow, debris flow, block and ash flow, pumice fall,
and ignimbrite deposits. Interbedded dacitic and basaltic lava flows are common. Along its eastern
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exposure, the ‘Tpf' unit contains lacustrine beds that formed when flows from the JVF formed temporary
dams on the Rio Grande.

The main mass of the Puye Formation was deposited in the Pliocene between about 3.5 and 1.9 Ma
(Goff and Gardner 2004) (Figure 10). However, by its original definition (Bailey et al. 1969; Gardner et al.
1986), Puye Formation deposits are conceivably as old as 7 Ma and as young as 1.6 Ma. A date of

5.3 Ma was obtained from an ash fall near the base of the Puye Formation in Bayo Canyon

(G. Woldegabriel, Los Alamos National Laboratory, pers. commun. 2009).

The maximum thickness of the Puye Formation is ~220 m in Pueblo Canyon (Griggs 1964) but thins to
less than 15 m north of the Pajarito Plateau (Dethier and Manley 1985). It is encountered in water supply
wells on the northern and western sides of the plateau (Purtymun 1995).

Most of the Puye Formation conglomerates contain cobbles of dacite to rhyodacite composition in a
volcanic sand matarix. At least 25 ash beds of dacitic to rhyolitic compositon are interbedded within the
fanglomerates. A date of about 2.5 Ma was determined on a dacitic ash bed (Turbeville and Self 1988;
Goff et al. 1989). Basaltic ash beds, pillow-palagonite complexes and lacustrine deposits are interbedded
with Puye rocks on the east side of the unit.

3.2.4.3 Ancha Formation alluvial slope deposits (QTa) and ancestral Santa Fe River deposits (QTasr)

The Plio-Pleistocene Ancha Formation was deposited on an alluvial slope in the Santa Fe area by west-
flowing, ephemeral streams and the late Pliocene Santa Fe River (Figure 10, Figure 11, and Figure 12;
Koning et al. 2002a). It overlies the Tesuque Formation across an unconformity that lacks significant
pedogenesis or regional cementation. The Ancha Formation is generally coarser grained than underlying
Tesuque Formation strata, especially in the Santa Fe area. However, the Ancha Formation exhibits a
significant westward-fining trend (Koning et al. 2002a). These fine-grained deposits are defined as ‘QTa’
with coarser-grained deposits of the ancestral Santa Fe River (Koning and Johnson 2005). defined as
‘QTasr’. The ‘QTasr’ unit interfingers southwards and northwards into unit ‘QTa’.

Unit QTasr

The coarse-grained unit (QTasr) forms the base of the Ancha Formation. It consists of red, relatively
coarse-grained, sandy gravel (typically cobbles and pebbles) interfingered with overbank facies of clayey-
silty sand. Saturation can occur where deposits are relatively thick (50-90 m). Near Santa Fe, the ‘QTasr’
unit is inset into lithosome S of the Tesuque Formation (Ttsc).

Unit OTa

Unit ‘QTa’ consists of fine-grained light yellowish brown to brownish yellow, silty-clayey sand (mostly very
fine- to medium-grained). Pumice beds occur within the Ancha Formation and bracket the age of this unit
between 8.5 and 1.6 Ma (Manley and Naeser 1977; Winick 1999; Koning et al. 2002a).

3.3 Cerros del Rio Basalt (Th4)

The Plio-Pleistocene (3.0-1.5 Ma) Cerros del Rio volcanic field, located southeast and east of the JVF,
forms the Caja del Rio Plateau (Figure 7) and is one of the largest (>700 km2) basaltic flows in the
southwestern Espafiola Basin (Thompson et al. 2006) (Figure 10 and Figure 11). The ‘Th4’ lava flows
exposed on both sides of White Rock Canyon, and those encountered in water supply and exploratory
wells in the central part of the Pajarito Plateau, consist of tholeiitic and alkali basalts, localized basanite,
hawaiite, mugearite, and benmoreite lava flows and hydromagmatic tephra deposits that were erupted
from fissures and cinder cones. ‘Tb4’ basaltic lava flows and associated hydrovolcanic eruptions mostly
occur in the central part of the Pajarito Plateau between Los Alamos and Frijoles Canyons. Similar rocks
were encountered in water-supply and exploratory wells in the eastern half of the central part of the
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Pajarito Plateau (Broxton and Vaniman 2005). In general, the thickness of the ‘Th4’ rocks increases
southward.

The ‘Tb4’ rocks host perched water at several locations within the central part of the Pajarito Plateau
(Robinson et al. 2005). Fractured and permeable flow breccia and scoria beds generally separate the
stacked lava flows, whereas the interiors of the individual flows are fine-grained, dense, and
impermeable. However, clays from the alteration of volcanic glass within flow breccia and scoria beds
during water/glass interactions reduce fluid movement through these rocks. In contrast, cooling joints and
fractures related to faulting within the dense lava flows provide permeable pathways for fluid migration.

3.4 Rocks of the Jemez Volcanic Field

Volcanic units of the western Espafiola Basin and their erosional derivatives form the JVF, which lies at
the intersection of the Jemez volcanic lineament and the Rio Grande Rift (Figure 13). Sedimentary basin
rocks younger than about 14 Ma are overlain and interbedded with a significant number of volcanic units
from the JVF, particularly on the western side of the basin (Bailey et al. 1969; Smith et al. 1970; Gardner
et al. 1986; Goff 2009). The JVF is divided into three groups, from oldest to youngest: Keres, Polvadera
and Tewa (Figure 14). Keres rocks are found primarily in the southwestern part of the basin, Polvadera
rocks are located mostly in the western and northwestern parts of the basin, and Tewa rocks occur
throughout the western basin. Radiometric dates bracket the Keres Group between about 11 and 6 Ma,
the Polvadera Group between about 10 and 2 Ma, and the Tewa Group between about 1.8 Ma and 40 ka
(see Goff and Gardner 2004; Kelley et al. 2007, and Goff 2009 for latest discussions and syntheses of
dates). A correlation chart of volcanic rocks in the JVF is shown in Figure 15.

3.4.1 Keres Group units

These units are exposed In the southern part of the JVF, in the north and west walls of the Valles caldera,
and in the subsurface under the Valles caldera (Goff and Gardner 2004) (Figure 9, Figure 10, Figure 11,
and Figure 12).

3.4.1.1 Canovas Canyon Rhyolite and Paliza Canyon Formation (Tvk)

The Canovas Canyon Rhyolite (12.4-8.8 Ma) occurs as a series of domes, plugs, flows, and tuffs of
mostly aphyric, high silica rhyolite. The tuffs are highly weathered and show a distinctive pink color (Goff
and Gardner 2004).

Rocks of the Paliza Canyon Formation (PCF) consist of flows, domes, and minor pyroclastic rocks of
basalt, andesite, and dacite composition. The unit includes thick sequences of flow breccia, dome-
collapse breccia, debris flows, and minor stream deposits. The latter deposits were originally included
within the Cochiti Formation. Generally speaking, the basaltic rocks are aphyric to slightly porphyritic,
whereas the andesitic and dacitic rocks are porphyritic to coarsely porphyritic. Dates range from about 11
to 7 Ma with basalts seeming to be slightly older as a group than intermediate composition units. The
majority of PCF volcanics are dated between about 10 and 8.8 Ma (Goff and Gardner 2004).

Older flows of the PCF are interbedded with sedimentary rocks of the Santa Fe Group in the southern
JVF (Goff et al. 2000; 2005). For example, a PCF basalt lava dated at 11.3 Ma underlies Santa Fe Group
sandstone in Capulin Canyon north of St. Peter's Dome (Figure 7). In the St Peter's Dome area, domes,
flows and pyroclastic beds of andesitic to dacitic rocks 9.5 to 8.8 Ma are interbedded with immense
guantities of volcaniclastic sediments. The proportion of dome and flow rock increases compared to
sedimentary rocks southwest and west of the Pajarito Plateau.
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3.4.1.2 Bearhead Rhyolite and Coeval Fanglomerates (Tjfp)

The Bearhead Rhyolite consists of domes, shallow intrusions, flows, and pyroclastic rocks of generally
aphyric to sparsely porphyritic rhyolite (Bailey et al. 1969). Previous dates bracketed the Bearhead
Rhyolite eruptions between 7.5 and about 6.0 Ma (Goff 2009) (Figure 12). More recent geologic mapping
in the northern part of the Valles caldera shows that Bearhead effusive and intrusive activity lasted until
about 5 Ma (Gardner et al. 2006). No known domes, intrusions or flows of Bearhead Rhyolite occur
beneath the Pajarito Plateau, although a few exposures of dome lavas are found in upper Alamo Canyon
on the southeast flank of the JVF.

The Peralta Tuff Member of the Bearhead Rhyolite includes major sequences of pyroclastic rocks
consisting of fall, flow, surge, and hydromagmatic surge deposits that were erupted from several different
vents (Smith et al. 1991; Gay and Smith 1996). The Peralta Tuff Member is thickest and most widespread
in lower Peralta Canyon near Tent Rocks National Monument on the southern edge of the JVF, but
discontinuous patches occur throughout the southeastern expanse of the JVF. Dated tuff beds range from
6.96 to 6.25 Ma (Goff 2009).

Beneath the Pajarito Plateau, eroded and reworked Peralta Tuff incorporated into coeval fanglomerate
deposits shed off the Keres Group has been encountered in many wells. The fanglomerates are
equivalent to the Cochiti Formation as defined by Smith and Lavine (1996; see Goff and Gardner [2004]
for a discussion of revisions to Cochiti Formation nomenclature). The pumiceous fanglomerates
interfinger with Santa Fe Group sands along a north-south trending trough-like structure beneath the
central portion of the plateau. Because the unit does not crop out, its existence and modeled geometry
are based solely on well logs and cuttings. Dates of 7.0 and 7.5 Ma were obtained on a pumice from well
R-19 (G. WoldeGabriel, Los Alamos National Laboratory, pers. commun. 2009). The geometry of this unit
suggests deposition within a fault-controlled basin contemporaneous with episodic basaltic volcanism
(Cole et al. 2006). This unit tends to be part of the most productive aquifer beneath the Pajarito Plateau
(Purtymun 1995).

3.4.2 Polvadera Group Units

From about 8 to 4 Ma, volcanism in the JVF transitioned from dominantly andesitic, slightly alkalic
eruptions to dominantly dacitic, calc-alkaline eruptions. As a result, large dome complexes representing
multiple effusive events evolved, such as Tschicoma Peak, Rendija Canyon lobe and Cerro Grande.
Because of their relatively large size and extended development, the dome complexes overlap and
dominate the topography of the northeast Jemez Mountains with elevations higher than 11,000 feet. The
change in morphology, eruptive style, and geochemistry of the intermediate composition rocks (i.e., the
change from Paliza Canyon to Tschicoma) overlaps with development of the Bearhead Rhyolite from 7 to
5 Ma and also coincides with a lull in basaltic volcanism from 7 to 4 Ma (Gardner et al. 1986).

3.4.2.1 Tschicoma Formation, Rendija Canyon Lobe (Tvt1)

For the purposes of the geohydrologic model, the lower portion of the Tschicoma Formation consists of
what is referred to as the Rendija Canyon “lobe,” extensive, thick flows of rhyodacite (or low-silica
rhyolite) lavas interbedded with very minor pyroclastic deposits. The lobe originates from the Rendija
Canyon volcanic center located in the Sierra de los Valles west of Los Alamos (Figure 10, Figure 11, and
Figure 12). Published dates of the Rendija Canyon center range from 4.5 to 5.4 Ma (Goff 2009; Broxton
et al. 2007). There are observable chemical and mineralogical variations within the unit indicating multiple
eruptions over the life of the center. However, the coarsely porphyritic texture and nearly ubiquitous
presence of quartz and biotite distinguish Rendija lavas of ‘Tvtl’ from other Tschicoma lavas described
below.
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3.4.2.2 Tschicoma Formation, Caballo and Pajarito Mountains, Cerro Grande (Tvt2)

The upper subunit of the Tschicoma Formation consists of dome and flow complexes erupted from
Caballo and Pajarito Mountains and from Cerro Grande, and of small-volume, fine-grained dacites in the
subsurface of the Pajarito Plateau (Figure 10, Figure 11, and Figure 12). Sources for the fine-grained
dacites have not been identified (Samuels et al. 2007). Dacites from Caballo and Pajarito Mountains
overlap the Rendija Canyon center to the north and south, respectively. Eruptions of the various lavas
from this unit range in age between about 3 and 3.5 Ma (Goff 2009; Broxton and Vaniman 2005; Broxton
et al. 2007). The volcanic units of “Tvt2’ are chemically and mineralogically distinct from the lavas of
“Tvtl'.

3.4.3 Tewa Group Units

Rocks of the Tewa Group include all eruptions associated with the formation and development of the
Toledo and Valles calderas and their numerous post-caldera sedimentary deposits (Bailey et al. 1969;
Gardner et al. 1986). Also included in the Tewa Group are small-volume, “pre-Bandelier” ignimbrites
(sometimes referred to as the San Diego Canyon ignimbrites) that chemically resemble the rhyolites
comprising the Bandelier Tuff (Self et al. 1986; Turbeville and Self 1988). Thus, the Tewa Group
represents a time span of about 1.8 Ma to the present. Because the pre-Bandelier ignimbrites have not
been identified on the Pajarito Plateau, they are not a subunit of the hydrologic model and will not be
discussed further. The preserved total volume of Tewa Group rocks is estimated at roughly 700 kms3.

3.4.3.1 Guaje Pumice Bed, Otowi Member, Bandelier Tuff (Qbog)

The Guaje Pumice is the thick, basal, pumice-fall deposit (plinian deposit) at the base of the Otowi
Member of the Bandelier Tuff (Figure 12). The Guaje Pumice was named by Griggs (1964) but formally
included within the Otowi Member by Bailey et al. (1969). The Guaje Pumice Bed is composed of high-
silica rhyolite pumice vented during the initial explosions that formed the Toledo caldera 1.61 Ma (lzett
and Obradovich 1994). The beds achieve a maximum thickness of over 11 m on the north side of the
Pajarito Plateau. Isopach maps indicate an easterly wind direction from the Toledo caldera when the
plinian explosions occurred (Self et al. 1986). The pumice layers are relatively well sorted with pumice
fragments generally having mean diameters between 2 and 4 cm. Grains of quartz, sanidine, and sparse
tiny clinopyroxene comprise about 5% of the pumice volume. The pumice is extremely vitric and highly
porous, commonly containing more than 60% voids formed by pronounced elongated vesicles.
Consequently, geophysical logs in wells drilled on the Pajarito Plateau show that the beds have higher
porosity than overlying Otowi ash flows or most underlying units such as the Puye Formation (Broxton
and Vaniman 2005).

3.4.3.2 Otowi Member, Bandelier Tuff (Qbof)

The Otowi Member on the Pajarito Plateau consists of moderately consolidated, relatively porous,
nonwelded ash-flow tuffs that are the deposits resulting from giant pyroclastic flows (350 km3) exploded
from the Toledo caldera at 1.61 Ma (Smith and Bailey 1966; Self et al. 1986; Izett and Obradovich 1994)
(Figure 12). Two flow units are recognizable in the southern Pajarito Plateau, where they form a single
nonwelded cooling unit. The ash flows are massive, poorly sorted mixtures of white to tan, fine ash, glass
shards, pumice, crystals and rock fragments and form steep to gentle slopes (Broxton et al. 1995;

Goff 1995). Lithic clasts of all sizes comprise roughly 10% of the total volume of the ash flows
(Eichelberger and Kock 1979) and are useful for differentiating the Otowi Member from the Tshirege
Member in hand sample and outcrop. The mineralogy of entrained pumice consists of quartz, sanidine,
and sparse, tiny clinopyroxene as in the Guaje Pumice Bed. Because a fairly rugged topography existed
on the Pajarito Plateau at the time of the pyroclastic eruptions, the Otowi Member fills pre-existing
canyons and valleys as well as forming mesas. The maximum thickness of the Otowi Member may
exceed 200 m although its typical thickness is about 60 m. Structure contours indicate that the Otowi
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Member filled a broad, south-draining paleovalley west of the Cerros del Rio volcanic highland and east
of the Sierra de los Valles (Broxton and Vaniman 2005). Because of its massive, ashy, non-jointed
character, the Otowi Member is a local aquitard and commonly has cold springs issuing along its upper
contact.

3.4.3.3 Cerro Toledo Interval (Cerro Toledo Rhyolite, Qct)

The Cerro Toledo Interval is an informal name used by the Laboratory for the interstratified sequence of
rhyolitic deposits and volcaniclastic sediments found between the two members of the Bandelier Tuff on
the Pajarito Plateau (Broxton and Reneau 1995) (Figure 12). The deposits were named by Griggs (1964)
after the Cerro Toledo Rhyolite and most researchers since have kept this name (Bailey et al. 1969;
Smith et al. 1970; Gardner et al. 1986; Stix et al. 1988). The rhyolitic component originates from volcanic
domes of post-Toledo caldera age (the Cerro Toledo Rhyolite) still found around the margins of the Valles
Caldera (Cerro Toledo, Rabbit Mountain, etc.). The tephra component is dated at about 1.45 to 1.22 Ma
(Stix et al. 1988). The volcaniclastic sediments resemble those of the Puye Formation because they are
rich in dacite and rhyodacite debris from the Sierra de los Valles. The ratio of rhyolite to volcaniclastic
beds is highly variable. In the northern Pajarito Plateau, the unit consists almost entirely of rhyolite
pumice-fall deposits. In the vicinity of the Laboratory, the unit consists of 30 to 70% volcaniclastic beds. In
the southern Pajarito Plateau, the unit consists of about 70% rhyolitic block and ash flows and 30%
pumice-rich volcaniclastic beds (Smith et al. 1970; Stix et al. 1988; Goff 1995, Goff et al. 2000; Jacobs
and Kelley 2007). In the western Pajarito Plateau, the interval also contains tuffaceous sediments that
represent reworked Otowi Member of the Bandelier Tuff (Broxton and Vaniman 2005). Cerro Toledo
Rhyolite tephra are relatively aphyric, making them distinct from the porphyritic tephra of the Bandelier
Tuff. Structure contours on the base of the Cerro Toledo Interval indicate the unit fills a broad, southeast-
draining valley fed by one or more canyons exiting the Sierra de los Valles. Both the tephra and
volcaniclastic beds are relatively porous and permeable; thus, where present, the Cerro Toledo Interval
locally forms a perched aquifer.

3.4.3.4 Tshirege Member, Bandelier Tuff (Qbt)

The Tshirege is the youngest member of the Bandelier Tuff and is composed of multiple ash flows that
form a compound cooling unit (Smith and Bailey 1966; Bailey et al. 1969; Broxton et al. 1995) (Figure 12).
Tshirege pyroclastic flows originated during the catastrophic eruptions forming the Valles caldera, west of
the Pajarito Plateau, and have an estimated volume of roughly 300 km3 (Smith and Bailey 1968; Smith et
al. 1970). The latest date on the Tshirege is 1.256 + 0.010 Ma (Phillips et al. 2007). Tshirege ash flows
are underlain by a precursor, basal pumice fall deposit, the Tsankawi Pumice Bed; (Bailey et al. 1969)
which varies from many meters thick to the west of the Valles Caldera to less than a meter thick on the
Pajarito Plateau. The Tshirege Member is the most widely exposed bedrock unit on the Pajarito Plateau.

Like the Otowi, the Tshirege pumice is rhyolitic, containing crystals of quartz, sanidine and sparse
clinopyroxene—it is difficult to distinguish the two members on the basis of hand samples alone.
However, the Tshirege is also a compositionally zoned ash-flow tuff sequence (Smith and Bailey 1966).
The Tsankawi Pumice Bed and basal pumice from early ash flows consist of high-silica rhyolite with
relatively few crystals (roughly 10%) whereas the last ash flows are rhyolite with as much as 35%
crystals. The Tsankawi Pumice Bed and lower Tshirege ash flows also contain roughly 1% of distinctive,
gray, hornblende-bearing dacite pumice (Bailey et al. 1969; Gardner et al. 1986). The Tshirege Member
is generally more welded than the Otowi Member, particularly toward the western side of the Pajarito
Plateau (closer to the Valles Caldera).

Because it contains multiple ash flows and cooling units, the internal stratigraphy of the Tshirege is
complex, showing both vertical and lateral physical variations, as well as chemical and mineralogical
variations. Consequently, the stratigraphic nomenclature of the Tshirege Member has evolved over time
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(see Broxton and Reneau [1995] and Broxton and Rogers [2007] for comparisons). An excellent
composite section of lower Tshirege units may be found in Broxton et al. (1995). A description of the
Tshirege subunits follows starting from the bottom up.

3.4.3.4.1 Tsankawi Pumice Bed (Qbtt)

As mentioned above, the Tsankawi Pumice Bed is the basal pumice fall deposit of the Tshirege Member
and has a typical thickness of 20 to 100 cm on the Pajarito Plateau. Layering in the pumice bed is usually
distinct. The pumice clasts are vitric and unaltered by post-emplacement vapor-phase alteration. The
dacite pumice component mentioned above can be extremely difficult to identify.

3.4.3.4.2 Cooling Unit 1 (Qbtl)

Qbtl is a thick succession of ash-flow tuffs that dip gently east-southeast. Unit 1 is the most voluminous
and thickest of the Tshirege subunits. Unit 1 is characterized by a lack of welding. It is divided into a
glassy lower tuff (Qbt1g) and an upper, devitrified, vapor-phase altered tuff (Qbtlv). The vapor-phase tuff
is further divided into a lower colonnade portion (Qbtlvc) and an upper massive portion (Qbtlvu) (Broxton
and Reneau 1995; Broxton and Vaniman 2005).

3.4.3.4.2.1 Unit 1, Glassy Zone (Qbtlg)

The lower part of unit 1 is composed of white, massive, slope-forming ash-flow tuffs. Lithic fragments
comprise <1% by volume of the tuff. The ashy matrix and pumice clasts are vitric, showing no vapor-
phase alteration. As a result, pumice lumps in Qbtlg are generally conspicuous, showing positive relief in
outcrop..

3.4.3.4.2.2 Unit 1, Colonnade (Qbtlvc)

The base of the upper part of unit 1 is a thin, horizontal zone of preferential weathering and discoloration
(often bright orange) that forms a marker horizon called the vapor-phase notch. This notch marks the
transition from glassy tuffs below to vapor-phase crystallized tuffs above. In some places, the vapor-
phase notch grades laterally into a prominent bench developed on top of the glassy tuff. The colonnade
vapor-phase tuff has distinctive columnar cooling joints and is a resistant, cliff-forming horizon that may
be slightly welded (Broxton and Reneau 1995; Broxton and Vaniman 2005).

3.4.3.4.2.3 Unit 1, Vapor-Phase Zone (Qbtlvu)

The upper part of unit 1 consists of vapor-phase altered ash-flow tuff forming a distinct grayish-white band
between darker colored colonnade tuff below, and unit 2 ash flows above. The vapor-phase unit is
generally nonwelded and slope-forming, but in some locations it forms weakly developed cliffs and
benches resulting from slight variations in welding (Broxton et al. 1995; Broxton and Vaniman 2005).
Because of intense vapor-phase alteration of glass, pumice clasts are pale purple-gray in color from
growth of secondary silica, feldspar and other minerals (Stimac et al. 1996). In outcrop, the pumices
display conspicuous negative relief.

3.4.3.43 Unit 2 (Qbt2)

Unit 2 is typically more welded than ash-flow tuffs of units 1 and 3 and is the second most voluminous unit
of the Tshirege Member. On the Pajarito Plateau, it forms a distinctive medium-brown, vertical cliff that
contrasts markedly with slope-forming, lighter-colored tuffs above and below. Unit 2 contains numerous,
well-developed, near-vertical fractures and cooling joints (Broxton et al. 1995; Broxton and

Vaniman 2005).

3.4.3.4.4 Unit 3 (Qbt3)

Unit 3 consists of nonwelded to partially welded tuff that caps the mesas in the central part of the Pajarito
Plateau. Unit 3 is also the third most voluminous Tshirege ash-flow unit. This unit has been eroded away
in much of the eastern part of the plateau (Broxton et al. 1995). A prominent horizon of pyroclastic surge
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beds at the bottom of unit 3 often marks the boundary between units 2 and 3. Unit 3 also contains more
lithic fragments than other Tshirege units on the Pajarito Plateau.

3.4.3.4.4.1 Unit 3t (Qbt3t)

Unit 3t is a dark gray, moderately to densely welded ash-flow tuff that occurs only in the western part of
the Pajarito Plateau (Gardner et al. 2001). Where well exposed west of the Pajarito fault, unit 3t is
generally greater than 30 feet thick but it pinches out rapidly to the east; thus unit 3t is much less
voluminous than underlying units. The top of unit 3t often displays a distinctive platy foliation. Pyroclastic
surge deposits often occur at the base. Unit 3t also has transitional petrographic and geochemical
characteristics between lower and upper Tshirege units (Gardner et al. 2001; Broxton and

Vaniman 2005). Because of its high degree of welding, unit 3t can impede the downward flow of surface
water, creating seasonal springs along canyon walls.

3.4.3.4.5 Unit 4 (Qbt4)

Unit 4 is a complex assemblage of at least four nonwelded to densely welded ash flow tuffs that crop out
in the western part of the Laboratory (Lewis et al. 2002; Warren et al. 2007). The largest of these ash
flows is more voluminous than unit 3t and overlies unit 3 in the area of the Los Alamos town site. Overall
the physical and geochemical properties of unit 4 are highly heterogeneous. Unit 4 contains many
pyroclastic surge beds as well as ash flows.

3.4.4 Post-Valles Caldera Volcanism

Significant postcaldera volcanism occurred within the Valles Caldera from 1.25 Ma to about 40 ka (Smith
and Bailey 1968; Smith et al. 1970) but few of these eruptions have affected the Pajarito Plateau. Tephra
associated with formation of the dome complex at Cerro del Medio (ca. 1.2 Ma) has been found in the
western Pajarito Plateau on Tshirege ash flows or interbedded at the base of post-Tshirege
fanglomerates shed off the Sierra de los Valles. The El Cajete eruption at 55 ka deposited rhyolitic tephra
layers up to 5 m thick on Tshirege ash flows in the southern Pajarito Plateau (Toyoda et al 1995; Goff

et al. 2002). Neither of these units has any influence on the 3-D geologic model so they will not be
discussed further.

3.5 Units for the Espafiola Basin Model

The EB Model is defined by ten geologic units that encompass the units of the Site and SEB models and
include an additional, deeper unit of older Mesozoic to Paleozoic sedimentary rocks. The units were
chosen to segregate soft and hard rock basin units. Gravels are emphasized due to their hydrologic
significance in the movement of groundwater.The boundary of this model edge-matches to the boundary
of the SEB model. Figure 16 shows the basalt units of the Site and SEB models. Figure 17 provides
descriptions and model codes for the EB model. The mapping of these units to the Site and SEB units is
provided in Table 2. A full description of the EB model is included as Appendix D.

40 DEVELOPMENT OF THE GEOLOGIC MODELS
4.1 Selection of Tools for Model Development

A variety of commercial software packages for 3-D geologic visualization and analysis is available. These
packages are designed to construct geologic surfaces from well logs and cross sections and often do not
provide the tools necessary for the import of data from surface maps and structural contours. In addition,
many of these products have limited interpolation capabilities for the construction of topological surfaces.
Lastly, many of the software capabilities built into these packages are proprietary, thus limiting their
usefulness to the Laboratory. For these reasons, the Laboratory developed geologic models using a
several pieces of software and internally developed computer scripts.
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The Laboratory currently uses a geographic information system (GIS)-based approach (Arcinfo © ESRI,
Inc.) for the creation of GFMs with EarthVision (Dynamic Graphics) software used for 3-D visualization.
Inputs to the models include drillhole data, geophysical data, and geologic cross-section and outcrop
data. GIS tools allow the extraction of control points at uniform distances along contact lines from digital
surface geologic maps or cross sections with elevations assigned using Digital Elevation Models (DEMs)
or Digital Line Graphs (DLGs). Structural contours are then hand-drawn using these control points for
guidance. An Arclinfo interpolation tool, Topogrid, is used to create surfaces from input points and
structure contours. Topogrid is also used to resolve intersections with other surfaces within the model.
Boolean and masking operations allow processing to be limited to selected regions of the model.

ArcInfo can be run from a variety of platforms (UNIX, Linux, MS Windows). Arcinfo processes can be
automated using Arc Macro Language (AML) scripts that can drive the entire GIS functionality of the
program as well as initiate calls to the operating system and/or to other programs. Automation of many of
the model-building processes allows for rapid update or recovery in the case of new data or data errors,
reproducibility in model development, and a record of all processing steps/results. Scripts also allow the
creation of output grids in a range of formats for import into a variety of groundwater modeling software
and EarthVision software. The EarthVision software is used for 3-D visualization of the model through the
construction of chair diagrams, cross sections, and 3-D plots.

The current approach has been productive in developing large, high-resolution, high-fidelity, 3-D models
(>1 million grid cells/surface) from large amounts of geospatial information. However, this approach
requires a high level of technical expertise with programming and scripting, and is very time-intensive.
Improvement and update of the current approach is needed to meet the following goals: 1) reduction in
the time needed to create a GFM, 2) increased responsiveness in the ability of the GFM to incorporate
new information as it becomes available (i.e., from new drillholes), 3) addition of geological uncertainties
into a GFM in order to improve the ability to predict fluid movement across a range of geological
conditions, and 4) improved visualization capabilities to meet a variety of customer needs.

4.2 Overview of the Modeling Process

4.2.1 Definition of the Model

Since the mid-1990s there has been a consistent need for updated site and regional models of the
Laboratory and its environs in order to deal with legacy issues related to environmental contaminants.
Development of a new GFM begins with a series of meetings that include geologists, hydrologists,
modelers, and customers to consider needs, available data, resources, and funding. A model
specification document is prepared which defines the anticipated resolution, extent, units and application
of the proposed model(s).

Previous versions of the Site model utilized a "structural block model" for the Pajarito Plateau from data
provided by the Seismic Hazards Team at the Laboratory. For the 2009 set of models presented here,
there was insufficient data to extend a structural block model beyond the closely studied Pajarito fault
zone so it was decided not to use a structural block model in the creation of the 2009 GFM. However,
information about offsets and elevations due to faulting was still used when structure contours were
created for the unit surfaces to provide the true shape of model surfaces across the faults. Table A-1,
Appendix A, provides a list of the sets of structural data used in the development of the 2009 GFMs.

4.2.2 Development of the Digital Databases

This section describes the development of the data used to create the GFMs. The term "database" is
loosely applied to sets of data that were used to support the creation and documentation of the models.
The "database" may be a single data file, a GIS collection of objects, a collection of files/objects, a
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collection of file directories containing all of the above for a given theme, or a collection of "themes" with
sets of lower-level data structures. Much of the database design was predicated by the anticipated data
processing and the required output objects.

Digital databases were created for facilities data, topographic data (DEMs and DLGSs), drillhole data, and
geologic contact data. Accompanying metadata were also created to include the model definition, cross-
section locations, and map quadrangle boundaries.

An effort was required to develop a local database of topographic data (DLGs and DEMS). For past
models of more limited geographical extent, LIDAR-derived DEMs developed by the Laboratory have
been used to support the geologic contact data development. In the 2009 model, DLGs and DLG-based
DEMs generated by the USGS were used for the Site and SEB models, with USGS 1/3 ARC-second
National Elevation Dataset DEMs used for the EB model.

A single geologic contact database was used for the Site and SEB models because they had an
overlapping set of geologic units. A separate database was created for the EB model since it had a much
smaller, unique set of geologic units. The structure of both databases is similar with separate
directories/folders for each unit of the respective models. An effort was made to use a standard naming
convention for data objects within the unit directories. This facilitates the processing, which can loop
through the set of unit names to process the various data sets common to the set of units.

4.2.3 Capture of Digital Geologic Contact Data

The final set of digital geologic contact data was obtained from wells, surface maps, and cross sections
that were available either in hard copy or digital format. Paper maps and cross sections were scanned as
digital images. The images were then registered and digitized using R2V software
(www.ablesoftware.com). The digital surface geology and cross sections were processed in separate
work areas within the database. Similar techniques are used to create 3-D unit contact points from
surface and cross-section geologic data sources, with output provided in a database format shown in
Table 3.

Well data contacts are extracted from well reports to a standard contact point format. A FORTRAN
program is used to add well log information about the relative position of the contact in regard to the units
around it. This information includes missing units, “floater” units within other units, and internal contacts.
These additional “soft” geologic constraints provide important guidance in the manual creation of
structural contours, which are the key dataset in GFM surface development.

Surface contact data are obtained from geologic maps. The Arcinfo software provides coupled topology
of lines, which facilitates the extraction of 3-D contact points from geologic maps. The process for
extracting contact data from a geologic map consists of the following steps:

1. create alookup table that maps the geologic names of the source data to the unit names of the
model,

remap unit names to geologic polygons shown on the map;

assign contact attributes to each line segment on the map;

create a lookup table that provides the stratigraphic index for the model unit names;

a s~ b

use topology to identify the unit name attribute of each polygon; the stratigraphic lookup table
then specifies which is the upper and lower unit; and

6. extract points with elevation data.
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Contact points were extracted from the geologic quadrangles using the following two methods:

e Method 1. Intersect the contact lines with the contour lines of a DLG to create a set of points for
which both line attributes and DLG elevations are retained.

¢ Method 2. Create a set of points at a constant ground-distance spacing for each line, with the
points retaining their existing line attributes, and obtain elevations for the set of points from a
DEM.

The set of points at a constant DLG spacing (usually 100 feet) facilitated the manual interpolation of
100-foot structural contours in areas with significant elevation differences, while the constant-distance
method provided better control in areas of limited topographic relief. Contact points were then exported in
the format of Table 3 for incorporation into a consolidated contact database.

Cross-section contact data were obtained from digitized versions of geologic cross sections in a manner
analogous to the surface extraction method. The coordinates of the cross section reflect the geographical
(x,y) position on the horizontal axis, and a scaled elevation (z) position on the vertical axis. Steps 1
through 6 were followed using the (x,y) and z coordinate systems. A FORTRAN program was then used
to remap these Cartesian coordinates correctly to the geographic coordinate system, using the
geographic coordinates of the section ends and the cross-section scale factor to properly place the
contact point measurements.

The quality of the three source-data types used to create the model is evaluated as follows. The drillhole
data is assumed to be the most exact. The contact elevation is usually tied to a GPS measurement at the
well collar and the depth at which the contact was identified. Possible sources of contact positional errors
include incomplete core recovery, lack of additional petrographic or chemical work to resolve
guestionable contact picks, and ambiguous contact picks based solely on geophysical logging.
Nonetheless, the vertical (and horizontal) accuracy is assumed to be in the range of +5 feet.

The accuracy of surface mapping depends on elevation and geographical uncertainties, as well as the
skills of the geologist. Often ground cover obscures the bedrock geology. For a standard 7.5-minute
geologic quadrangle map, the horizontal topographic contour uncertainty is assumed to be 1/50th of an
inch or 40 feet, while the vertical standard is %2 the contour interval or 10 feet for standard 20 foot
contours. For regions of slight ground cover where contacts are well exposed, horizontal uncertainty is
assumed to be about 50 feet. As most of the geologic contacts of the region are somewhat horizontal,
horizontal measurement errors of contact control points are less important than the vertical errors of the
topographic model. The vertical accuracy of the contact points is assumed to have an uncertainty of
+10 feet.

Unit surfaces in cross sections are usually based on surface dip projections, a few measured fault offsets,
and minimal subsurface data. On the Pajarito Plateau, cross sections can be fairly accurate in areas
where a dense network of wells provides good subsurface control. However, where cross sections
intersect in an area without wells, unit contacts can be hundreds of feet off. Therefore, cross-section data
are primarily used to provide conceptual constraints and relative scaling between contact surfaces when
better data are not available.

4.2.4 Creation of the GIS Contact Database

The digital sets of geologic contact data points were combined into a single "text" database capable of
being imported into most commercial databases. These data were imported into ArcGIS. This point
coverage was "sliced and diced” in various manners and copied to the individual “unit” directories
described earlier. The GIS objects in each of the unit directories have the same names and reflect
individual sets of points that define unit tops, unit bottoms, drillhole data, cross-section data, surface map

April 2010 20 EP2010-0168



2009 Geologic Framework Models Report

data, GPS-resolution data, and points where the unit contact is missing (stratigraphically absent, based
on the upper and lower unit of the point).

Additional geologic objects that apply to individual units were made from the GIS versions of the geologic
maps, utilizing the stratigraphic lookup tables. These objects include a polygon map coverage for each
unit that identifies whether the unit surfaces should be above, below, or at the topography, and a set of
well-control points that provide additional "soft" controls in key areas of the model.

4.25 Development of Structural Contours

Each model is built from a set of framework surfaces of geologic units. Every surface, except "floater"
units (units within another unit) and the top and bottom of the model, represents the top of one unit and
the bottom of another unit. Therefore, a minimal number of surfaces is needed to fully define the set of
model unit volumes. The selection of which surfaces to develop depends on the availability and quality of
the data, the unit extent within the model, and the process which created the unit. For example, in the
case of a volcanic flow unit, such as the extensive Bandelier Tuff surface, its lower contact will have the
morphology of the preexisting erosional surface. As this erosional surface may represent the tops of
many other units, it is better to use this bottom surface as part of the model framework, rather than a
number of top surface pieces with unknown morphology. Commercial software such as EarthVision
utilizes a bottom-up approach to the modeling process that favors the use of unit tops rather than
bottoms. The Laboratory approach improves upon this by using the surface that provides the best data
control.

The dataset that supports development of the morphology of a unit surface can define widely divergent
realizations of the surface, based on the gridding or contouring algorithm used to create the surface
definition. In the case of the Bandelier basal surface that was formed on the preexisting topography, the
appropriate model surface should not have any closed depressions, e.g. there should be a realistic model
that might represent typical current-day drainage topography for the Espafiola Basin without any
permanent lakes or closed basins. The "black box" approach of doing some "mechanical” default
interpolation technique can create an inappropriate surface, and usually cannot deal with "soft
constraints”, such as a well log that indicates that the unit does not exist in portions of the model (creating
a hole or a zero-thickness patch in the model). Generally, to obtain the best quality surface, it is
necessary to have a trained geologist evaluate the various types of surface-control data, including the
"soft" and "hard" data, as well as a conceptual depositional model, and create a set of structural contours
that define the surface. This is a time-consuming task which is often skipped, but is quite important if the
requirement is for a high-fidelity model.

Sets of structural contours were developed for the 2009 geologic models based on the analysis of the full
set of available data. To accomplish this, the developed GIS data controls described in previous sections
were plotted on large maps that provided color-coded information for both "soft" and "hard" constraints.
These maps also provided topographic contours, which when coupled with the map of "soft" outcrop
constraints, identify where unit surface structural contours should intersect the topographic contours.
Structural contouring was done by the staff geologists from the Laboratory and consultants. The New
Mexico Bureau of Geology and Mineral Resources provided a preliminary version of contours for the
Ancha unit (QTa) (Johnson et al. 2008), which was split into two model units, ‘QTa’ and ‘QTasr’.

Contours of isochores (vertical thicknesses) were developed for thin geologic units such as the Tsankawi
Pumice bed, and were machine-contoured in ways to prevent negative values. Any new surface created
by the isochore grid and a reference surface would therefore be free of any inappropriate intersections
with the reference surface.

EP2010-0168 21 April 2010



2009 Geologic Framework Models Report

4.3 Assembly of the 3-D Geologic Models

4.3.1 Overview

The set of independently developed framework surfaces must be assembled to define the set of unit
volumes for the geologic units of the model. The initial set of surfaces will intersect, overlap, and either
overdefine or underdefine the set of unit volumes. A set of rules is developed to resolve issues
encountered when blending the surfaces into a volumetric model. Various tools that can perform this
surface-blending process were identified and described in section 4.1.

Blending of surfaces is done by utilizing the extensive set of gridding tools in Arcinfo. This versatile
approach allows a combination of bottom-up and top-down addition of surfaces to the model and full
freedom to do additional updates to any surface grid in subsequent processing steps.

Each finished model consists of a set of elevation grids that fully define the geologic volumes of the model
extent and that can be used for visualization of groundwater flow and/or contaminant transport modeling.

4.3.2 Scripting

A key component in the model creation is the development of a model-building AML script. Scripting of
the complex tasks required to build a model or set of models provides model developers with a stepwise
approach in developing the best "rules" to create the model and reduces the need for repetition of tasks.
Key benefits of scripting include:

¢ the ability to process multiple unit surfaces and a choice of models through looping,
e decision tools that allow alternative processing for selected subsets of unit surfaces,

e development of the model (and AML) in a progressive, stepwise fashion, so that one can correct
or add data, or attempt alternative processing, without having to manually repeat data processing
that is already incorporated in the script, and

e documentation via a "watch" file that stores all commands and results of the processing.

The model surfaces and the multiple models are created in multiple output formats using a single script.
This script also can also perform various types of quality assurance (QA) on the surfaces during the
model building process.

4.3.3 The Model Building Process for the Site and SEB Models

As the four-quadrangle Site model is simply a higher resolution (50 feet versus 100 feet) subset of the
twelve-quadrangle SEB model, a single model script was developed to produce both models. The script
incorporates a large amount of geospatial processing, QA, and output options. A brief overview of the
geologic rules applied by the script is presented here. Most of these rules are based on an analysis of the
amount and quality of data available for the unit surfaces.

Processing rules are needed because the initial set of grids provides numerous regions of overlap and
intersection. The extents of individual units were defined during the data collection and analysis process,
and polygons defining the extent of each unit provided a "mask" grid that identified where the individual
unit grid should have NULL values. Geologic rules for a unit surface were applied only where the surface
had valid elevation values.

The general steps of the model creation process are described below. Unit codes rather than unit names
are used to identify geologic units. Refer to Figure 3 for the unit names.

1. The script builds an initial version of the set of framework surfaces as contoured by the project
geologists and supplemented by the drillhole and outcrop data sets. The built-in QA of the initial
set of surface grids with the drillhole data control is used to identify possible well contact errors,
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either in location or unit identification. The misfits to well data are generally less than several feet
for the 50-foot Site model. Outcrop constraints are applied to all surfaces.

The floater units (interior flow or facies units) are created from their initial top and bottom surface
grids, fully defined within their boundaries. These unit surfaces are created in correct stratigraphic
position through sequential processing of the top and bottom of each unit defined by the set of
unit codes Th4, QTa, QTasr, Tvt2, Tvtl, Tb2, and Th1l. The members of this set of "sub"-unit
surfaces are allowed to be coincident but cannot overlap.

The full model volume is processed as two distinct volumes, one reflecting the Espafiola Basin
sediments, with mostly "top" structural contours, and the second reflecting the units of the JVF
with mostly "bottom" structural contours.

The surface representing this break was created, using these constraints defined as:

e the maximum value of (the base of the Puye Formation [and the appropriate Puye floater
units - Tvtl, Tvt2, QTasr, Qta, Tb4] of Polvadera age, the Keres age unit bottoms of [Tpt,
Tjfp] with a minimum thickness [below the Polvadera-age units], and the top of the Keres
unit [Tvk]), and

e a minimum elevation defined by { the top of the set of basin units, and the top the of Tvk
with an assigned minimum thickness}. The Tvk constraint may cause the Polvadera
surfaces to migrate upward in the geographic region where there is good Tvk surface
(outcrop) control.

The new position of the Polvadera surface provides the final version of the break between
Polvadera-age units and the basin stratigraphy, as well as the break between the Keres-age units
and the basin stratigraphy. This complex selection takes full advantage of the relative quality of
the individual unit surfaces at these geologic age boundaries.

The best-defined unit of the model lies stratigraphically above these two geologic boundaries, at
the base of the Tewa-age Bandelier Tuff (Qbt) which is imported into the model in its original
form. Tewa-age units, between the bottom of Qbt and the Polvadera units, including Qbog, Qbof,
and Qct, are processed from the top downward and extend to the higher elevation of their
bottoms or the top of the set of embedded flow units within the Puye Formation (Tpf).

The subunits of the Bandelier Tuff are created from the topographic surface downward for a
geographically limited area where the are identified by wells and surface mapping. Processing is
done from the top downward, applying minimum thicknesses to some surfaces, but not adjusting
the original position of Qbt base or any of the older units.

The Espafiola Basin sediments are processed in order, from the bottom upward, and lap
(truncate) the tops of the newly added surfaces to the set of older surface tops. The surfaces are
not allowed to extend above the Keres:Basin unit boundary defined in step 3. After incorporation
of these surfaces, a void may still exist between the defined basin unit tops and the Keres
boundary. The top of the nearest basin unit of nonzero thickness below this boundary is extended
upward to the boundary.

The flow unit Th1 that straddles the Keres:Basin sediment boundary is split into two pieces (Tbla,
Th1b) to fit within the stratigraphic framework units: Tcar and Ttc. The flow unit Th2 is adjusted to
fit within Tcar.

Redundant (nonframework) surfaces are added to the model. At this point, the model is complete.

Final models are exported in four formats: Arcinfo grid format (ARC), binary grids (FLOAT) for
MODFLOW, EarthVision .grd format (EV), and Finite Element format (FEHM).
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5.0 DESCRIPTION OF THE 2009 3-D GEOLOGIC MODELS

The 3-D geologic models consist of sets of digital grids that fully define the 3-D volumes of the models.
Geologic plates of the unit surfaces, plates of the geology at the topographic and water-table surfaces,
cross sections showing the vertical placement of units within the model, and 3-D visualizations are
derived from the digital models to provide a variety of 2-D views of the 3-D digital models. The geologic
maps and plates derived from the digital models are provided in Appendices B (Site) and C (SEB) of this
report.

5.1 Model Units
The unit names and codes of the three models are provided in Table 2.
5.2 Map Plates

The spatial relationships at the unit surfaces can be quite complex, especially where stratigraphic units
contain embedded flow or facies units. Figure 18 provides a visualization of possible complexities that
can occur at stratigraphic contacts which can produce a variety of adjacent units at the stratigraphic
boundary.

Detailed map plates illustrating the structure of each of the geologic units for the Site (1:48,000 scale),
and SEB (1:96,000 scale) models are available in Appendices B and C, respectively. These plates
include seven components that are described below:

e Legend and Spatial Statistics: horizontal extent, maximum and minimum elevations and
thickness, mean thickness with standard deviation, surface area, and volume;

e Map 1: top surface morphology (structure) and its intersection with the topographic surface
(outcrop map), and volcanic flows/sedimentary facies (units) within the unit and coincident with its
top;

e Map 2: distribution of units lying above and in contact with the top surface;
e Map 3: vertical thickness of the unit, with and without included flow/facies units;

e Map 4: bottom surface morphology (structure) and its intersection with the topographic surface
(outcrop map), and volcanic flows/sedimentary facies (units) within the unit and coincident with its
bottom;

e Map 5: bottom surface morphology (structure), and volcanic flows/sedimentary facies (units)
within the unit and coincident with its bottom; and

e Map 6: distribution of the units lying below and in contact with the bottom surface.

The set of plates for each model uses a standard order and placement for the map objects and legend
within the data frames. As the geographic extent of each model is different, the order of display for some
of the plate components is different between models. The data frames are labeled A) through G), starting
at the upper left of the plate. Examples of the layouts for the sets of plates of the Site and SEB models
are shown in Figure 19 and Figure 20.

The plates are developed at the same scale as the model cross sections. This allows overlay of cross
sections onto individual maps that may be cropped and printed at full scale on a 42-inch plotter.

5.3 Details of the Map Display for the Unit Plates

This section provides additional details regarding the content, display techniques, and formatting
conventions that were used to create the set of plates using the ArcMap software. The data objects
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shown in the plates were developed from the final archived model grids. The plate of the Puye unit from
the SEB model provides an example of the legend and each of the included maps. This plate is atypical
but provides the gamut of stratigraphic complexities for units and intrabedded units ("subunits").

Note that some of the data are presented as gridded distributions of vertical elevations, thicknesses, or
distances. For the distance measures of Map 3, color intervals combined with contours are used to help
identify distances from the unit to the water table. For the elevations of Map 3 and the thicknesses of
Map 4, a linear mapping of a range of colors is used to assist in the interpretation of the associated
contours.

The unit plates include the following components, described in the order they appear for the SEB model

plates:

Map 1. This map provides the structural contours for the top surface, with the unit color where
the unit is present, and no color if it is absent. The locations of outcrops of the unit are stippled.
Subunits (flows and facies) within the unit that abut the top contact are identified by their unit
colors where contact occurs (Figure 21a).

Map 2. This map provides the location of neighboring units at the top of the Puye stratigraphic
unit. Note that the Puye Formation occurs above the basin stratigraphy so that the only overlying
units are from the JVF (Figure 21Db).

Map 3. This map identifies the relationship between the water table and the top and bottom
surfaces of the Puye Formation. The contoured surface shown in blue with dark contour lines
identifies the surface where the water table intersects the east-sloping Puye Formation. The
earth-tone colors (yellow to orange to brown) help display the distance that the bottom of the
Puye Formation is above (positive value) the water table. Were the entire thickness of the Puye
Formation to pass below the water table surface, the distance (negative value) between the two
surfaces would be reflected in "water" colors from yellow to green to blue, indicating the distance
from the water table to the top of the Puye Formation within the saturated zone (Figure 21c).

Map 4. This map provides the thickness of the Puye Formation—both the thickness of the Puye
material alone, and the combined thickness of the Puye and all the subunit material as well. For
the southeastern portions of this unit, the unit-only (red) contours disappear or have very small
values, indicating that much of the Puye stratigraphic unit is non-Puye material of the Puye
stratigraphic interval. The geographic distribution of the stippled outcrops helps identify where the
original depositional thickness of the unit has probably been reduced by erosion. (Figure 21d).

Map 5. This map provides the same type of information as Map 1 but for the bottom Puye surface
(Figure 21e).

Map 6. This map provides the same type of information as Map 2 but for the bottom Puye
surface. Note that many of the basin units lie beneath the Puye-age Tb4, QTa, and QTasr units
southeast of the Rio Grande, which aligns with the edge of units shown in the southern portion of
Map 2 (Figure 21f).

LEGEND. The legend box provides the symbology for registration tics, roads and the Laboratory
boundary that provide a geographical reference within the unit plates of all models. The
registration tics provide spatial registration to allow the extraction of digital data from copies of the
individual maps. Spatial statistics include the areal extent, average thickness, and volume of the
unit (Figure 21g).
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5.4 Stratigraphic Model-Building Issues

The Puye unit is the most extreme case of a unit with subunits. Three quarters of the material within the
Puye "stratigraphic" unit is from either subunit volcanic flows or basin sedimentary facies. For almost half
of its "stratigraphic" geographic extent, especially southeast of the Rio Grande, the Puye volcanic fans do
not exist. The use of a multicomponent (subunit) stratigraphic definition for the Puye unit was required to
allow application of model-building rules that are based on a unique "stratigraphic" order for units of the
model area. In this particular situation, the Th4 basalt and the Tvtl and Tvt2 dacitic flow units are
encased within Puye material for a portion of their geographic extent, the sedimentary (facies) unit QTa is
always immediately below the basalt, and the QTasr (facies) unit overlaps the QTa unit, creating the
geometry shown in Figure 22. The Puye "stratigraphic” age range therefore encompasses the age of all
these subunits.

This stratigraphy can be accommodated by treating all additional units of Puye age and subunits (volcanic
flows or sedimentary facies) as floaters within the Puye Formation, and the Puye surfaces can be made
coincident to the floater surfaces to create the correct material properties model. However, there are
minor issues, mainly visual, that can be difficult to resolve. The main outstanding issue is where alluvial
units occur in the model. Generally the model is developed without alluvial (or colluvial) units, in part
because of the lack of conformity on what the geologist maps. Some geologists prefer to make a guess at
the bedrock if the soil cover is thin. Others may map this same locality as alluvium. When the top of a unit
is present near the surface but does not crop out where alluvium is present, a slight gap in the model
values may be created. In the case of the Puye unit, the top of the unit is set equal to the topography over
all areas where any of its subunits crop out. Thus, the alluvial units on the top of the Th4 basalts of
Buckman Mesa and the Ancha Formation in Santa Fe may be assigned as Puye material and they could
possibly be of Puye age. The problem areas for Buckman Mesa were resolved by re-identifying the thin
alluvial units as Th4 basalt. Small amounts of Puye material are still defined within some of the areas east
of the Buckman Mesa, including alluvial/colluvial localities in western Santa Fe. The volumes are quite
thin and would have a negligible affect on any flow models. The issue would disappear if the alluvial units
Qu (unsaturated alluvium) and Qvf (saturated alluvium) are added to the model.

5.5 Cross Sections Providing the Vertical Spatial Relationships of the Units

Cross sections illustrating the vertical distributions of units for the Site (1:48,000 scale), and SEB
(1:96,000 scale) models are available in Appendixes B and C, respectively. These cross sections are
provided at 10,000, and 20,000 foot spacing for the Site and SEB models. Sections are provided for both
the north-south and east-west directions, and extend to the model edges, aligned with even 10,000-foot
coordinates of the New Mexico State Plane coordinate system. Examples of Site and SEB cross sections
are provided as Figure 23 and Figure 24.

5.6 Oblique View Visualizations of the Model

All models were exported in an EarthVision format. This format is half the resolution (cell size is twice as
large) to allow the full model to be viewed with the EarthVision software (Figure 25, Figure 26, and
Figure 27). Figure 25 provides an oblique view of the Site model. Figure 26 provides a "chair" view of the
SEB model with the upper southeast octant of the model removed. Figure 27 provides a 3-D fence
diagram of the EB model. Additional 3-D graphic plates are provided in the appendices for the models.

6.0 QUALITY MEASURES OF THE 2009 3-D GEOLOGIC FRAMEWORK MODELS

A measure of the quality of the unit surfaces of the Site and SEB models can be determined from the fit of
the model surfaces to the contact picks of the set of wells used in the model. The Site model provides the
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best measure of the accuracy of the models. Differences between the bilinearly interpolated grid value
from the model surface at the well location and the contact pick identified in the well log can result from
resolution of the grid, errors inherent in the algorithm used to create the grid surface, error/uncertainty in
the bilinear interpolation process, and/or possible errors in the elevation reference point for the well data.

Tables in Appendixes B and C provide links to sets of tables that quantify model misfits to well-contact
data for each of the framework surfaces of the Site and SEB models.

7.0 SUMMARY

This report provides a new set of 2009 GFMs, which incorporate an extensive amount of hew geologic
information from recent geologic-quadrangle mapping, new wells, and new geophysical surveys. This
new information, along with newly developed paradigms of Espafiola Basin sedimentation, were used to
define and develop three models at various scales and extents that define the 3-D spatial arrangement of
model geologic units for the basin.

This report provides a detailed geologic discussion supporting an updated breakout of model units which
is based on depositional environments, and provides a geologic history and photographs of model units in
Appendix F. Appendixes B and C provide numerous views of the models and model unit surfaces through
map plates, cross sections and oblique visualizations. Included within these appendices are hydrologic
information such as maps of the water table and geology at the water table, and tables and figures with
hydraulic parameters.|

Appendix G includes the full set of digital data used to develop the models, along with example scripts
and programs. Digital versions of the model(s) are provided in a variety of formats in Appendix H.
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Table 1

Definition of the Model Grids for the 2009 Geologic Framework Model(s)

Model Grid Size West Limit | EastLimit | South Limit | North Limit | Number of | Number of | Total Number

Name (Outer Nodes) (NMSP) (NMSP) (NMSP) (NMSP) X-Nodes Y-Nodes of Nodes
site09 50-foot 1602800 1677600 1728000 1819600 1497 1833 2744001
seb09 100-foot 1602800 1752000 1682800 1819600 1493 1369 2043917
eb09 400-foot 1517200 1893600 1635200 2110000 941 1187 1119093
ev_site09 |[100-foot 1602800 1677600 1728000 1819600 749 917 686833
ev_seb09 [200-foot 1602800 1752000 1682800 1819600 747 685 511695
ev_eb09 800-foot 1517200 1894000 1635200 2110400 472 595 280840

Table 2

Units of the Site, Southern Espafiola Basin (SEB), and Espafiola Basin (EB) Models
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Table 3

Digital Contact Point Record for Contact Data Files and Database Tables
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The 2009 Three-Dimensional, Geologic Models of the
Los Alamos National Laboratory Site, Southern Espafiola Basin, and Espafiola Basin

LA-UR-09-3701
NAVIGATING THIS DOCUMENT

This report is provided as an electronic document due to the number and size of figures and tables, as
well as the large amount of digital data archived within the report. The report disk (DVD) includes the
main text, and Appendices A-F, providing a detailed description of the geologic data and the resultant
models. The supplemental discs of Appendices G and H contain the digital models and the digital objects
and programs used to create the models.

The report can be accessed through a standard Adobe Acrobat viewer. (The report was developed using
Adobe Acrobat Professional, Version 9.1). All non-data portions of this report and its appendices are
viewable as pdf files.

The table of contents includes lists of main text sections, figures, and tables. Report sections are
hyperlinked to allow quick navigation through this report. Hyperlinks within the main text or appendices of
this report allow direct access to selected objects cited in this report. Clicking on the hyperlinked text
(i.e., section title, graphic call out, table call out, or an appendix title) will take you to the appropriate
location. The navigation toolbar (green circle with white arrow) or a combination of the Alt key and Back
Arrow () will take you back to your previous view (i.e., from a hyperlinked figure back to the text).

To open the linked objects in separate windows, select:
Edit - Preferences - General
and ensure that the option: “Open cross-document links in same window” is not checked.

Other suggested preferences include:

- Page Display — Resolution: Use system setting

- Page Display — Display large images: “checked” .
The map plates for the Site and Southern Espafiola Basin (SEB) models are presented at scales of
1:24,000 and 1:48,000. It is therefore possible to jointly view and align: 1) a plate showing cross-section
locations, and 2) plates or cross-section data in the same window by a simple scaling of 50 or 200%, if

the source plate scales are different. If needed, a simple rotation of 90 degrees may also be applied to
either of the two objects.

Geographic figures are displayed with north to the top of the figure unless otherwise noted.

Appendix G, a separate DVD, provides copies of the programs, scripts, and data objects used to create
the digital geologic surface models.

Appendix H, two DVDs, provides the Site and SEB models in a variety of formats required for modeling
and visualization activities.
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