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HYDROGEOLOGY AND PRELIMINARY
THREE-DIMENSIONAL FINITE-ELEMENT
GROUND-WATER FLOW MODEL OF THE SITE
SATURATED ZONE, YUCCA MOUNTAIN, NEVADA

by John B. Czarnecki', Claudia C. Faunt!, Carl W. Gable?, and George A. Zyvoloski®

EXECUTIVE SUMMARY
Yucca Mountain, Nevada is being characterized by the U.S. Department of Energy and its

contractors as to its suitability as a potential site for a repository for high-level nuclear waste.
As part of this characterization, numerous studies of the ground-water flow system in the vicin-
ity of Yucca Mountain have been completed or are underway. Development of a preliminary
ground-water flow model] presented in this report represents a combined effort by personnel
from the U.S. Geological Survéy and Los Alamos National Laboratory. This report documents
the progress of the understanding of the site saturated-zone ground-water flow system at Yucca
Mountain based on data analyses and ground-water flow-model simulations through Septem-
ber, 1997.

This rcpon discusses the development of a fully three-dimensional, finite-element model
of the Yucca Mountain saturated-zone flow system. The following components are included:
(1) description of the conceptual models of the fiow system, which differ mainly in terms of the
representation of a largc hydraulic gradient; (2) dcscn.'iption of the numerical code of

ground-water flow and heat transport: (3) construction of a three-dimensional, hydrogeo-
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logic-framework model: (4 interfacing the framework moge! with a fully Lhrce-dimﬁsional_ nnite-eic-
ment mesh: (5) hydrologic data aﬁd properties assigned within the model domain: (6) inic:facmg' tne "
finite- element numerical model with a parameter-estimation routine; (~ initial calibration of the moaei:

and (8) uses, limitations and capabilities of the hydrogeologic framework and numerical models. The
purposes for developing the model of the saturated zone of Yucca Mountain and vicinity are to: (1) esti-
mate ground-water flow direction and magnitude from beneath the design repository area to the accessi-

ble environment; (2) characterize the complex three-dimensional behavior of flow through

heterogeneous porous and fractured media; (3) provide a means to account 't:or the distribution of
ground-water temperature measured within wells within the model area; (4) identify the potential role of
fault as barriers or conduits to ground-water flow; and (5) provide a model of the flow system for subse-
quent flow, heat, and radionuclide-transport modeling.

Data used in the model were primarily dcveloped from published sources or obtained from publicly
available sources such as the USGS National Water Information System. Nearly all of these sources
originated or were published before the implementation of the accepted Yucca Mountain Project (Y. MP)\/
quality-assurance program in 1989. The only qualified hydrologic data used in the model analysis are
hydraulic-test data from wells UE-25 WT#10, UE-25 WT#12, USW G-2 and USW SD-7 and permeabil-
ity data. All other hydrologic data used in the model analysis are unqualified. No conclusions, based
entirely on qualified data, can be drawn as a result of modeling, and all 'conclusions documented in this
report are primarily based on unqualified data. Model construction and review, however, were performed
in accordance with accepted YMP quality-assurance procedures and USGS policy.

The numerical model was developed by interfacing hydrogeologic-framework-model data directly

into the construction of the numerical model of ground-water flow. The three-dimensional hydrogeo-

logic framework model is developed using geologic maps, geologic cross sections and well data that "



were gridded mto structure contour maps. The structure contour maps were stacked to form &
three dimensional solid using a 1.500 meters by 1.500 meters horizontal sampling interval and
variable vertical thickness. As a result, the framework mode] has many simplifications that
may or may not make it applicable for other uses. |

The framework-model data were used to feed an automated mesh generator, which was
designed to discretize irregular three-dimensional solids using tetrahedral elements, andto
assign material properties from the hydrogeologic framework model to the nodes of the
finite-clement mesh. The mesh generator facilitated the addition of nodes to the finite-clement
mesh which correspond to the exact three-dimensional position of the potentiometric surface
based on water-levels from wells, which were used for model calibration. Sixteen different
hydrogeologic units were represented in the model mesh. The area of the fiow model is larger
than that of the three-dimensional site geologic framework model (ISM2.0) which was devel-
~ oped to support the Yucca Mountain site unsaturated zone model. The units identified in the
geologic and hydrogeologic framework models can be correlated and are consistent.

The numerical model presented in this report is steady state and covers an area of approx-
imately 1.350 km? over a samfatcd thickness of about 1.5 km, delimited by & rectangular box
45 km long and 30 km wide. The domain was selected to be: (1) coincident with grid cells in
the regional ground-water fiow model (D'Agnese and others, in press) such that thc base of the
site model was gquivalcnt to the base of layer 2 of the regional model; (2) sufficiently large to
minimize the efiects of boundary conditions on estimating permeability values at Yuccﬁ Moun-
tain; (3) sufficiently large to be abie to assess ground-water flow at distances 30 km downgradi-
ent from the design repository area (a potential regulatory issue); (4) small enough to minimize

the number of computational nodes used in the model: (5) thick enough to include part of the



regional Paleozoic carbonate aquifer: and (6) large enough to inciude well control in the Amargos:

Desert at the souther:. end of the mode!. W,
Flow simulation was done using the FEHMN (Finite Element Heat Mass Nuclear) ground-water

flow and transport computer code. i:ér this report. only saturated ground-water flow was simulated and.

none of the ransport options were used. Calibration of the model was facilitated using an automated

parameter estimation routine (PEST) in conjunction with FEHMN which minimized the difference

between 94 observed and simulated values of hydraulic head by adjusting selected permeability parame-

ters. Optimal permeability estimates for the sixteen hydrogeologic units lie between high and low values

for the same units reported in the literature.

The report also includes a discussion and analysis of the large hydraulic gradient to the north of
Yucca Mountain. On a regional basis, other large hydraulic gradients are associated with a contact in the
Paleozoic rocks between clastic rocks and regional carbonate aquifer; however, the cause and nature 6f
the large hydraulic gradient near Yucca Mountain is not clear. Proposed explanations include: (1) fault |
that contain nontransmissive fault gouge: (2) faults that juxtapose transmissive tuff against nomransmis-x/
sive wff; (3) the presence of a different type of litholdgy that is less subject to fracturing; (4) a change in
the direction of the regional stress field and a resultant change in the intensity, interconnectedness, and
orientation of open fractures on cﬁhcr side of the area with the large hydraulic gradient; (5) the apparent
large gr;dicnl actually represents a disconnected, perched or semi-perched water body so that the high
water-level altitudes are caused by local hydraulic conditions and are not part of the saturated-zone flow
system or (6) a highly permeable buried fault that drains water from tuif units into a deeper regional car-
bonate aquifer: or (7) a buried fault that forms a “spillway’ in the volcanic rocks.

For the mode] presented in this report, explanation (1) was used to represent the large hydraulic

gradient by imposing a ventical bammer to honzontal ground-water flow. The sixth explanation was teste



in the mode! by specifving large permeability vaiues 1n pldce of those used to denne the ver:-
cal barrier to flow used in (1). however. this representation could not reproduce tne large
hydraulic gradient using reasonable permeability values. Explanation (2), which. in effect. is
equivalent to the seventh explanation, has not been simulated with the model. A higher resolu-
tion mesh could be used to investigate this explanation in future models. Explanations (3)and
(4) require lateral contrasts in permeability values within the same hydrogcolbgic unit to repre-
sent the large hydraulic gradient, but were not simulated with the model. Explanations (3) and
(4) could be represented with the model by defining additional zon£§ within the northern part
of the upper volcanic confining unit aﬁd the middle volcanic aquifer, which then could be
assigned small pcrmeabiiity values. This was not done in the present work. Explanation (5)
differs from the others in that it does not require a permeability contrast to represent the large
hydraulic gradient, because the large hydraulic gradient is absent, and actually represents a dis-
connected, perched or semi-perched water body.

If at least some of the water levels measured north of Yucca Mountain represent perched
water conditions, the saturated zone potentiometric surface could be substantially different
from those that show a large hydraulic gradient in that area. The wells for which perched con-
ditions may be supported by available data a:c all located in the vicinity or upgradient of the
large hydraulic gradient and include borehole USW UZ-14 on Yucca Mountain, and boreholes
' USW G-2. UE-25 WT#6, and UE-29 a#2.

The repont includes a discussion of the ground-water chemistry as it relates to the satu-
rated zone in the model area. The chemical characteristics of ground water in the Yucca Moun-
tain area are a function of recharge-water chemistry and the materials with which the water

interacts along the flow path. Prelimunary analyses of geochemical and isotopic data from sat-



urated-zone water through February 1997 show lhittie informa:-on that can supporn or refute any o tnese
conceptual moaels. The chemustry of p;rchcd water appears to be difierent from water coliected peiow
the water table.

Hydraulic properties for each of the hydrogeologic units were obtained from previously published
hydraulic analyses for wells at Yucca Mountain conducted during the 1980's, pubiished hydraulic proper-
ties for hydrogeologic units obtained beyond the immediate Yucca Mountain area, and recent (1995-97)
hydraulic analysis of wells USW WT-10, UE-25 WT#12, and USW SD-7, UE-25 c#l, UE-25 c#2, and
UE-25 c#3, and USW G-2. A wide range of values are available for hydraulic conductivity and perme-
ability for several hydrogeologic units such as the upper volcanic aquifer and the upper volcanic confin-
ing unit, among others. These large ranges likely reflect the presence or absence of permeable fractures,
particularly for the carbonate and volcanic aquifers. They also reflect the scale of the test performed
such as permeability determination done on core (which would tend to produce small values), as opposed
to a long-term aquifer test using multiple wells (which would produce large values and likely be more
suitable for use in a model). -

Results from 40 model simulations are reported. The greatest improvements came when: (1) very
low permeability barriers were added corresponding to the Solitario Canyon fault and the down gradient
side of the large hydraulic gradient: and (2) the parameter for the permeability of the upper volcanic con-
fining unit (Calico Hills Formation) was isolated and optimized. The largest class of hydraulic-head
residuals ( the difference between observed and simulated values) occurred between the range of -5 to +5
m.

Because the site model has lateral boundanes through which significant flow occurs, it was

designed to be part of a larger integrated modeling effort in which fluxes would be derived from the

USGS regional model. These fluxes could either be estimated. assigned directly within the site model, L



used as a companson with those from the site model. Compansons of flux between the
regional model and site models showed almost twice the amount discharging from the southern
end of the site model, and substantially different axﬂoums for the north and east sides. The:
major flux differences between the two modeis occur in the northeast comer where a large part
of the recharge from the north is diverted east and discharges in part because of the interaction
of the constant-head boundaries and the imposed east-west barricx; used to represent the
large-hydraulic gradient.

On initial inspection, model match to hydraulic-head data and thc resulting distribution of
residuals have some problems. Although permeability values for all of the hydrogeologic units
used in the model lie within reported literature values, reported values for individual units have
large ranges. Furthermore, in the case of the middle volcanic aquifer, values of permeability
from large-scale hydraulic testing at the C-hole complex were 3 orders of magnitude larger
than those used in the model. This discrepancy may be indicative of model error, or alternately,
the possibility of a local, large-permeability zone not represented in the present model.

The model discussed in this report is preliminary, in that improvements are required to
adequately calibrate the model. Therefore, uses of the current model are limited to the follow-
ing: (1) provide description of the hydrogeolégic framework of the site saturated zone fiow sys-
tem based on a sampling of 1.5 km by 1.5 km: (2) provide a mechanism to extend model
calibration and sensitivity testing of parameters used in the model; (3) provide the fiow field for
doing preliminary transport simulations and estimates of ground-water travel time through the
use of additional transport related capabilities within FEHMN; and (4) provide estimates of
permeability for sixteen hydrogeologic units from the hydrogeologic framework model and

two additional zones of small permeability and recharge at Fortymile Wash.



Limitanons of the model inciude: (1) simulauons are restricted to fully saturated conditions trom
the water table and below: (2) the model does not accoun:  variations in temperature within the flow
system: (3) it js likely that the flow modei is non-unique; (4) the large hydraulic gradient 1s poorly under-
stood and greatly affects model calibration, simulated permeability values, and flux; (5) flux into the site
mode] domain is poorly defined and remains one of the most elusive of model variables; (6) limited
hydraulic-test data exist for constraining permeability values used in the model; (7) definition of the
hydrogeologic units within the model is limited by the sampling interval used (1.5 km). Improvements
that could be incorporated to future iterations of the model that include (in no particular order): (1) con-
duct sensitivity analyses with regard to which model variables have the greatest effect when varied on the
sum of squared residuals for hydraulic head: (2) refine the hydrogeologic framework model to better
define the distribution of the hydrogeologic units: (3) use the higher resolution sampling of the hydro-
geologic framework model to better delineate unit offsets caused by fauiting; (4) add major faults explic-
itly as surfaces within the hydrogeologic framework model so that their potential as fast pathways to the |
accessible environment may be evaluated: (5) decouple permeability parameters for the upper and mid-\-/
dle volcanic aquifers as practical during model calibration; (6) recalibrate the existing model with larger
values of permeability in the upper and middle volcanic aquifers; (7) incorporate additional data, such as
temperature, into the formal model calibration: (8) include lateral fluxes that are extracted from a
refined. improved version of the regional ground-water flow model; (9) include vertical flux through the

bottom of the model based on regional model values: and (10) use hydrochemical and isotopic data as a

.check against flow model result.



ABSTRACT

This report summarizes what is known of the hydrogeology in the saturated zone at
Yucca Mountain, Nevada, the potential location for a high-level nuclear-waste repository. A
preliminary three-dimensional model of the saturated zone is used to test a few concepts of the
flow system, in particular, the large hydraulic gradient. The report presents an alternate con-

cept to explain the apparent large hydraulic gradient, perched water, although the model is not

-used to test this concept. The development of the model advances the technology of interfac-

ing: (1) complex three-dimensional hydrogcologic framework modciing; (2) fully three-dimen-
sional, unstructured, finite-element mesh generation; and (3) ground-water flow simulation.

The three-dimensional hydrogeologic framewdrk model is developed by using geologic
maps, geologic sections, and well data that are converted to structure contour maps. The struc-
ture contour maps are stacked to form a three dimensional solid by psing a 1,500 meters by
1,500 meters horizontal sampling area and a variable vertical thickness. The framework model
consists of different hydrogeologic units that covering a 1,350 square-kilometer rectangular
arca, 45 kilometers long and 30 kilometers wide.

The framework-model data are used as direct input to an automated mesh generator,
which is designed to discretize irregular three-dimensional solids by using tetrahedral ele-
ments, and to assign unit identifiers from the hydrogeologic framework model to the nodes
within the mesh. The mesh generator was used to add nodes to the finite-element mesh to
locate observed hydraulic-head values accurately. These nodes then are used as observation
points for hydraulic head during model czlibration. The resulting mesh consists of 9,279 nodes
and 51,461 tetrahedral elements that represent 16 different hydrogeologic units.

The ground-water fiow capabilities of 2 ground-water flow and heat-transport simulator



with vaniable saturation are used with the resuiting finite-eilemesn: mesh to simulate ground-water fiow

Initial calibration of the model is facilitated by using an automated paramctcr—cstimauoﬁ routine. which "
minimizes the difference between 94 observed and simulated values of hydraulic head. by adjusting

selected permeability and flow parameters. Optimal permeability estimates for 16 hydrogeologic units

lie between high and low values for the units reported in the literature. Simulated hydraulic-head values
agree closely with observed values, the majority of which have residuals r;>f less than 5 meters. Results
indicate that a more refined mesh an;:l more detailed boundary conditions could be used to improve the

model.

INTRODUCTION

Yucca Mountain, Nevada is being characterized by the U.S. Department of Energy and its contrac-
tors as to its suitability as a potential site for a repository for high-level nuclear waste. As part of this
characterization, numerous studies of the ground-water flow system in the vicinity of Yucca Mountain /
~ have been done or are und-erway. Development of the modeling approach presented in this report repre- -
sents a combined effort by personnel from the U.S. Geological Survey and Los Alamos National Labora-
tory. This report documents the progress of the understanding of the site saturated-zone ground-water
flow system at Yucca Mountain on the basis of data analyses and ground-water flow-model simulations

through September, 1997. The work is being done in cooperation with the U.S. Department of Energy

under Interagency Agreement DE-AI08-92NV10874.

Purpose and scope
The purposes for developing this model of the saturated zone of Yucca Mountain and vicinity are

to: (1) estimate ground-water flow direction and magnitude from beneath the design repository area to o
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the accessible environment: (2) characterize the complex three-dimensional behavior of fiow
through heterogeneous porous and fractured media: ( 3) provide a means to account for the dis-
tribution of ground-water temperature measured within wells within the model area: (4) iden-
tify the potential role of fauits as barriers or conduits to ground-water fiow; and (5) provide 2
model of the flow system for subsequent fiow, heat, and radionuclide-transport modeling. -

To accomplish these goals a hydrogeologic framcwork model was developed and uscq to
construct 2 numerical ground-water flow model. In addition, optimal hydrologic-variable val-
ues used in the numerical model were obtained through non-linear réétession techniques using
PEST? (Watermark Computing, 1994), a model-independent, parameter-estimation software
package. The numerical fiow mode] was developed by using the numerical code FEHMN
(Finite Element Heat Mass Nuclear) (Zyvoloski and others, 1995). The resulting flow model
will provide the basis for subsequent models of heat fiow and radionuclide transport.

This report documents the understanding of the site saturated-zone grdund—wa’ter fiow
system as of September, 1997, and discusses the development of a fully three-dimensional,
finite-clement model of the Yucca Mountain saturated-zone fiow system. The following com-
ponents are included: (1) description of the conceptual models of the fiow system, which differ
mainly in terms of the rcprcscmatiqn of a large hydraulic gradient; (2) description of the
numerical code of ground-water flow and heat transport; (3) construction of a three-dimen-
sional, hydrogeologic-framework model: (4) interfacing the framework model with a fully
three-dimensional finite-clement mesh: (5) hydrologic data and properties assigned within the

model domain; (6) interfacing the finite-element numerical model with a parameter-estimation

3The use of brand. trade. or firm aames in tis repon 1s for identificauon purposes only and does not constitute endorse-
ment by the U.S. Geological Survey.
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rouune: (7) caliprauon of the modei: and (81 uses. lirmutations and capabiiiues of the hyc-ogeoiogi.
framework and numerical models.
;\/

The numerical model presented in this repon 1s steady state and covers an area of about 1.250 km-
over a saturated thickness of about 1.5 km (fig. 1), delimited by a rectangular box 45 km long and 30 km
wide. The domain was selected to be: (1) coincident with grid cells in the regional ground-water flow
model (D' Agnese and others, in press) such that the base of the site model was equivalent to the b;sc of
layer 2 of the regional model; (2) sufficiently large to minimize the effects of boundary conditions on
estimating permeability values at Yucca Mountain; (3) sufficiently large to'se able to assess
ground-water flow at distances 30 km downgradient from the design repository area (a regulatory issue);
(4) small enough to minimize the number of computational nodes used in the model; (S) thick enough to

include part of the regional Paleozoic carbonate aquifer; and (6) large enough to include well control in

the Amargosa Desert at the southern end of the modeled area.

Previous work

Several numerical models of ground-water flow have been developed at various scales to simulate
- ground-water flow in the vicinity of Yucca Mountain. Regional-scale modeling of the Nevada Test Site
and vicinity was done by Waddell (1982). Rice (1984), and Sinton (1987). The areal domain of these
models was virtually identical (about 18.000 km?). Waddell and Rice exa:ﬁined two-dirr.xcnsional areal
flow, whereas Sinton's model incorporated the third (depth) dimension in a quasi-three dimensional
application of the MODFLOW (McDonald and Harbaugh, 1988) computer program. D’ Agnese (1994)
modeled an even larger area (34.141 km?) of the Death Valley regional ground-water flow system in
three dimensions. and used geoscientific information system (GSI1S) analyses to obtain estimates of

recharge. discharge, and hydraulic conductivity. D’ Agnese and others (in press) advanced the original
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modei of D"Agnese (1994) 1n a number of ways. including the apphicauon of non-linear regres-
sion techniques using MODFLOWP (Hill. 1992). in which observed values of hy&rauhc head
and spring flows were used to estimate areal recharge rates, hydraulic conductiviues, and other
selected model parameters. A flow model of an area approximating that of Waddell (1982) has
been developed for characterizing tritium migration and assessing risk subsequent to under-
ground nuclear testing at the Ng:vada Test Site (U.S. Department of Energy, 1997).
Subregional modeling i)as included the two~dimensional mode) of Czarmecki and Wad-
dell (1984) in which ;;aramcter estimation was used to estimate valﬁi:; of transmissivity
through most of the model area. Czamnecki (1985) used the same finite-element mesh and a
slightly modified distribution of transmissivity values to estimate the effect of increased
recharge on water-table altitude and ground-water fiow direction. A cross-sectional model was
developed by Haws (1990) along a fiow path constructed from the fiow-field vectors of Czar-
necki and Waddell (1984). Additional models by %&b (19892, 1991) examined the
effects of abrupt changes in hydraulic conductivity in the vicinity of the large hydraulic gradi-
ent (LHG) on the north end of Yucca Mountain coupled with increases in recharge to the flow
system. Modeling by Carrigan and others (1991) looked at potential changes of the water-table
altitude at Yucca Mountain rcsu!iing from seismic events. Othcr modeling efforts by Dressel
(1992) and Ahola and Sagar (1992) were used to examine the effects of changes in hydraulic
properties and recharge on water-table altitude within the flow system. A model of
ground-water flow in the immediate vicinity of Yucca Mountain was developed by Barr and
Miller (1987). Buscheck and Nitao (1992) discuss the possible effects of heat from the design

repository on ground-water flow in the unsaturated and saturated zones.
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Quality Assurance Considerations

Because interpretations of model results may be used to assess the expected performance of a
high-level nuclear-waste repository, confidence in the reliability of data used in model conccptualization.\—/
construction and evaluation is necessary. A guality-assurance program has been implemented by USGS
for the Yucca Mountain Project (YPM) to support the reliability of the data and interpretations of data.

Data used by YMP are classified as either “qualified” or “unqualified”. Qualified data are defined
as “data acquired or developed for the YMP under a Nuclear Regulatory Commission accepted quality
assurance plan or qualified in accordance with appropriate YMP procedures. Developed data cannot be
classified as qualified if derived from unqualified data sources” (U.S. Department of Energy, written
comrﬁun.. 1993).

Data used in the construction of the hydrogeologic framework model and the ground-water flow

mode] were pnimarily developed from published sources or obtained from publicly available sources,
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such as the USGS Nationa! Water Information Svstern. Nearlv all of these sources originatec
or were published before the implementation of the accepted YMP ‘quality-assurémcc program
in 1989. Model construction and review. however, were performed in accordance with

accepted YMP quality-assurance procedures and USGS policy.

The only qualified data used in the model analysis are hydraulic-test data from wells
UE-25 WT#10, UE-25 WT#12, and USW SD-7 (O’Bricn, 1997) and permeability data (Flint
and Flint, 1990). All other data used in the model analysis are unqualified. Because of the pre-
ponderance of available unqualified hydraulic-head and hydraulic-te‘st data, no saturated zone

model of Yucca Mountain can be constructed using only qualified data.

CONCEPTUAL MODEL

Geologic Setting

The geologic setting, geologic history, stratigraphy, and structure of Yucca Mountain are
reviewed in Luckey and others (1996, p. 7-13). Briefiy, Yucca Mountain (fig. 2) is located in
| the Great Basin section of the Basin and Range physiographic province, and consists of a group
of north-south-trending block-faulted ridges (fig. 3a.b) that are composed of volcanic rocks of
Teniary age that may be several ki’!omélcrs thick. The basin to the west of Yucca Mountain is
Crater Flat, which is composed of a thick sequence (about 2,000 m) of Tertiary volcanic rocks,
Tertiary and Quaternary alluvium. and small basaltic lava fiows of Quaternary age. Crater Flat
is separated fromn Yucca Mountain by Solitario Canyon Fautlt (fig. 3b). West of Crater Flat is
Bare Moum:ﬁn (fig. 2). which is composed of Paleozoic and Precambrian rocks. Fortymile

Wash (fig. 3b), a structural trough. delimits the eastern extent of Yucca Mountain. East of

15



Yucca Mountain are the Calico Hills, a mottied assembiage of Teruary voicanic rocks and Paleozos:
rocks. Yucca Mountain terminates to the south in the Amargosa Desert. which consists of interoeddec W,
Quaternary and Tertiary alluvial, paiudal, and tuffaceous sediments.

These rocks and deposits in the vicinity of Yucca Mountain were classified into hydrogeologic
units (fig. 3a). The hydrogeologic units were based on hydraulic properties. Where possible, hydrogeo-
logic units identified by previous investigators (Luckey and others, 1996; Winograd and Thordarson,
1975) were used. Many of the units are not present in the model area and/or are not expressed at the land
surface (fig. 3b). In all, 16 hydrogeologic units are present in the model arca (fig. 4; table 1). Table 1
summarizes the 16 hydrogeologic units and how they correlate with the different geologic units in the
model area. Figure 4 illustrates, by way of a fence diagram, the complex three-dimensional spatial rela-
ton among these units within the saturated zone of the model area. In general, the hydrogeologic units at

Yucca Mountain form a series of alternating volcanic aquifers and confining units overlaying the regional

carbonate aquifer. The volcanic aquifers and confining units interbed with undifferentiated valley-fill

~—

and the valley-fill aquifer to the south, while structural features delimit the eastern and western edges of

Yucca Mountain (fig. 3b).
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Table 1.--Hydrogeologic units, equivalent units, and associnted lithologies in the vicinity of Yucca Mountain

[--, no units identified; hydrologic-unit names listed in parentheses; Q, Quaternary; T, Tertiary; Pz, Paleozoic; pC,
Precambrian; data-availability rating (intended as a relative indicator of data availability, not to precisely estimate the knowledge of the
spatial extent of each of the hydrogeologic units): 0.1, poor: 10.0, excellent]

aquifers)

Equivalent Unit
Hydro- Medel Unht _ Data-
geologic Unit '!“lnmb':' Winograd and Laczniak and others Luckey and others Lithology /\v;ul;n.bilil ¥
(Age) { 'kﬂ;m)" Thordarson (1975) (1996) (1996) ating
Valley.filf Alluvial fan, Nuvial,
2 c.y" ! 19 Valley Fitt Allyvial deposits Alluviom fanglomerate, lakebed, 90
"""'T' f (qah (Valley-fill aquifer) (Valtey-filt aquifer) colian and mudflow
.0 deposits
Vatley-till
. i Valtey Fil Alluvis deposits ;
cnnl"gnjg'uml (tple) (Valtey-fill aquifer) (Vatley.-fill aquifer) Allyvium Playa deposits 50
Limestone 17 . Lacustrine limestones, 0o
aquiler (thim) - - calcareous spring deposits
M
Lava-flow Basah of Kiwi Mesa .
aquiler (':, Basalt of Skull Mountain Basalt i g::;’:: :':':’s (I’a':(u:: ;:':e . 1o
Q.7 (Lava-flow aquifer) *
Thirsty Canyon Group
Upper volcanic Is Timber Mountain Tuff Timber Moumain Group Paintbrush Group Variably welded ash-flow
aquiler uva) Paintbrush Tuff Paintbrush Group (Upper volcanic tuffs and rhyolite lavas 60
M (uva {Welded-tuff aquiler) (Welded-tufT and lava-flow aquifer) - (non-welded tuffs)
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Table 1.--Hydrogeologic units, equivalent unils, and associated lithologies in the vicinity of Yucca Mountaln (Continued)

[--, no units identified; hydrologic-unit names listed in parentheses; Q, Quaternary: T, Tertiary; Pz, Paleozoic; pC,
Precambrian; data-availability rating (intended as a relative indicator of data availability, not to precisely estimate the knowledge of the
spatial extent of each of the hydrogeologic units): 0.1, poor; 10.0, excellent)

(T)

L

Equivalent Unit
Model Unlt Data-
Hydro- Numbe Availabilit
geologic Unit P r Winograd and Lacznlak and others Luckey and others Lithology vai "i lity
(Age) (Parameler | ygordarson (1975) (1996) (1996) Rating
Nanie)
Wahmonie Formation
Salyer Formation
L ‘ . Calico Hills Rhyolite lavas, volcanic
Uppet volcanic 14 Rhyolite flows and ancamc.s of Area 20 Formation breccias, non-welded to
conlining unil tulfaceous beds of Wahmonie Formation 1o
T (uvcu) Calico Nills (Lava-flow squifers) {(Upper Volcanic welded tulfs, commonly
. . Conlfining Unit) argillaceous or zeolitic
tLava-flow aguitard - Tull
aquitard)
. Crater Flat Group
Middie ‘f"" anic 1 Grouse Canyon Member Belied Range Group Crater Flat Gm\.lp Variahly welded ash-flow
aquifer Tulf of Crater Flat (Lower Volcanic . OR
T) (mvs) (Tulf aquitard) (Welded-wilf and Aquifer) tuf(s and rhyolite lavas
¢ 9 lava-lMow aquifers) 4
Middle volcanic Local informal units of Flow Breccia
onfini - ' 12 Indian Trail Formation Tunnel Formation Lithic Ridge Tulf Non-welded tuff, 0R
¢ '"f'?)g um {(mvcu (Tull aquitard) (Tull confining unit) (Lower Volcanic commonly zcolilized
( Quitas Conlining Unit)
Lower volcanic . Volcanics of Big Dome .
. " Tub Spring Member Variably welded ash-flow
aquifer A (Lava-flow and welded-tulf . . 0l
e (iva) (Tuff pqmmd) aquiler) - tulffs, rhyolite tavas
Lower volcanic
. . 10 . Older Volcanics Non-welded tuff,
confining unit (lveu) ?(Tuff aquitard) (Tulf confining unit) - commonly zcolitized ol
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‘Table 1.--Hydrogeologic units, equivalent units, and associated lithologies in the vicinity of Yucca Mountain (Continued)

{--, no units identified: hydrologic-unit names listed in parentheses; Q, Quaternary; T, Tertiary; Pz, Paleozoic; pC,
Precambrian; data-availability rating (intended as a relative indicator of data availability, not to precisely estimate the knowledge of the
spatial extent of each of the hydrogeologic units): 0.1, poor; 10.0, excellent)

(Lower carbonste aquifer)

Equivalent Unit
Model Unit Datn-
Hydro- Numbe _ .
eologic Unit nmber Winograd and Lacaniak and others Luckey and others Litholo Availability
Fe0"oR (Perameter RY
(Age) Name} Thordarson (1975) (1996) (1996) Rating
Tuffaceous sandstone, tuff o
breccia, siltstone,
. R Rocks of Pavits Spring Pavits Spring Formation claystone, conglomerate,
U':‘;"::_"g;"':;f;' "3‘“ Horse Spring Formation fHorse Spring Formation . Yacustrine limestone, s
y (Tulf aquitasd) Paleocolluvium commonly argillaceous or
calcarcous. Scdimentary
breccia.
Upper carthonate .
. L] Tippipah Limestone Rird Spring Formation
":;',"': ' fuca) . (Upper carbonate aquifer) (Upper carbonate aquifer) - Limestane n
Upper clastic 6 Eleana Formation Eleana Formation Siliceous silistone,
confining unit . . - sandstone, quartzite, - 0.s
P2) (ecu) (Upper clastic aquitard) {Eleana confining unit) - conglomerate, limestone
Guilmette Formation
Simonson Dolomite
Devils Gate. Limestone Sevy, Laketown, and Lone
Nevada Formation Mountain Dolomite
Ely Springs Dolomite .
Lower Eurcka Quartzite l;!olom:eﬁﬁh“e'? Fo;r::nm Lone Mt. Dolomit
carbonate 3.5.7 Pogonip Group pottex Be - LOOMEE | Dolomite and limestone,
aquifer (fca) Nopah Formation Ely Springs Dolomite Roberts Mt Dolomite locally cherty and silt 0s
(Pz) Dunderberg Shate Eureka Quantzite (Carbonate Aquifer) y y andstlly
Bonanza King Nm?‘":f Gmpmm
Upper Carrara Formation B ona::,: King Formation
(Lower carbonate agquifer)
Upper Carrara Formation




Table 1.--Hydrogeologic units, equivalent units, and associated lithologies in the vicinity of Yucca Mountain (Continued)

[--, no units identified; hydrologic-unit names listed in parentheses; Q, Quaternary; T, Tertiary; Pz, Paleozoic; pC, _
Precambrian; data-availability rating (intended as a relative indicator of data availability, not to precisely estimate the knowledge of the
spatial extent of each of the hydrogeologic units): 0.1, poor; 10.0, excellent)

Equivalent Unit
Nydro- Model Unit Data-
geologic Unlt PNumbcr Winograd and Lacznlak and others Luckey and others Lithology Av;tln.!umy
(Age) ( ';;:2:;" Thordarson (1975) (1996) (1996) ating
Lower Cairara Formation M;:’bgwmxim
Lower clastic Zahriskie Quartzite Wood Canyon Formation
nfi TSI . 4 Wood Canyon Formation Stirlin y Quartzile Quantzite, siltstone, shale, 08
« ':':m"‘ """ (geu) Stirling Quartzite Sohnni :ﬁ ll.k " dolomite
r.pC Johnnie Formation ' .
{Lower clastic aquitard) Noonday (?) Dolomite
~ (Quantzite confining unit)
Gramtic . Granndiorite and quantz
confiming unit ( 2 ) ( AG ranitic s"‘.‘.k’d’ Granite monzonite in stocks, dikes 0l
T gran nor syuitar and sills




Hydrologic Setting
Luckey and others (1996, p. 13-28) provide a comprehensive review of the h_vdrologic

setting of Yucca Mountain. Briefly, Yucca Mountain is centrally located within the Death Val-
ley ground-water basin and also is centrally located within the Alkali Flat (Franklin Lake
playa)-Furnace Creek subbasin (Luckey and others, 1996, p. 13). Neither of these basins is
shown on the figures presented in this report, but Death Valley and Alkali Flat (Franklin Lake
playa) are shown in figure 2. The subbasin is assumed to receive water from areal recharge
within its boundaries and probably also receives water as underfiow f'rom adjoining subbasins.
Depths to water range from about 3 m beneath Alkali Flat (Franklin Lake playa) to about 750
m beneath Yucca Mountain. Ground water beneath Yucca Mountain fiows generally toward
the south through fractured volcanic rocks which interfingers with Quatemary and Tertiary val-
ley-fill in the Amargosa Desent. |

| The climate is arid to scnﬁaﬁd. with Yucca Mountain rcceiving annual precipitation
between 150 mm to 200 mm (Hevesi and others, 1992, p. 683, fig. 3(a)). As a result, stream
flow is infrequent and occurs following in_tcnsé precipitation events which can be very local-

ized. There are no perennial streams.

Potentiometric data

~ Hydraulic-head values from wells located within the model area that were used in mocicl
construction and calibration are listed in appendix A All of the hydraulic-head values are
unqualified data. The data (appendix A) include measurements from the WT holes (#3, 5, 7, 10,
11. 14, 15, 19, 20, 21, 24, 25, 27, 29, 30). C-hoies (#16, 17, 18), and USW G-2 (#4). The data .
are from the USGS National Water Information System. Hydraulic-head data beyond the

model area (fg. 1) are from Ciesnik (1995).
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There are eighty boreholes located within the model arez. Twelve of the boreholes (USW H-1.
USW H-5. UE-25b 1. USW H-é6. USW H-4, USW H-3, UE-25p 1. UE-25c 1. UE-25c 2. UE-25¢ 3. anc
two unnamed boreholes) have muitiple piezometers. Forty-five of the boreholes are either uncased or
have fifty percent or more perforated casing. Twelve boreholes are cased, while the presence or absence
of casing is unknown for eleven of the boreholes.

Many of the boreholes are “dry” until a fracture zone is intcrcepzed; at which point the water level
in the borehole rises to a static levcl;Bccause of long open or perforated intervals, many boreholes inter-
cept multiple permeable zones. As a result, the hydraulic head in many of the borcholes represents a

composite head.

Vertical gradients
Luckey and others (1996, pp. 27-29) examined the vertical relationship of hydraulic head at Yucca

Mountain, and found *no unambiguous areal patterns in the distribution of vertical hydraulic gradient
around Yucca Mountain.” However, they do make the following generalizations as to the distribution of ~—
potentiometric levels in the lower sccﬁons of the Qolcanic rocks. Potentiometric levels in the middle vol-
canic confining unit are relatively high (altitude greater than 750 m) in the western and northern parts of
Yucca Mountain and are relatively low (altitude about 730 m) in the eastern part of Yucca Mountain.
Based on potentiometric levels that were measured in borehole UE-25 p#l, the potentiometric levels in
the middle volcanic confining unit in boreholes USW H-1, USW H-3, USW H-5, and USW H-6 may
refiect the potentiometric level in the carbonate aquifer. Boreholes UE-25 b#1 and USW H-4 do not seem
to fit the pattern establizhed by the other boreholes. They report that potentiometric levels generally are
higher in the lower intervals of the volcanic rocks than in the upper intervals, indicating a potential for
upward ground-water movement. However, for unknown reasons, at four boreholes (USW G4, USW

~—
H-1. USW H-6. and UE-25 bi#!) potenuiometric levels in the volcanic rocks are higher in the uppermost
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intervals than in the next lower intervals.

The potentiometric levels in the Paleozoic carbonate aquifer at borehole UE-25 p#1 are
about 21 m higher than in the overlying volcanics. Therefore. a potential for upward
ground-water movement from the Paleozoic rocks to the volcanic rocks is indicated. However.
upward ground-water flow from the Paleozoic rocks is considered to be minor. Because of the
large difference in potentiometric levels in these two aquifers, Luckey and others (1996, PP-.
27-29) conclude that they seem to be hydraulically separate. This conclusion appears to be sup-
ported by hydrochemical data. However, some of the analyses of hy&raulic-test data at the
C-hole complex indicate a possible hydraulic connection between the volcanics and the car-
bonate aquifer at the C-hole complex (Geldon. 1996). Hence, the vertical hydraulic gradients
represent a complex three-dimensional flow system that is not completely understood. Little

information is available for vertical gradients away from Yucca Mountain.

Steady-state conditions

A comprehensive analysis of water levels from all observation wells at Yucca Mountain
(Graves and Othch. l 997) shows the fluctuations of water levels for the period 1985 to 1995.
Generally, most wells at Yucca Mountain show less than 1 meter difference bctwéén the maxi-
mum and minimum values of water-level altitude during this period. Exceptions are listed in
table 2. Even for these, the water Jevel fluctuations are small relative to the total effective satu-
rated thickness of the fiow system. The preponderance of wells with small water level changes
and the small fractional changes in saturated thickness at wells with greater changes indicates
that assumning that the fiow system is at steady state at Yucca Mountain is a reasonable approx-

imation.



Table 2.--Larpest water-level fluctuations in wells in the vicinity of ¥ ucca Mountain

|+. indicates water-1evel nse. -, indicates water ievel dechine \/
Approximate
. Water Level
Observation Obscrvaupn Change
: Numberin : Comment References
Well Name Appendix A Duning Hole
History
(meters)
Water level has declined mono- :
tonically since hole construction Robison and others
USW G-2 4 12 in 1981 until present (1997); (1988, p. B6); Graves
- = possibly related to perched water  and others (1997, p.
conditions. 1995 water level 36)
used in model.
Borehole was completed in June,
1983. Water levels rose from
1983 to 1988, then stabilized . Robison and others
until the 1992 earthquake, after (1988, p. 36); Graves
UE-25 WT#6 3 ~ which erratic changes occurred.  and others (1997,
Water-levels stabilized within p.16)
months. 1995 water level used in
model.
Drilled 1982, packer initially
installed in January 1983. Packer
USW H-3, 93 9 replaced in 1991; water-level Graves and others ~
Lower Interval change occurred between (1997, p.16)
1991-1995. 1995 water level
used in model
Well completed December 1981.
Water level oscillations observed
between 1991 and 1995, and C.S. Savard, U.S.
UE-29 a#? I 3 were temporally correlated with Geological Survey,
- recharge from precipitation/run- wrilten commun.,
off events in Fortymile Wash and 1997
its tnbutaries. 1984 water level
used in model
Wells in the \\Slcr-l_ev.el chlincl; are at;ribul-
able to irrigation. Dates of mea- .
:a::g;: 45-79 10 surements range from 1958 Kilroy (1991, p. 14)

through 1996.

Kilroy (1991) discusses water-level changes in the Amargosa Desert between the 1950°s and 1987.

Within the model area. water levels have declined by as much as about 10 m (Kilroy. 1991, p. 14) in the—~
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Amargosa Farms area (s&uthwcst comer of the site modeh resulting from ground-water witr:-
drawals for irrigation. No attempt was made witiun this report to reconstruct the potenuometric
surface for conditions prior to these ground-water withdrawals.

The potentiometric data dictate a complex three-dimensional fiow system. but the follow-
ing generalizations can be made. There appears to be 2 general upward gradiént from the
regional carbonate aquifer into the volcanic rocks. In general, this upward gradient persists in
the volcanic rocks. Funhcrmérc, the potentiometric data indicate that most of the flow system

is essentially at steady state.

Potentiometric surface
Because the potentiometric data dictate a complex three-dimensional flow system, a

number of different conceptual models of the flow system are possible. In particular, the differ-
ent conceptual models may result in different potentiometric surfaces. Although the boreholes
are open at different depths bclow the hydraulic head and are open to different geologic zones,
water levels in most of the wells appear to represent a laterally continuous aquifer system. The
well-connected system may result from the presence of xi;any faults and fractures (T uci:i and
Burkhardt, 1995), and, at the scale of the site model, the ground-water flow system may bcha\;c
as a porous medium. Flow in the volcanic rocks occurs primarily in fractures and secondarily in
the matrix of the rock. Therefore, the uppermost aquifcf may be unconfined or confined
depending upon the areal location of the point being measured (Tucci and Burkhardt, 1995, p.
- .

Figure 5 shows a representation of a computer-generated potentiometric surface over the

mode] area in which data from all available wells in and around the model area were used. The



well locations from which potentiometnc data were used in contouring are shown on figures 1 and 3.
Water-level alutude data outside the model domain. which were used for control at the map edges. were ‘
obtained from tables 1 and 2 in Ciesnik (1995): those within the model domain are listed 1n appendix A ~
of this repon. For_ the case of wells having multiple piezometers, only data from the upper-most com-

pleted borehole interval was used. Deep wells at Yucca Mountain are shown on figure 6.

Most of the wells are partially penetrating. No attempt was made to segregate and analyze
water-level measurements associated with specific hydrogeologic units or fracture zones. Some water
levels represent composite heads from multiple hydrogeologic units and fra.&;,mres. In general, this por-
trayal of the potentiometric surface at Yucca Mountain (fig. 5) is consistent with those referenced conse-
quent to and including Robison’s 1984 work, which implies a hydraulically well-connected flow system
within the saturated zone (that is, perched or semi-perched conditions are absent).

The potentiometric surface map presented in figure 5 does not strictly represent the water table, a
concept reserved for the actual interface between the saturated and unsaturated zones. However, the
potentiometric surface is probably a reasonable representation of the water table for the following rea- »\/
sons: (1) At Yucca Mountain, water levels at most wells were obtained from the uppermost part of the
saturated zone (Graves and others, 1997). (2) South of Yucca Mountain, wells penetrate a significant
thickness of the saturated zone, but in this area most ground-water flow is believed to be hgrizomal and
all available data indicate that the venical-head gradients are negligible. (3) For the case of wells having

muluple piezometers, only water levels from the uppermost saturated interval were used in the construc-

uon of the potentiometric-surface map.

Large hydraulic gradient

Possible differences in conceptual models of the flow system pertain to the representation of an

apparent large hydraulic gradient (LHG) on the north end of Yucca Mountain (fig. 5)--an area where the
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altitude of the potenuometric surface appears to change by about 300 meters over a laterai dis-
tance of 2 kilometers (Czarnecki and others. 1994; Czamecki and others. 1995). Prior 1o the
construction of borehole USW G-2 in 1981. no water-level data existed at Yucca Mountain on
which to base the LHG. As more boreholes were constructed at Yucca Mountain, particularly
holes UE-25 WT#6 and UE-25 WT#16 (fig. 5), a somewhat better definition of the LHG devel-
oped.

* On a regional basis, other large hydraulic gradients are associated with a contact in the
Paleozoic rocks between clastic rocks and regional carbonate aq\_xife’r; however, the cause and
nature of the LHG near Yucca Mountain is not clear. Proposed explanations include: (1) faults
that contain nontransmissive fault gouge (Czamecki and Waddell, 1984); (2) faults that juxta-
pose transmissive tuff against nontransmissive tuff (Czamecki and Waddell, 1984); (3) the
presence of a different type of lithology that is less subject to fracturing (Czamecki and Wad-
dell, 1984); (4) a change in the direction of the regional stress field and a resultant change in
the intensity, interconnectedness. and orientation of open fractures on either side of the area
with the LHG (Czarnecki and Waddell, 1984). or (S) the apparent large gradient actually repre-
sents a disconnected, perched or semi-perched water body so that the high water-level altitudes
are caused by local hydraulic conditions and are not part of the saturated-zone fiow system
(Czarnecki and others, 1994; Ervin and others. 1994). Fridrich and others (1994) ;uggcst two
hydrogeologic explanations for the LHG: (1) a highly permeable buried fault that drains water
from tuff units into a deeper regional carbonate aquifer or (2) a buried fault that forms a “spill-
way" in the volcanic rocks. Their second explanation, in effect, juxtaposes transmissive tuff
against non-transmissive tuff, and is therefore the same as (2) above.

For the model presented in this report, explanation (1), was used successfully to represent



the LHG using reasonable permeabihitv values bv imposing a verucal barrier to honzontal ground-wate:
flow. However, if the bamner is attributed to a fault. no through-going fauit has been observed that is cotn
cident with the strike of the large hydraulic gradient. although Fridrich ana others (1994) argue for the
presence of a buried graben with concomitant faults, based on interpretation of gravity and magnetic
data. An alternate treatment of the fault as a vertical barrier is to consider it as a vertical drain as sug-
gested in Fridrich and others’ (1994). This alternate model was tested in the model by specifying large
permeability values in place of those used to define the vertical barrier to flow used in (l)A; however, this
representation could not reproduce the LHG using reasonable pcrmcability‘valucs.

Explanation (2), which, in effect, is equivalent to Fridrich and others’ (1994) second explanation
(the *spillway"), has not been simulated with the model. A higher resolution mesh could be used to inves-
tigate this explanation in future models. Indirect evidence supporting the possibility of the ‘spill\:vay'
hypothesis is the observation of increased thermal alteration toward the north of the site model area that
is expected to result in an overall decrease in permeability of the volcanic rocks (Broxton and others,
1987).

Explanations (3) and (4) require lateral contrasts in permeability values within the same hydrogeo-
logic unit to represent the LHG, which may be supported by the concept of increased thermal alteration
toward the north of the site model as a function of proximity to the Timber Mountain caldera. Both are
similar from a permeability-distribution standpoint to the ‘spillway’ model. Neither cxpianation (3)or
(4) were simulated with the model. but could be represented with the model by defining additional zones
within the northern part of the upper volcanic confining unit ﬁnd the middle volcanic aquifer, which then
could be assigned small permeability values based on the alteration history. A smaller permeability may

be warranted based on increased hydrothermal alteration in the northern part of the model area (Broxton

and others, 1987) and an apparent reduction in permeability in the middie volcanic aquifer (this report, L



based on the fiow survev in borehole USW G-2 (Luckeyv and others. 1996, p. 38). Howeve:.
this was not done in the present work. Explanation (5) differs irom the others in that 1t does not
require a pcnncabiliiy contrast to represent the large gradient, because the LHG is absent, and
actually represents a disconnected, perched or semi-perched water body. The data relevant to

potential perched water occurrence is discussed in the next section.

Potential perched water occurrence

If at Jeast some of the water levels measured in the vicinity of Yucca Mountain represent
perched-water conditions, the saturated zone potentiometric surface of figure S could be sub-
stantially different. The wells for which perched conditions are at least arguably supported by
availabic data are all located in the vicinity or upgradient of the LHG and include borehole
USW UZ-14 on chca Mountain, and borcholes USW G-2, UE-25 WT#6, and UE-29 a#2 (fig.
5).

To prove perched-water occurrence unequivocally requires demonstrating partial satura-
tion beneath a suspected perched water body. Unfortunately, partial satur#tion cannot be proved
or disproved unequivocally with the available data for the four boreholes in question. The data

and possible consequences are reviewed in the following paragraphs.

usw uz-14
Borehole USW UZ-14 was constructed. in part, to identify the occurrence of suspected

perched water in nearby borehole USW UZ-1, located 26.2 m southeast of USW UZ-14. Land
surface altitude at USW UZ-14 is about 1.349 m. During construction of USW UZ-M in
1993, water was encountered at an altitude of 966 m. Drilling had stopped within the crys-

tal-poor vitric member of the Topopah Spring tuff between altitudes of 940 m and 960 m



(sometimes referred to as the ‘basa! vitrophvre . the base of the upps- voicanic aquifer. tanie 11. This
member is considers . .0 be capable of écrching water because of its nearly impcrmeablé character, L
which results from its dense, glassy composition. Water-transmitting fractures become clogged with
clays and zeolites when the glass reacts with water (J. Rousseau, U.S. Geological Survey, written com-
mun., 1996).

About 6,000 gallons of water was pumped from this interval during four different hydraulic tests
for about 3 days, at rates ranging from 0.86 to 1.9 gallons per minute (Falah Thamir, U.S. Geological
Survey, written commun., 1997). The water-level recovered fully after pun'zping was stopped. The
water-producing zone was cased off, and coring continued. Drilling continued into the Bullfrog Mem-
ber of the Crater Flat tuff (middle volcanic aquifer, table 1), in which water was ultimately encountered
in an open fracture at an altitude of about 665 m. The water level] associated with this water-producing
fracture rose above the altitude of the fracture and stabilized at about 778 m, which was used in the con-
struction of the potentiometric surface in figure 5.

Saturation values calculated from laboratory determinations on core for borehole USW UZ-14
show conditions at or near 100 percent saturation from core located between the reported perched-water
level (966 m altitude) and the present water level (778 m altitude). The only exception to this trend
occurs within a thin non-welded interval within the Prow Pass tuff (793 m altitude), which shows less
than 50 percent saturation. Unfortunately. saturation measurements are unavailable below the 778 m alti-

tude in spite of available core. which would provide confirmation of the laboratory measurement tech-

nique used to measure saturation.

USw G-2
USW G-2 is located on the upgradient side of the apparent LHG (fig. 5) and is one of two wells

defining its northern extent. Land surface altitude at USW G-2 is about 1,554 m. The primary purpose —



of this borehole was to obtain rock core in which to charactenze the geology. rather than te
characterize the occurrence of water in the borehoie. Driliing 10 a depth of 534 m (or an alu-
tude of 1020 m) is reported to have occurred on 4/25/81. The first reported depth-to-water mea-
surement in USW G-2 at 534 m or an altitude of 1.020 m was made on 5/20/81 using
geophysical logging equipment. The accuracy of this measurement is unknown. The substan-
tial period of time between the drilling and the water level mcasurcxﬁcm allowed interborchole
water fiow to occur. The borehole was completed to a depth of 1,831 m (altitude of about -270
m) on October 24, 1981. Additional time passed prior to the first rc;}mcd USGS water-level
measurement: @x measurement showed an altitude of 1,031.82 m (or a depth to water of
about 522 m) on 11/10/81 (Robison and others, 1988, p. 86).

~ Because USW G-2 penetrated more than 1.300 meters of rock below the static water level
(between altitudes of about +1,020 m to -270 m), the measured water level of 1,031.82 m was
considered to refiect a composite water level of the saturated zone by Robison and others
(1988, p. 86). More than 44.000 liters of water were air lified out of the borehole during clean
oout efforts in July 1982, following which the water level was measured at a depth of 525 meters
(or an altitude of 1,029 m).

Subsequent data have indicated potential complexities at USW G-2, as discussed in the
following paragraphs. Present depth to water is about 533 meters below land'surface (or an alti-
tude of 1,021 m) indicating that water levels have declined almost 12 meters in USW G-2 since
1981 (table 2). Analyses of geophysical logs have indicated that an apparent partial saturation
may exist in the rock mass above a depth of 825 m (altitude of 734 m), even though the water
column is present within this interval. Calculation of saturation values required a correction

which involved subtracting an esumated quantity of the structural water (computed from min-
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eralogic data obtained from core) from the total water content denved from epithermal neutron and derni-
sity logs (Phillip Nelson. U.S. Geological Survey. wniten commun.. 1995). This correcuon 1s largest fo —
rock containing clays and/or zeolites, but it is likely to be inexact, particularly in highly zeolitized sec-
tions, such as those that are present in USW G-2. The potential error is such that the rock may actually
be saturated. (Note that the 734 m altitude is lower than expected based on the neighboring head of 751
m to the south in borehole USW G-1.) Unfortunately, side by side comparisons of laboratory- and geo-
physical-log derived values of saturation are unavailable for this borehole. Therefore, the degree of satu-
ration is open to question. |

Borehole USW G-2 was pumped for 408 hours, between April 8 and April 25, 1996, at a discharge
rate of 3.6 liters per second, resulting in the removal of approximately 5.3 million liters of water. At the
start of pumping water levels were approximately 0.2 meters below the undisturbed level due to previous
p;lmping. Maximum drawdown was 37.9 m. The Calico Hills Formation (upper volcanic confining unit)
was the only unit tested. After 186 days of recovery. residual drawdown was 0.5 m--an amount consid
ered to be appreciably larger than what would be expected (that is, full recovery) based on the rmmmumv
estimated transmissivity from that test of 2.3 m?/d (G.M. O'Brien, U.S. Geological Survey, written com-
mun., 1996). |

Between late 1981, when USW G-2 was completed, and mid-1984, a number of theérmal surveys
were conducted at USW G-2 that indicate changes in the flow regime over time. Downward flow was
indicated iﬁ USW G-2 by a persistent, nearly isothermal section of the borehole between the depths of
616 and 740 m (altitudes 938 and 814 m) (Sass and others, 1988, p. 70; 6 temperature profiles). A
“stairstep™ in the temperature log separates well-defined zones of conductive heat flow, 44 milliwatts per

meter above and somewhat below the water level in the well (at approximately 1,025 m), and 71 milli-

watts per meter below the step. Temperature profiles obtained during 1992-1995 show a collapse of t
-



stairstep shape of the temperature profile. and a siight increase of temperature at 740 meters
(altitude of 814 m). the depth of-thc presumed outflow zone.

In summary, 2 number of complexities exist in the record of USW G-2: (1) twelve meter
decline in head between 1981 and present, (2) geophysical logs may show partial saturation,
(3) drawdown due to pumping in 1996 did not recover fully, and (4) change in borehole fiow
regime indicated by temperature logs. Other complexities have been indicated by fiow surveys
and visual logs of the borchole. Downward fiows of between 0.3 to 0.6 liters per minute were
observed within the topmost 300 meters of the water column (betwe;:n altitudes of approxi-
mately 1,020 and 720 m) via a pulsed-heat flow survey (F. Paillet, U.S. Geological Survey,
written communication, 1995). A combination downward-looking-fish-eye/sidescan camera
was used to obtain a visual Jog of the borehole, and showed wet borehole walls extending about
40 meters above the top of the water column (an altitude of about 1,060 m). Capillary effects
would probably be unable to prdducc wet borehole walls at a distance of more than a few
meters abqvc ﬂxc water level (Wecksv and Wilson, 1984).

Possible explanations for the continual decline in water level in the borehole include: (1)
the dewatering of a perched-water body or (2) slow equilibration with lower potentiometric lev-
els deep in the borehole, which would be expected in a recharge area (lower heads with depth).
The slow water-level recovery in the borehole could result from the permanent dewatering of a
pc.rchcd-wa(cr body. Flow surveys may suggest a decrease in vertical flow velocity corre-
sponding to local drainage of possible perched water into the borehole. The water-level decline
may be the result of drainage from a perched or semi-perched water body in or above the Cal-
ico Hills Formation (upper volcanic confining unit), through the borehole, down to a receptive

fracture or fracture zone. Although the evidence is not conclusive, taken together this informa-



uon suggests that the 1019.79 m water-ievel alutude (Appendix A) may represent perched or semu-

| perched conditions and may be higher than the top of the water table in this area.

UE-25 WT#6
UE-25 WT#6 is located just upgradient of the LHG (fig. 5) and is one of the wells defining the

northern extent of the LHG. The open, water-filled interval within borehole UE-25 WT#6 is within the
non- to partially welded section of the Calico Hills Formation (upper volcanic confining unit). Althdugh
no hydraulic testing has been conducted in UE-25 WT#6, inference can be made from its water-level his-
tory that the permeability is very small based on the gradual rise in water level between 1983 and 1986 of
almost 4 meters (Robison and others, 1988, pp. 36-37) following its construction. A caliper log showing
variation in the borehole diameter indicates few fractures or washouts within the water-filled part of the
borehole. Because the more permeable rocks at Yucca Mountain generally are associated with fractured,
welded volcanic units, this observatiqn also supports the inference that permeability is very small.

If UE-25 WT#6 had been constructed into the underlying, presumably more transmissive Crater
Flat Tuff (middle volcanic aquifer), the associated water level might be similar to that observed in bore-
holes located in the southern and eastern parts of Yucca Mountain (that is, less than 750 m altitude), par-
ticularly if the Crater Flat Tuff had been packed off and monitored. Although there is little iﬁformation
other than the water-level, the current state of understanding does not preclude the possibility that thc
1.034.52 m water level observed in UE-25 WT#6 refiects a perched or semiperched water level. How-
ever. unlike other perched water locations. geophysical logs (Phillip Nelson, U.S. Geological Survey,

written commun., 1995) for UE-25 WT#6 indicate fully saturated conditions below the water-level.

UE-29 a#2
UE-29a#2, which is located in Fortymile Canyon, has a hydraulic head (1,187 m) that is about 3



meters lower than nearby borehoie UE-29 a#1 tnot used 1n the construction of the potenuomes-
nic surface in fig. 5). Both holes termunate in the Calico Hills Formation (upper volcanic con-
fining unit). Land surface altitude at both boreholes is 1.215.15 m (Waddell, 1984. p. 25).
Drilling of UE-29 a#1 stopped at a total depth of 65.5 m (an altitude of 1.150 m) because of an
irretrievable drill bit and collar down the hole (Waddell, 1984, p.1).
UE-29 a#2 was drilled 8.9 m from UE-29 a#1. UE-29 a#2 was drilled to a depth of 421.5
m (akitude of 793 m) before caving problems stopped the drilling. UE-29 a#2 was cased to a
depth of 247.3 m (an altitude of 968 m). The casing was not ccmcnt'éd in place, nor was back-
fill material installed around it, allowing for the possibility of free water fiow within the annular
space. The casing was subsequently perforated within the interval of 86.9 t0 213.4 m (an alti-
tude of 1,128 m to 1,002 m) as pan of hydraulic testing which provided communication over
the entire water filled part of the borehole. The decreasing hydraulic head with depth between
these two borcholes may be consistent with perched water occurrence. It is also consistent
with downward vertical gradients in a recharge zone.
Hydrochemical samples taken at the end of hydraulic tests in both UE-29 a#] and UE-29
a#f2 indicate appreciably different water chemistries with depth (Waddell, 1984, table 4, p 14).
Based on tritium and carbon-14 analyses. shallower water obtained from UE-29 a#1 appears to
_be younger than the decper water sampled in UE-29 a#2. This is consistent with both |
perched-water occurrence and/or localized recharge.
Water levels in UE-29 a#1 and UE-29 a#2 were affected periodically by streamfiow
events in Fortymile Wash and Pah Canyon Wash, as well as by earthquakes (Savard, 1995;
Savard, 1996). Streamfiow events caused abrupt rises in the water levels in both holes, which

decline slowly over periods of years (Savard, 1995, pp. 25-26). The slow decline may indicate



a small permeability 1n each hole. which would be expected for holes completed in the Calico Hilis ror-
mation (upper volcan:. confining unit). Overall. these penodic changes in water levels m " he importani. —
particularly in the case of UE-29 a#2, because they could obscure any possible long-term monotonic
decline in water levels which might be interpreted as being caused by perched-water draining down an
open borehole, similar to conditions in USW G-2.

In summary, hydraulic-head and hydrochemical data for these two wells can be explained by the

occurrence of localized recharge (that is, younger, more recently recharged water at the top of the flow

system). However, these observations are not incompatible with potential ;ierched water occurrence.

Hydraulic properties
Knowledge of hydraulic properties is critical to understanding the hydrogeology of Yucca Moun-

tain and is required for numerical models (Luckey and others, 1996, p. 32). Hydraulic properties for
each of the hydrogeologic units were obtained from available data sources listed in table 3. These
sources include: (l) previously published hydraulic analyses for wells at Yucca Mountain conducted dur-\_/
ing the 1980’s; (2) published hydraulic properties for hydrogeologic units obtained beyond the immedi-
-ate Yucca Mountain area; and (3) recent (1995-97) hydraulic analysis of wells USW WT-10, UE-25
WTi#12, and USW SD-7 (O'Brien, 1997). UE-25 c#l, UE-25 c#2, and UE-25 c#3 (Geldon, 1996; A.M.J.
Umari, U.S. Geological Survey. written commun., 1997), and USW G-2 (G.M. O'Brien, US Geological
Survey, written commun., 1997). Table 3 lists the hydrogeologic units, and high and low values of
hydraulic conductivity, permeability, and porosity. High and low values are either the literal reported
value, or when sufficient data were not available for a particular unit, the 83.5 (high value) and 16.5 (low

value) percentiles of the probability distribution of similar rock types (Bedinger and others, 1989, p.

A18). Data from all sources are incorporated into table 3, however, analyses for individual wells or



nvdrogeoiogic units may noi be histed 1n the tabis.

Aquifer tests

Several aquifer tests were conducted in Yucca Mountain boreholes during 1995 and
1996. Single borehole, composite interval tests resulted in transmissivity estimnates in bore-
holes USW WT#10, UE-25 WT#12, and USW G-2. The middle volcanic aquifer was the bri-
mary hydrogeologic unit tested in boreholes USW WT#10 and- UE-25 WT#12. Transmissivity
in these boreholes ranged from 7 to 1,800 m?/day (O’Brien, 1997). The upper volcanic confin-
ing unit was tested in USW G-2 and the mean transmissivity was 9.4 m?/day (Grady O’Brien,
U.S; Geological Survey, written commun., 1997). Transmissivity was reported for these bore-
holes because composite intervals were tested and the thickness of water-producing intc@s
was unknown. Hydraulic-conductivity estimates obtained from these transmis#ivity estimates
would probably undcrcstimat; the actual hydraulic conductivity because the entire interval
thickness does not contribute water to the borehole. Hydraulic properties obtained from sin-
gle-borehole aquifer tests generally rcprcsém fiow conditions within tens of meters of the bore-
hole. Given the large degree of heterogeneity in the Yucca Mountain area, individual
single-borehole aquifer-test results are not directly apprc;priate for the scale rcpresemcﬂ by the
site model (kilometers). |

Preliminary aquifer tests were conducted at the C-hole complex during 1984. Horizontal
hydraulic conductivity was about 0.15 m/d in the upper volcanic confining unit and ranged
from 3 to 30 m/d within the middie volcanic aquifer (Gcldbn. 1996). Cross;holc aquifer tests
dunng 1995-96 in the c-well complex also resulted in transmissivity and hydraulic-conductiv-
ity estimates. During these tests borehole UE-25 c#3 was pumped and boreholes UE-25 c#l.

UE-25 c#2. UE-25 ONC-1, USW H+4, and UE-25 WT#3 were used as observation wells. The
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lower Bullfrog Tuff 1s the most transmissive interval within the middle volcanic aquiter and hvarauiic
conductivity ranges from approximately 1x107 to 7x10~ meters per second in the observauon borehois
(Geldon and others, 1997). Thisv range is at the high end of values found in table 3.

Hydraulic properties obtained from the cross-borchole aquifer tests at the C-hole complex repre-
sent flow properties between the tested boreholes. The area affected by the C-hole hydraulic tests is
about 21 km? and extends as far north as Yucca Wash. As such, these tests likely are more appropriate
for the scale of the site model than those obtained from single-hole tests. There is evidence that this area
has extensive fractures that enhance the transmissive properties of the aquii:;:r system. Northerly and
northwesterly trending high-angle faults such as the Paintbrush Canyon, Midway Valley, and Bow Ridge
Faults have brecciated, offset, and tilted the wiffaceous rocks in the vicinity of the C-hole complex (Day
and others, in press). Extensive tectonic and cooling fractures have been identified in the C-hole com-
plex boreholes (Geldon, 1996). Furthermore, preferential flow paths are possible based on the response
of water levels in observation wells during the pumping of well UE-25 C#3. However, because of con-
current rather than sequential scheduling of the C-hole hydraulic tests with respect to the development ofV/

the flow model in this report, results from the large-scale C-hole testing were unavailable but are

expected to be incorporated into future revisions to the model.

Ranges of hydraulic properties

A feature of table 3 is the wide range of values available for hydraulic conductivity and permeabil-
ity for several hydrogeologic units such as the upper volcanic aquifer (range of about 10% m?) and the
upper volcanic confining unit (range of about 10’ m?) among others. These large ranges reflect the scale
of the test performed such as permeability determination done on core (which would tend to produce
small values), as opposed to a long-term aquifer test using multiple wells (which would tend to produce

large values and likely be more suitable for use in a model). Hydraulic-conductivity values listed in table—
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Table 3: Hydrologic properties of hydrogeologic units
{High and low values taken from 16.5 (low) and 83.5 (high) percentiles of probability distribution. References denoted by superscripts: a) Anderson,1994; b) Bedinger and vtheis,
1989; ¢) Blankennagel and Weir, 1973; d) Craig and Robison, 1984; e) Czamnecki, 1990; f) Flint and Flint, 1990; g) Geldon, 1993; h) Lahoud and others, 1984; i) Lobmeyuer, 1986,
j) Rush, 1984; k) Thordarson, 1983; 1) Whitfield and others, 1985; m) Winograd and Thordarson, 1975; n) Luckey and others, 1996; o) Geldon and others, 1997. 1) Hydraulic prop
crtics compiled from laboratory and hydraulic testing data. 2) Anderson, 1981; Craig and Reed, 1991; Garber and Thordarson, 1962; Moore and Garber, 1962; Robison and Ciaiy.
1991; Thordarson and others, 1985; Waddell and others, 1984; and Weeks and Wilson, 1984 were used to in the compilation of the table, but are not cited because valucs from these
reports [all within the high and low values for respective units. 3) Permeability value obtained by converting reported hydraulic conductivity value il no explicit permeability vilue

was available. 4) Only one value available.]

Hydraufic Conductivity Permesh ey Permeability (I;:'r';::v
1lydrogeologic “:;:::' Vm (meters/second) (meters?) Speci‘:'ei: ':n‘ (S)lmu-
Unit
Nomber Neme High Low Tigh Low (meters’) High Low
Valley-6ill aquifer 19 ol 6010 » o.2xi10” = | 6ox10'2 ™3 | g™ 88x10™ 7" n !
Valley-till confining unit 18 tpla 3900 ¢© 1x107 M 1 oaonpi2 e3 | ) aqpt? b3 30x10°* 6 © » "
Liwa-flow aquifes 16 b 1.2x10™ ® sexio! b | g3 I Lixiottsd 4.5x10M T 01 "
Uppee solcanic aquifer 18 wa 3200 * | 96x16” M | 1sxig? 1 | ooxio™ * 160101 544 * P
Upper volcanic confining unit ) aveu 46x10 ™ 29m10" T [ 3ox10™ 0 [ 3omi0f ¢ 1.0x10°"% 503 ¢ T
Middle volcanic aquifer 1 mva 704 ¢ 96x10" % | 4sxioc™ * | o00xi0™ @ 1610 236 * TR
Midklle volcanic confining unit 12 mvcu 110" [ eaxtol 3 | 2600 ¢ | ooxio™ ® 1.9x10°1% 74 | e
Lower voleanic aquifer " Iva no dota avaitable | no deta availsble| no data avaitable | no data available soxi0"? 84 'Y
Lower volcanic confining unit 10 veu 1.7x10 &4 17x00™ 44 ] 4ox00' 8 83x108 * 1.0x10°1% 17 ¢ P
Unditferentiated valley il 9 ke 33x10™ % | 350 P | asae!S M § oasgie® M 29x001 " T
Limestone aquifer 17 tlim . no data available |no dasta mﬁilable no data available | no data available $.ox10H4 no data available ot sl bk
Granitic confining unit 2 gran 46x10% | 235000 * | 46107 B | 230003 352101 7 ® " Toom
Upper carbonate aquifer 8 uca 46x10" * [ s8x10™ ¢ | 46xiof2 B3 | saxjofe s 6.7x10 " 6" | o<?®
Upper clatic confining unit ) ecu 10 dnta availsble | no data avaitsble | no data availsble | no data avaitable | §.8x10°° 51 ¢ | Ton v
Lower carbonate aquifer 357 ka 26x107 ™ saa106® * | saxio?™ 8 | paxto™ s 44x10"? TR
Lower clastic confining unit 4 qcu 4621075 23167 B | $8x10" 8 | 3907 8 20:101° 7" | oo v




3 tend to reflect results from hydraulic testing 1n wells. wnereas. the permeability values tend to refiec:
results from laboratory tests on core. except those that were converted from hydraulic cbnducuvuy val-‘ .
ues.

The large ranges of hydraulic conductivity values likely reflect the presence or abscncé of perme-
able fractures, particularly for the carbonate and volcanic aquifers. Hydraulic conductivity values are
affected by depth and by the degree and type of faulting. Intergranular flow is not significant in carbon-
ate rocks; the large transmissivity is primarily due to fractures and solution channels (Winograd and
Thordarson, 1975). Hydraulic tests of carbonate-rock aquifers throughout"castcm and southern Nevada
indicate that faults can increase their transmissivity by factors of 25 times or more (Dettinger, 1989).

Welded ash-flow tuifs, representative of the volcanic aquifers, characteristically have an interstitial
porosity of about 5 percent or less (Bedinger and others, 1989); thus, the commonly moderate to large
hydraulic conductivity of welded ash-flow tuffs is largely a function of secondary openings along joints,
bedding planes, and partings within the flows. Where these welded tuffs are not fractured or jointed, the
tend to form confining beds; thus, welded tuffs can only transmit significant quantities of water where —
they are fractured or faulted.

In contrast, non-welded ash-flow tuffs may have a large interstitial porosity, but low hydraulic con-
ductivity, and function as confining beds. Fractures and joints are virtually absent in non-welded
ash-flow tuffs (I.J. Winograd, U.S. Geological Survey, written commun., 1971). Hence, the non-welded
tuffs generally act as confining units.

Currently. the hydrogeologic units are not separated as to their presence or absence of permeable
fractures or faults. In general, the aquifers are composed of welded tuffs that, because of fracturing, have

a higher permeability. Hydraulic tests of faults within the saturated zone are not available; therefore,

data are not available on hydraulic properties of faults within the saturated zone. Small permeability



ues are behieved 1o be associated with the Solitario Canvon Fault. because of the apparent 30-m:
difference in potentiometric levels on either side of the fault.

In the regional flow model, D’Agnese and others (in press) do incorporate some struc-
tures explicitly. In the regional model (D’ Agnese and others, in press), northeast-southwest.
trending regional structures are identified as zones of large permeability and northwest-south-
cast trending regional structures are identified as zones of small permeability. Because of the
large-scale of the regional model, hydraulic properties of such features used in that model may
not be appropriate at the scale of the site model. The area undcrlyiné Fortymile Wash was also
identified as a zone of large permeability in the regional model. Because the site model does
not explicitly consider many structural features, the hydravlic conductivity ranges for these
hydrogeologic units are much larger than those defined for the regional fiow model (D'Agnese
and others, in press, table 16.‘).

Specification of permeability. rather than hydraulic conductivity, is required in the
FEHMN application. Therefore, to fill in data gaps, several valucs_of permeability were calcu-
lated in table 3 by converting reporied values of hydraulic conductivity to permeability by mul-
tiplying by 107, Porosity values (table 3) are not used in the current model because only fiow

simulations are considered, which are invariant to specified values of porosity.

‘Recharge

Recharge to the mode! area is assumed to be from the following sources: (1) downward
and possible lateral recharge from episodic fiooding of Fortymile Wash; (2) throughfiow from
Pahute and Rainier Mesas, which is hypothesized 10 result in recharge along the northern bor-
der of the study area; (3) throughfiow from the northwestern part of the Amargosa Desert; (4)

minor recharge from cpisodfc flooding of the Amargosa River channel; and (5) net infiltration
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from precipitation events. Fortvmile Wasn 1s a majo- southwara-draining ephemeral channel locatec
adjacent 1o Yucca Mountain (fig. 5) and it 1s thought to contribute intermmittent recnarge 10 the saturated
zone. Water levels in UE-29 a#1 and UE-29 a#2 are affected periodically by streamfiow events 1n For-
tymile Wash and Pah Canyon Wash. In various numerical ground-water flow models (Czamecki and
Waddell, 1984: Rice, 1984; Czamnecki, 1985; Sinton, 1987), recharge had to be specified in Fortymile
Wash to replicate potentiometric levels. Czarnecki and Waddell (1984) simulated a flux in Fortymile
Wash of 22,140 m*/d or 256 kg/s. B#cd on geomorphic/distributed-parameter simulations, Osterkamp
and others (1994) estimated recharge along the entire 95-km length of Fon&fnile Wash to be about
4.22x10° m3/year or 134 kg/s. Based on field studies of stream loss (C.S. Savard, U.S. Geological Sur-
vey, written commun., 1997), the total recharge in Fortymile Wash is estimated as 0.86 kg/s. Savard
acknowledges that this estimate would represent 2 minimum value based on the inability to account for
all reaches of Fortymile Wash, which may have received unobserved runoff and recharge, coupled with
the minimum period of streamflow observations.

Throughflow from the northwestern pan of the Amargosa Desert and Pahute and Rainier Mesas is
difficult to quantify. As a result, these fluxes are caiculated in the model. Estimates for these fluxes
could be obtained from the regional flow model (D° Agnese and others, in press). The regional model
employs the concept that some of the recharge waters from Pahute and Rainier Mesas likely flow to
Yucca Mountain. In contrast, Czarnecki and others (1990) developed alternative conceptual models of
flow toward Yucca Mountain that include the possibility of either: (1) a ground-water divide between the
Crater Flat/Yucca Mountain area and Beatty Wash: or (2) a westward extension of an inferred hydrogeo-
logic barner (which may cause the LHG north of Yucca Mountain) into northern Crater Flat. Bﬁth Ppossi-
bilities would result in diversion of more of the water from Pahute Mesa into the Oasis Valley subbasin,

although the second case would permit some flow into Crater Flat. Because of differences in the distri-
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bution of h_vdrogeologic:'m;ns between the site and regionai models. simulated fluxes 1rom tne
regional model are not speciﬁcd.d'irectl_v into the sitz model. but are used as a “reasonableness
check” on fluxes calculated by the site model.

The Amargosa River is an intermittent stream in the southwestern portion of the model
area, where channelized fiow ceases to exist. Streamfiow in the Amargosa Farms area is. gener-
" ally very limited (Osterkamp and others, 1994). Based on channel'-morphology mcasurcmcms.
the composite average recharge is estimated to be 0.2x10° m3lyear or 6 kg/s along the 15.9-km
length Amargosa River from Ashtbn to Big Dune, an area proximaté .to the mode] area
(Osterkamp and others, 1994). Hence, n:chargc is assumed to be negligible along the few kilo-
- meters of the Amargosa River in the southwestern portion of the model.

A detailed description of net infiltration to the water table in the vicinity of Yucca Moun-
tain has been developed (A. L. Flint, U.S. Geological Survey, written communication, 1997)
that shows recharge increases on thc northern end of Yucca Mountain (relative to the central
and southern ehd) and below som:. of the majar surface water drainéges. Flint showed that for
an average precipitation year (appro;imatcly 170 mm of precipitation), recharge at Yucca
Mountain ranges from zero, for a soil thif:kness of 6 meters or more, to over 80 mm/yr for a
thin soil on north-facing slopes and at high elevations that overlies highly-pcnncéble bedrock.
Recharge (net infiltration) averages 445 mm/yr. but on a year-to-year basis, ranges from zero in
dr;y years to over 20 mm/yr when avc@gc precipitation exceeds 300 mm (A. L Flint, U.S. Geo-
logical Survey, written éommunication. 1997). Direct mapping of these infiltration flux values
onto the top nodes of 2 finite-clement mesh in an areally weighted fashion has been used for
mapping precipitation values onto an unsaturated-zone model of the site (A. Wolfsberg, Los

Alamos National Laboratory. written commun.. 1996).



In summary. recharge from episodic flooding of Fortymiie Wash and throughfiow from Panute an.
Rainier Mesas is thought to be the dominant source of recharge 10 the model area. In the model area. ep:
sodic flooding of the Amargosa River channel is thought to result in negligible recharge. Recharge from

net infiltration, although relatively small, may play an important part in the distribution of heads at Yucca

Mountain. This was not incorporated into this version of the model.

Discharge
No natural discharge occurs within the model domain. The nearest natural discharge areas con-

nected to the saturated-zone flow system beneath Yucca Mountain are Franklin Lake playa (also known
as Alkali Flat) and possibly the major springs at Fufnace Creek Ranch and the valley floor of Death Val-
ley. Although most models of the region (D’ Agnese and others, in press, Rice (1984), Czamecki and
Waddell (1984)) require a ground-water flow path from Yucca Mountain td Death Valley, Czamnecki and
Wilson (1991) postulate that a ground-water flow path from Yucca Mountain to Death Valley (by way of
the Amargosa Desert and the Funeral Mountains) was unsubstantiated (but not inconsistent with) with —
available data. They suggest that ground water from Yucca Mountain ultimately discharges at Franklin

Lake playa through evapotranspiration (Czamecki. 1990).
| Discharge through ground-water wilhdr;:wals occurs within the model domain in the Amargosa
Desen for agricultural and domestic use. This discharge, which was estimated in the USGS regional
flow model at about 6,300 m>/d (Patrick Tucci. U.S. Geological Survey, written commun., 1997), occurs
mostly in the southwestern corner of the model domain. This discharge may be responsible for the

southwestwardly oriented gradient which appears to have persisted since the 1950’s (Kilroy, 1991, p.

12).



Hydrochemistry

The chemical characteristics of ground water in the Yucca Mountain area are a function
of recharge water chemistry and the materials with which the water interacts along the fiow
path (Luckey and others, 1996, p.44). As such, the chemical characteristics of ground water
can be used to trace ground water movement and help interpret possible conceptual models of
groul;d-watcr fiow. Major—ion. data for Yucca Mountain may be sﬁbjcct to qucsﬁon because of
the presence of tracer chemicals that were added to drilling fivids in water samples, which indi-
cate incdmplctc removal of dril!iixg fluid prior to sample collection m many of the wells

(Luckey and others, 1996, p.44). Despite this possible contamination somne conclusions can be

* drawn regarding ground-water movement based on hydrochemica! data.

Ground water at Yucca Mountain has a Na-K-HCOj signature that refiects contact prima-
rily with volcanic rocks (Chapman and Lylcs. 1993). Hydrochemical data (Benson and McK-
inley,1985; Matuska, 1989) indicate that the calcium/sodium ratio in &c water increased by an
order of magnitude from west. to cast at Yucca Mountain, the lowest values being west of and
near Solitario Canyon Fault. This increase may indicate that water to the west has been in con-
tact with the rock for a longer time. Further, carbon-14 (4C) apparent ages from Benson and
McKinley (1985) indicate the oldest water occurs beneath the crest of Yucca Mountain and the
youngest water occurs beneath Fortymile Wash. These young waters may indicate recharge
along Fortymile Wash. In addition. the lower salinity of downgradient wells in Fortymile Wash
may also refiect the diluting effect of infiltrating recharge along the length of the wash (Chap-
man and Lyles, 1993). These observations support the concepts that (1) the Solitario Canyon
fault acts as a barrier to east-west ground-water flow, an observation that is consistent with the

moderate hydraulic gradient (fig. 5) (Ervin and others. 1994) which occurs there; and (2) that



recharge occurs along Fortvmile Wash.

The volcanic rocks at Yucca Mountain overlie the regional Paleozoic carbonate aquiter. The nter- W
action of ground water between the Paleozoic carbonate and the Tertiary rocks is poorly understood.
Using carbon isotope data, Stuckiess and others (1991) identified three sources for water mixing under
the mountain: (1) lateral flow from the volcanics to the north that had a long residence time in the volca-
nic rocks; (2) local recharge in areas such as Fortymile Wash; and (3) wau.:r that upwells from the car-
bonate aquifer into the volcanics south of the large gradient. The latter is based on a mixing line of 14¢c
versus CI” between water from J-13 and UE25 p#1. and cannot be substami-ated using 3¢ versus CI
(stable, conservative constituents) or any other relation.

Fridrich and others (1994) state that definitive evidence of interaction between the carbonate and
volcanic aquifers under Yucca Mountain is provided by ground-water isotopic data. They interpret the
generally southward increase in 313C values in the volcanics as indicating a southward-increasing contri-
bution of flow from the carbonate aquifer into the volcanics. In addition, Fridrich and others (1994) pro-
posed that the pattern of 8!3C within the volcanic units is the result of upwelling ground water along —
faults, derived from the undcrl).ring Paleozoic carbonate aquifer. Although this interpretation appears to
be supported by the heat flux pattemn (Fridrich and others, 1994), upwelling along faults is still controver-
sial because of the ambiguity in the chemical data.

Only one borehole at Yucca Mountain, UE-25 p#1, penetrates the Paleozoic rocks. The hydro-
chemical characteristics of UE-25 p#1 refiect the carbonate aquifer and are significantly different from
the other boreholes at Yucca Mountain that penetrate only the Tertiary volcanic rocks (Chapman and
Lyles, 1993). The relatively high chloride and sodium concentrations at UE-25 p#1 has been interpreted

as a contribution of volcanic water to the carbonate aquifer in the Fortymile Wash area (Chapman and

Lyles. 1993). Although this interpretation is consistent with recharge in Fortymile Wash, it is inconsis- ,
~—



tent with the observed 20-m higher hvaraulic heag within the Paieozoic carbonate rocks tappec
bv UE-25 p#1, which would indicate the potential for upward flow into the Teruary rocks. Fur-
thermore, recharge within Fortymile Wash at the latitude of UE-25 p#1 is estimated to be minor
(C.S. Savard, U.S. Geological Survey, written commun., 1997).

Geldon (1993, p. 75) hypothesized that water from the C-hole complex likely originates
from upward fiow transmitted frpm underlying Pa.l_cozoic rocks along 2 loﬁz angle fault at the
base of the Tertiary rocks whi;:h was observed in borehole UE-25 p#1. UE-25 p#1 is about 600
m east of the C-holes and has a 50-m thick interval of tuffaceous an& sedimentary rocks above
the fault which is postulated to provide upward fiow from the carbohatc rocks. Anincrease in
hydraulic head with increasing depth is also observed within Tertiary rocks at Yucca Mountain
(see section on “Vertical Hydraulic Head™, this report). In spite of the observed increase in
hydraulic head with inmaéing depth, no systematic change in hydrochemistry with depth
within any individual borehole completed in the Tertiary volcanic rocks at Yucca Mountain has
indicated a trend toward or evidence of volcanic 1o carbonate-type water.

Therefore, based on the hydrochemical data, this report assumes that the contribution of
ground-water by upward flow from the Paleozoic rocks is negligible within the study area.
Furthermore, the conceptual model includes lateral flow from the wff aquifer to the north, sug-
gested by the chemical data reported by Stuckless and others (1991) and previous numerical
flow models. does occur. In addition. the conceptual mode!l includes Solitario Canyon fault as
a barrier to east-west ground-water fiow and recharge along Fortymile Wash.

Luckey and others ( 1'996. p. 44) state that hydrochcfnical and isotopic data, where ade-
quate data are available, can provide information for checking results from numerical flow

models. Numerical models can be used to identify potential fiow paths through and between
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the volcanic and carbonate flow systems. Hvdrochermucal data can then be used to suppori or relute tne
potential fiow paths by analyzing the evoluuon of the water along the potenual flow pati. These checks
~—r

were not done; however, these types of flow path analyses could be performed to check the numencal

model.

Temperature

Temperature data are available for the saturated zone from temperature logs obtained in 30 wells in
the vicinity of Yucca Mountain (Sass and others, 1988). These data are su&ma.rized in table 4. For the
“WT-series” wells, which are completed only a short distance into the saturated zone, bottom-hole tem-
perature data are not included in table 4. Average temperature at the water table is 30.8°C; however,
water-table temperatures range from 18.2°C in well UE-29 a#2 (depth to water about 29 m) to 38.8°C in
well USW WT-10 (depth to water about 347 m). Temperature profiles within the saturated zone are
available for 16 wells (table 4). Bottom-hole (deepest depth logged) temperatures range from 18.8°C ir
well UE-29 a#2 (logged maximum depth about 170 m) to 63°C in well USW G-1 (logged maximum
depth about 1,800 m). Average water temperatures for the saturated interval logged in each of the 16
wells is about 37.3°C, and average saturated-zone temperatures range from 18.5°C in well UE-29 a#2 to
46.2°C in well USW G-1. Borehole temperature gradients within the saturated zone are very irregular
(Sass and others, 1988, p. 2) due to water cmcﬁng or leaving the boreholes through discrete fractures or

fracture zones.
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Table 4 -- Summary of saturated-zone temperature data available for wells near Yucca Mountain .
[m = meters; "C = degrees Celsius; n/a = not available; superscripts denote the following: 1, depth to water table is 1985-95 avciage
(from Graves and others, 1997) or from temperature log (from Sass and others, 1988); 2, From temperature log (Sass and others, 1988);
3, Bottom of volcanic rocks penctrated in well UE-25 p#1. Average temperature in carbonate interval below the volcanic section is about

C

55.5°C)
Hydraulic Head llm::: thotent | WaterTabte | Bottomort Bottom-Hole | Avernge Saturated.7.
Well Number | * THme of Tem- llmne ofr:e;;m- Temp:;atm:’ ol:c:n:;gged n:n:e':—':m::’ vm%:&;?::::n. o
perature Log ture fog" (°C) (m) C) °C)
(m) ~ (m) ,
UE-25 n¥) 729 470 n.s 750 350 132
UE-25 b4 ™ a10 120 1,220 420 o
UE-29 an2 HRe 29 8.2 170 18.8 TR
USWG.1 % 575 295 1,800 610 62
USW G2 1029- 525 295 1,350 §7.0 a2
USW G-3 M 750 325 1,370 435 T
USW G4 79 540 305 920 350 2
USW H-1 731 572 230 1,200 530 |
USW H-3 kT 752 340 1,200 420 B0
USW H-4 70 518 310 1,200 40.5 8
USW H-5 776 703 35.0 1,200 425 3.5
USW H-6 776 526 540 1,200 54.0 aan
313 728 283 31.0 1,040 8.0 us
UE-25pfl 714 400 345 1,244 51.0° 458
USW VH-1 780 184 . 210 762 415 .2
814 160 26.5 1,200 545 ns

USW VH-2




Table 4 -- Summary of saturated-zone temperature data available for wells near Yucca Mountain (Continued).

[in = meters; "C = degrecs Celsius; n/a = not available; superscripls denote the following: 1, depth to water table is 1985-95 average

(from Graves and others, 1997) or from temperature log (from Sass and others, 1988); 2, From temperature log (Sass and others, 1988);
3, Bottom of volcanic rocks penetrated in well UE-25 pi# . Average temperature in carbonale interval below the volcanic section is about

55.5 °'C}

USW WT-§ 730 ) 30.6 wa wa ' wa

USW WT-2 - 1 570 3.6 wa wa wa
UE-25 WT#3 730 300 330 wa wa wa

UE-25 WT#H4 Ty 438 314 wa | wa wa
UE-25 WTH6 1035 280 216 wa wa wa

USW WT.7 776 a2 138 wa wa wa
USW WT-10 %6 347 T wa wa wa
USW WT- 11 Ty 363 354 wa w/a wa
UE-25 WTNI2 0 343 no wWa n/a wa
UE-25 WT#13 730 303 28.6 na wla wa
UE-25 WTH14 730 346 299 wa wa wa
UE-25 WTHIS 729 354 215 . wa wa wa
UE-25 WT#16 739 an 323 wa wa wa
UE-25 WT#17 730 394 311 wa wa wa




The approximate average ground-water temperature bénéat'n Yucca Mountain may be
44°C (B.W. Amold, Sandia National Laboratory, written commun.. 1997). However. tempera-
tures at the southem end of the model domain are about 20°C at a depth below land surface of
about 80 m, which is the top of the saturated zone (John SasS. U.S. Geological Survey, wrjttcn
commun., 1991). An average temperature for the entire saturated zone contairicd within the
site model has not bee.n calculated. Simuiations w‘cfe done at uniform system temperatures of

-20°C and 44°C to assess the effect on ground-water flux (see section-entitled “Simulated
Fluxes™ later in this report).

The different specifications of average ground-water temperature have an appreciable
effect on viscosity (1.002 centipoise for fresh water at 20°C; 0.6067 centipoise for fresfl water
at 44°C). The effect on hydraulic conductivity would be an overall increase of about 65 per-
cent for this temperature change. chcc, the ground-water temperature may have an apprecia-
ble effect on the flow s;ystcm. In addition. the ground-water temperature may be indicative of
ground-water fiow patterns. |

Another feature in the temperature data is the occurrence of a large area of anomalously
low heat flow under centra! Yucca Mountain (Sass and others, 1988, fig. 7). Fridrich and others
(1994) state that this anomaly is most clearly defined in the un.saturatcd zone, because of the
large number of drill holcs. They also suggest that the heat fiow is very low in the saturated
zone. Sass and others (1988) conclude that at least 80 percent of the heat-fiow anomaly is
attribuiablc to the saturated zone. Fridrich and others (1994) feel that because the data indicate
that the zone of dccrcas.cd heat fiow extends to at least 2 km in depth, the regional carbonate
aquifer must be involved. Fridrich and others (1994, pp. 154-155) suggest two related interpre-

tations to explain the heat fiow anomaly. First. part of the anomaly results from the cool under-
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fiow 1n the aeep carbonate aquifer. Second. because tne northerr. ::mut of the neat-fiow anomaix

corresponds to the locauon of the LHG. it may indicate the northern limut of the carbonate aguifer. Y
Fridrich and others (1994, pp. 155-157) describe another feature of interest: the occurrence of lin-

ear zones of elevated temperature at the water table south of the LHG. The thermal highs correspond

with major north-trending fault zones. They suggest that these hydrostructural units form the pathways

(volcanic rocks in the fault zones are significantly more pgrmcablc than unfaulied rock) for upwcllipg

water from the carbonate aquifer under Yucca Mountain. They further note that the thermal highs could

also be explained by unsaturated-zone processes or upward gradients in the volcanic rocks, or both.

HYDROGEOLOGIC FRAMEWORK MODEL

To characterize the complex 3D, heterogeneous, porous, and fractured media beneath Yucca Moun-
tain, a detailed 3D hydrogeologic framework model (HFM) was developed. The framework model was
developed so that it could be converted into a tetrahedral mesh, using GEOMESH (Gable and others,
1996), for use in the FEHMN ground-water flow modeling code. As a result, the framework model has -
many simplifications that may limit its use for other applications. |

The HFM used in this model (sampled at 1.500 m) is only suitable for initial calibration of a pre-
liminary flow model using a very coarse resolution. For example, the upper volcanic confining unit is
much more extensive in the coarse HFM than in reality. Because of the coarse grid increment (1,500 m),
offsets across faults are much less abrupt than in reality. Hence, this coarse HFM should only be used to
depict the extent or the boundaries of the hydrogeologic units in a very general sense. However, the
underlying HFM can be constructed at a much greater resolution to give a more accurate depiction of the
hydrogeologic units.

Initially, the HFM was developed for the area bounded by latitude 35°N and 38°N and longitude



115°W and 118°W. that énéompasscs the Deatr: Vallev regional ground-water fiow svstem.
This regional HFM represents approximately 100.000 km- and extcﬁds from land suriace to
depths of lQ km, incorporating ten hvdrogeologic units. Additional subdivision of hydrogeo-
logic units was done of: an area bounded by latitude 36°N and 37°15'N and longitude 116°W
and 117°W resulting in the identification of 18 hydrogeologic units (fig. 32). A subarea of this
refined HFM used in the site model is 1,350 km? and extends from 533.340 meters to 563,340
meters (30 km west to east) and 4,046,782 meters to 4,091,782 meters (45 km south to north),
UTM Zone 11 (fig. 3b). The subarea grid was chosen to be coincident with the Death Valley
regional fiow model (D’ Agnese and others, in press).

The area of the site-scale flow model is larger than that of the three-dimensional site geo-
logic framework model (Claytion and others, 1997) which was developed to support the Yucca
Mountain site unsaturated zone mode}. but extends into the saturated zone as well. Due to sim-
plifications necessary for conceptualization and modeling of the flow system, the geologic
units are Jumped into hydrogeologic units. The geologic units used in the site geologic frame-
work model can be correlated with the hydrogeologic units used in the HFM The data sets for
the site gcplogic framework mode] were received on April 28, 1997, too late to be incorporated
into the hydrogeologic framework model used for this version of the fiow model. These data
sets have been incorporated subsequently into a higher resolution hydrogeologic framework
mo&cl which has been sampled over a 250-m by 250-m grid. |

Development of an HFM begins with t.hé assembly of primary data: geologic maps and
cross sections, lithologic logs. and topography (digital clevation model (DEM)). Each of these
primary data can be manipulated by standard Geographic Information Systems (GIS); however

the merging of these diverse data types to form a single coherent 3D digital model requires



more specialized geologic modclmg software.

Construction of a 3D framework model involves seven steps: (1) geologic units are ciass:™=2 nto
hydrogeologic units based on their hydraulic properties and Jateral extent; (2) DEM data are comoined ~
with hydrogeologic maps to provide a series of points in 3D space locating outcrops of individual hydro-
geologic units; (3) cross sections and lithologic logs are used to locate hydrogeologic units in the subsur-
face: (4) maps and cross sections are used to locate faults; (5) structure contour maps for each
hydrogeologic unit are developed by imcrpolating both surface and subsurface positions with gridding
software which incorporates unit offsets across faults; (6) an HFM is develéi)cd when the structure con-
tour maps for the individual hydrogeologic units are combined, utilizing appropriate stratigraphic princi-
ples to control their sequence, thickness. and lateral extent; and (7) the potentiometric surface is used to

clip the framework model. The first step is discussed in the Conceptual Model Section, while the last 6

steps are discussed in the following sections.

Surtace Information

A surface hydrogeology map (fig. 3) provided the‘ *“ground truth” for other model-building data and
was the foundation upon which the rest of the HFM was constructed. To define the 3D extent of units
exposed on the ground surface, the hydrogeologic map (fig. 32) and the digital elevation model (DEM)
were integrated. The digital elevation data is from 1:250,000 scale maps with a grid spacing of approxi-
mately 90 m (U.S. Geological Survey. 1987). The DEM defined an array of points in which each point
was located by its x,y and altitude (z) coordinates. Points falling within each outcrop area were tagged

with the corresponding hydrogeologic unit code.
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Subsurface information

The cross sections (fig. 2) .uscd to construct the HFM were all at a scale of 1:100.000 or
larger. The detailed stratigraphy was simplified into the appropriate hydrogeologic unit (table
1). The simplified cross sections were then digitized, merged, scaled, warped to fit their digi-
tized traces, and accurately placed in 3D space. A data-base was populated with the different
hydrogeologic units. This data base was then linked to the scctioﬂs by pointing to each hydro-
geologic unit top and keying in the appropriate hydrogeologic unit. .

Records for wells in the area contain litholbgic data that w:re.;xscd to help correlate
between the cross sections. The lithologic units shown in the well records were rcclassiﬁ?d
into the appropriate hydrogeologic units. In order to be consistent with the other altitude data
being used, the altitﬁdc‘of the top of each hydrogeologic unit was determined by subtracting its

depth from the DEM at the well Jocation.

Represenfation of Faults

Information on faults include: (a) fault trace maps that show where faults intersect land
surface; and (b) faults shown on cross sections. All of the faults with surface traces (1:100,000
scale), regardless of length. are included (fig. 3b) in the HFM. The fault traces were compared
with the faults shown on the cross sections. Some fault traces were e;ctcndcd horizontally to
cdnnéct the cross section faults. Some of the faults shown on the cross sections were provided -
with an interpreted fault trace when they were not represented by existing mapped surface
traces. ,

Faults in the model area can dip at almost any angle, but most are high angle faults.

Given software constraints and the fiow model resolution, the faulting in the area is greatly



simplified. The maior simpiincauon s that neariv all faults are wreated as veruical features. Where 1t was
thought to be hydrologically important. thrust faults were represented by repeating hvdrogeologic units.

\/
Because of the relatively large grid spacing (1,500 m), these simplifications are assumed to have minimal

effect on flow model results; however, no sensitivity analyses regarding these simplifications were per-

formed.

Structure Contour Maps

To construct the 3D HFM, the different hydrogeologic unit tops must'l;c interpolated and extrapo-
lated from available land-surface and throughout the subsurface between the cross sections and wells.
The emphasis in this step was to create structure contour maps in a consistent manner by interpolating
and extrapolating from available data points. These data points included: (1) topographic elevations
derived from DEM data within the outcrop areas of each hydrogeologic unit; (2) separate files defining
the tops of each hydrogeologic unit supplied from the cross sections; (3) elevations of hydrogeologic uni’
tops from well logs, and 4) geophysical evidence of unit tops from published sources. Distribution of
geologic, geophysical; and well-data locations are shown on figure 2. The structure contour maps were

‘created by interpolating between data points. A grid increment of 1,500 m coincident with the regional
ground-water flow model of D’ Agnese and others (in press) was used; this resulted in grids with 21 col-
umn$ and 31 rows. This coarse grid increment greatly simplifies the available data. -

A hybrid gridding technique was used to construct a continuous grid or surface for each unit utiliz-
ing a set of points in x,y.z space. Using a fault-handling package built into the gridding software, the
fault traces were used during the gridding procedure so that the elevation of a unit was not transiated
across a fault. Hence, the resulting structure contour maps contain a series of undulating surfaces, bro-

ken by faults.



Thrust faults occur 1n the mode] area. but are difficult to represent because geoiogic.
structural, or stratigraphic surfaces stored as grids. cannot have multiple z values. Simplifying
techniques. were used to handle this limitation. Where units were repeated by thrust faults. two
different grids were created for th; same hydrogeologic unit. Repeating hydrogeologic struc-
tural unit altitude values were treated as defining unique additional hydrogeologic unit(s).

The quality of individual structure contour maps depends on the density of the data points
used to define them. Some of these surfaces. such as the upper volcanic aquifer, were relatively
well defined by more than one data set (derived from surface inform.ation. lithologic logs, and
cross sections). Others, especially the units that outcrop less frequently, were less well defined
and were extrapolated from sparser data and published geophysical interpretations. A relative
rating of data availability for each of the hydrogeologic units appears in table 1; the rating does
" not imply accuracy regarding the extent and location of each unit. Although the rating is sub-
jective, it is partially bas;d on thc number of data points used to define each hydrogeologic

unit.

Assembling the Framework Model

The 3D HFM was constructed using the set of interpolated structure contour maps of
individual hydrogeologic units. These structure contour maps were stacked in stratigraphic
order to build the 3D HFM. Landmark's Stratamodel SGM '(Stratigraphic Geocellular Model-
ing) is a geologic modeling software product that uses “geologic rules” to help define the geo-
graphic extent and intersection of surfaces. The SGM software was developed for modeling
sedimentary basin environments. It allows for the specification of sedimentary depositional

units. as well as the truncation of umits and faulting.



SGM has not becn assigned to handie the ume straugrapruc empiacement of intrusions. To include
intrusions. they must be insened 1nto the SGM model out of their corr=ct straugraphic order. Therstore.
the youngest intrusion is the first surface included in the SGM model.’ ~

The following sequence was used to build the 3D HFM:

1) The base of the HFM was set to an independent surface located at the boundary between the sec-
ond and third layer of Death Valley regional ground-water flow model (b'Agncsc and others, in press).
Hence, the hydrogeologic units and structures occurring above the third layer of the Death Valley
regional ground-water flow model are modeled. |

2) The granitic intrusions were input as the first geologic unit.

3) The lower clastic confining unit was input. Where the granites extend through this grid, the unit
was truncated (or “clipped™).

4) The remaining units (lower carbonate aquifer, upper clastic confining unit, upper carbonate aqui-
fer, lower valley-fill confining unit, volcanic aquifers and confining units, basalt flows, and limestone
aquifer) were deposited in sequential order onto the lower clastic confining unit and intrusions.

5) The valley-fill aquifer and confining units were deposited in the valleys.

6) Finally, the top of the HFM was clipped by one of the potentiometric surfaces considered for the
flow model.

The HFM has volumetric units defined by the structure contour maps of individual hydrogeologic
units (such as the upper volcanic aquifer). The hydrogeologic units are numbered consecutively in strati-
graphic order from bottom to top (table 1) beginning with sequence number 2 (the SGM requires the
specification of an arbitrary base unit, or sequence number 1, which is not used in the actual model).

Although the cells have uniform horizontal dimensions throughout the HFM, the geoscientist controls

the number of cell layers. In many locations these hydrogeologic units have large thickness. To



improve the vertical resolution. the units were subdivided inte “lavers”. each with a maximun:
thickness of 125 m to minimize gridding and computational probiems.

The SGM software allows each cell to refiect multiple attributes. The software automati-
cally assigns some attributes to each cell, including row number, column number, sequence
number, layer number, apd clevation. The cells were further attributed to refiect the hydrogeo-
!ogic units. For ground-water ﬁqw modeling. the HFM can be used to aséign appropriate
hydraulic property values. Thc available hydranlic property data which were used to assign
hydraulic properties to each cell are summarized lafer in this report.'.

The geology and structure represented in the HFM is shown in a fence diagram through
the site model (fig. 4). Surficial views in the region surrounding the area of the site model and
within the site mode] area that were constructed using higher resolution surface data are shown
in figures 3a and 3b, respectively.

The resulting HFM omits many small and even intermediate-scale features within the
subsurface. It does, however, represent the large-scale features as accurately as possible given |
the grid resolution. and, therefore provides substantial constraints for model development. For
the initial simulation of grﬁund-watcr fiow, this resolution is probably adequate. For future
flow and transport, the eficct of the small-scale variations will need to be considcre'd. For
example, the HFM with 250-m grid spacing much more accuraiely représcms the offsets across

faults and a change in the geometry of the units which corresponds with the LHG.

Incorporation of Potentiometric Surface
Gridded values from the potentiometric surface were used in the construction of the

hydrogeologic framework model (HFM). The potcmi'omctric surface was used to clip the top
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of the HFM. The HFM was then translated 1nto a fimite-eiement mesh through the use of automatec gric-

ding software (discussed later in this report).

MODELING APPROACH

To model the saturated-zone flow system at the site scale at Yucca Mountain several simulation
capabilities were considered important, including the ability to: (1) simulate 3D transient ground-water
flow and heat transport, including 3D representation of spatially variable permeability, porosity, and ther-
mal conductivity: (2) allow specification of constant pressure, constant hydraulic head, constant fluid
and heat flux boundary conditions; (3) represent discontinuous, irregularly shaped 3D ﬁydrogcologic
units; (4) p?rmit specification of dual permeability and porosity representing both fracture and matrix
flow: (5) represent hydraulic-head and temperature observation points where they occur in 3D space;
(6) calibrate the model with respect to observations of hydraulic head and temperature through the use of
automated parameter estimation techniques: and (7) directly interface the resulting flow model with
radionuclide transport models used in Pcrformanéc Assessment of the Yucca Mountain site. This list
includes features of the model not used in the present report, but ixﬁﬁonam for anticipated modeling
efforts. The FEHMN simulation code was selected because it possessed these capabilities when coupled
with the mesh generation software, GEOMESH (described later in this report), and with the model-inde-
pendent parameter estimation software, PEST (also described later in this report). The following section

discusses the theory for many aspects of FEHMN.

Description of FEHMN Computer Code
The FEHMN (Finite Element Heat Mass Nuclear) computer code is capable of simulating flow an”

transport through both the unsaturated and sawrated zones. FEHMN is a nonisothermal, multiphase flow -~



and transport code. 1t can simulate the fiow of water and air. and the wransport of heat and con-
taminants, 1n 2- and 3D saturated or partially saturated., heterogeneous porous media. The code
includes comprehensive reactive geochemistry and transport modules and a particle tracking
capability: Fractured media can be simulated using an equivalent continuum, discrete fracture,
dual. porosity or dual permeability approach. The basic conservation equations, constitutive
relations and numerical methods are described in Zyvolbski (1983), Zyvoloski (1986). Zyv¢

loski and Dash (1990), Reeves (1994), and Zyvoloski and others (1995).

Conservation Equations

FEHMN solves three conscrﬁ!ion cquations: conservation of total fiuid mass (air and
water), conservation of air, and conservation of solute (contaminant). The mass of the solute is
assumed to be small enough not to affect the total fiuid mass balance. When energy transport
~ mechanisms are considered, such as evaporative processes, conservation of energy is also con-
sidered.

Detailed derivations of the governing equations for two-phase fiow including heat trans-
fer have been presented by several investigators (Mercer and Faust, 1975; Brownell and others,
1975). Therefore, only a brief development will be presented here.

Conservation of total fiuid mass (air and water) is expressed by the equation

A,
w5 Vit =0 (M

where the mass per unit volume, A, . is given by
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\\/
= 2
A, =85S p.+5p) (2)

and the mass flux, £, . is given by

Tm =PV PP - )

where
¢ is the porosity of the matrix;
S,. S, is the saturation for vapor and liquid phases, respectively;
P, P, is the density for vapor and liquid phases, respectively;
v.. v, is the velocity for vapor and liquid phases, respectively; and

4. is a source and sink term (such as flow from or to wellbores).

Note that the liquid phase includes liquid water and air dissolved in liquid water, and the vapor phase
includes both air and water vapor. Also, the subscript m denotes mass, as opposed to the subscript e,

which denotes energy.

Conservation of energy is expressed by the equation



aA‘ 4
- - = i
raRiie Pl ) ’

where the energy per unit volume, 4,, is given by
A, = (1-0)pu, +0(S,pou, + 5Py )
where u, = c,T, and the energy flux f,. is given by
f, = p,.h,.v,..-e- Py~ KVT (6)

where:
, u,.u; is the internal energy of the rock matrix, vapor and liquid phases, respectively;
P, P, P, is the density for the rock matrix, vapor and liquid phéscs. respectively;
¢, is specific heat at constant pressure;
h.h is the specific enthalpy for vapor and liquid phases, respectively;
K is the effective thermal conductivity of the saturated rock matrix;
T is temperature; and

g, is energy contributed from sources and sinks.

It is assumed that Darcy’s Law applies to the movement of each phase. The equations are:
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and

k k
K,

vy

where
k, is the saturated permeability;
k,. k,, is the relative permeability for vapor and liquid phases, respectively;
1, 1, is the viscosity for vapor and liquid phases respectively;
P, P_ is the phase pressure for vapor and liquid phases, respectively; and

g 1s the acceleration due to gravity.

The phase pressures are related by P, = P,+ P, . where P_,, represents capillary pressure. For

simplicity, the equations are shown for an isotropic medium, although this restriction does not exist in the

FEHMN computer code. Using Darcy's Law the basic conservation of mass and energy equations can be

rewntien as
' 3 9A,,
= v.(Dan VP\) = VD(D"IVP,) +q.t ;':g(Dnvpv + Dmlpl) + _5’_ =0 (9)
and
) 94,
-Ve(D, VP )-Ve(D,VP)-Ve(KVT)+q,+ b—_—g(D"p‘, +D,p)+ 5 = 0 (10)



where : 15 oriented in the direction of gravity. The coefficients in equations 9 and 10 are defined

as

and

kk, p.

Dmr = _'—":_

k.k,p

D = Faddid]
mi B,

Dﬂ- = thmv

The conservation of mass equation for air is

where the source or sink strength, g, . and accumulation term, A, . are defined as

- V““.-D,,,‘.V”\- )=Ve(n,D_ VP)-Ve(D, V1, )+q, +

9
E‘;“"vompv + "'I,Dmlpl) +

qn =n4.+ nIQI

€S

(11a)

(11b)

(12a)

(12b)

(13)

(14)



and

Ap = 0(M,S.p, +MSp)) (15)

Here 7 is the ratio of the mass of air to the total fluid mass (water and air). D,,, the diffusivity of
water vapor in air, is given by a function of tortuosity, porosity, vapor phase saturation, vapor phase den-

sity, temperature and pressure. All other terms have been defined previously.

The FEHMN code has the capability of handling solute transport. The conservation of solute equa-
tion is not directly coupled to the flow (pressure) ficld, and is, therefore, density independent. The source

- or sink strength, g,..and accumulation term. A, . are defined for the solute conservation equation as

9 = Clql*c‘q’ (163)
A = CS.p . +CSpp (16b)
The conservation equation for a given solute is given by
-Ve(C,D_ VP )-Ve(C;D VP)-9e(D_VC )-Vo(D_ VC)+
3 ac, dA_ a7
9t B_::(CVDM\'P" * C’Dmlp’) * p’T * or =0



Here C is the concentration of the solute (cbntarmnant . Ve(D_,VC;; and
Vo(D“'VCv) are the dispersion terms and p,dC,/dr is the adsorption term. C, represents the
adsorption of a solute onto the porous media. FEHMN supports several adsorption models.
including a simple linear model: C, = K,C, where K, is the distribution coefficient. gq_ is

the source or sink term. All other terms have been defined previously.

- Constitutive Relations

FEHMN requires information about air and water properties (including density, viscos-
ity, enthalpy, and their derivatives) as functions of temperature (T)‘and pressure (P). Rational
function approximations are used to estimate these variables in FEHMN, where the rational
functions are 2 ratio of polynomials. For water, polynomial coefficients were obtained by fit-
ting data from the National Bureau of Standards/Nuclear Re_gulatory Commission Steam

Tables (Harr and others, 1984). The density of air is assumed to obey the ideal gas law.

FEHMN also has the capability of simulating fiow in partially saturated conditions.
FEHMN also requir;:s information about the relation between values of relative permeability,
cipillary pressures and air-water saturations. Several well known functions (for example,
Brooks-Corey; van Genuchten) are available to the user. Only the van Genuchten functions
(van Genuchten, 1980) are described here. The van Genuchten relative permeability function

is described by the following formulae:

€7



10-.10-8" (18

where

S=573, 19
]

m=1~-- (20)
n -

and n is an experimentally fitted parameter: S is saturation; S, is residual liquid saturation; and S,

is the maximum liquid saturation.

The van Genuchten function for capillary pressure is described by the following equation

il el @

and
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Zale]

f=Poipg e

where a is an experimentally fitted parameter.

Numerical Methods

FEHMN uses a ﬁnitc-_elcmcndﬁniic-volumc method to discretize the conservation .
equations to be solved. Newton-Raphson iteration is applied to the fql)y coupléd system of
equations. This system of equaziohs is solved with multi-dcéme of freedom preconditioned

conjugate gradient methods, using generalized minimum residual (GMRES) acceleration tech-

niques (Zyvoloski, 1986).
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Features Used in Current Mode!

For the current model. the following FEHMN macros were invoked:

FEHMN Macro Used Description
sol defines solver. in this case water and saturation
head allows specificanon of pressure in terms of hydraulic head
cond specifies thermal conductivity
node specifies output request for hydraulic head, flux, and saturation for specific nodes
pest specifies output 1n 2 form that can be read conveniently by PEST
specifics air/water solution; as used, full degree of freedom (fully rwo-phase
air solution) is specified along with reference temperature for propertics and refer-
ence pressure for properties
perm specifies permeability values of different hydrogeologic units and zones

used 1o specify nodes contained in individual zones or geometries of prisms
zone which contain nodes: nodes identified within zone lists or zone geometries are
: then used 1n perm. rock. flow, and node macros

flow used 1o specify constant hydraulic head conditions and specified flux

iter specifies steration parameters which are needed for the nonlinear equation solver

ctrl specifies simulation control variables (for example, minimum and maximum
tme sieps)

rock specihes rock density. specific heat, and porosity

ume specifies imitial bme step, final ume step. maximum number of time steps, and
starung date

cont specifies file output for graphical postprocessing

stop ends hist of input commands

All of the above macros were tested and verified in the process of assigning the version number of
the software (accession no. MOL..19970610.0204). Validation and verification of the FEHMN code was
done according to the plan of Dash and others (1995). If changes are made to the code, verification test-

ing 1s done, such that the code remains qualified.



N .

Parameter Estimation

The parameter estimation component of the model was achieved through the use of the

model independent parameter estimation software, PEST (Watermark Computing. 1994).

'PEST uses nonlinear least-squares regression to estimate parameters. The benefits of using

nonlinear regression include: (1) expedited determination of best-fit parameter values; (2)
quantification of the quaiity of lhc calibration; (3) estimates of the confidence limits on param-
eter estimates; and (4) idcmiﬁé:ation of the correlation among parameters (Poeter and Hill,
1997, p. 250).

PEST was selected because of the ability to cduple it with FEHMN without signiﬁc;mtly
changing the FEHMN software. PEST is designed to be used with virtually any model, pro-
vided that one can identify: a) mode! input files; b) model output files; c) commands that

invoke the model; d) observation data; and ¢) mddcl parameters. Each of the required input

~ and output files need to be in ASCII format.

' PEST was used to run FEHMN -and to vary user-specified model parameters prior to each
run such that the weighted sum of the difierences between observed and simulated values of

pressure, hydraulic head, or temperature is minimized using nonlinear regression. The optimi-

zaiion is accomplished using the Gauss-Marquardi-Levenberg method. The strength of this -

method lies in the fact that it can generally estimate parameters using fewer model runs than
any other estimation method, a definite advantage for large models whose run times may be

considerable (Watermark Computing, 1994, p. 1-4). |
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SATURATED-ZONE FLOW-MODEL CONSTRUCTION

3D Finite-Element Mesh | ~

Afier constructing the 3D hydrogeologic framework model (HFM). an automated finite-element
mesh-generation computer program, GEOMESH (Gable and others, 1995), is used to construct a compu-
tational grid of tetrahedral elements in three dimensions. The HFM is converted automatically for direct
input into GEOMESH. There are three basic criteria to ensure grid integrity and quality in translaﬁng
from an HFM to a finite-clement grid. First, the final grid must preserve the geometry of the HFM input.
All material interfaces, layer truncations, external boundaries and model geometry mus_t be preserved.
Second, grid quality is ensured by always produci.ng a Delaunay grid (Gable and others, 1995). In two
dimensions, a Delaunay triangulation of a point set produces a grid where the circumscribed circle of
every triangle will not have any points in its interior. This has desirable qualities when implementing
finite-clement equation solvers. The third criterion is that the grid is designed such that the geometric
coupling coefficients of the finite-element mesh are all positive and form ﬁ semi-positive coefficient ~—
matrix (Trease and Dean, 1990). The second anci third critena involve creating a grid with advantageous
numerical properties.

GEOMESH can be used to construct structured or unstructured grids. A structured grid consists of
regularly shaped elements, such as rectangular pnsms, in which changes in horizontal elevations along
the tops of geologic units are approximated by placement of these elements in a stair-step fashion. An
unstructured gnid consis;s of tetrahedral elements that can more closely represent irregular geometries
associated with geolog:c units with varying thickness and areal extent.

In the generation of a computational gnd from an HFM, care must be taken near pinchouts or other
regions where extremely thin cells can occur. The HFM consists of an ordered array of hexahedral (8

node. 6 face) elements. whose array of IxJxK elements has (I+1)x(J+1)x(K+1) nodes. However, a largé\/
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number of these elements fnay have to be eliminated. The reason for this is that if a hvdrogeo-
logic layer pinches out to zero thickness., the HFM does not eliminate the layer frém the data
structure, it simply céminucs the layer with zero thickness. This can produce zero-volume ele-
ments that must be removed. Also, because the HFM representation must have a rectangular
shape in map view, irregular areas are modeled by assigning null values to cells outside the area
of interest. These null elements also must be eliminated. When this process is finished, the
model is an unstructured, hexahedral, finite-element representation of the hydrogeologic
model. |

Hexahedral elements are then convenied to tetrahedral elements. Each ﬁcxahcdra can be
broken into five, six or twenty-four tetrahedra, the later being used for this model. Dclauxiay
criteria are enforced without allowing any connections to cross material interfaces by adding
nodes on interfaces when a connection crosses an interface, thereby increasing the number of
nodes and elements. The final step is to ensure that there are no ncéativc-coupling coefficients.
This is done by calculating the area vectors associated with all elements, and if any are nega-
tive, the element is divided until the coupling cocfﬁcicms are positive. This step also adds
nodes and elements to the mesh.

Finally, hydraulic-head observation nod;xl points are addcdio the mesh for spé-lially cor-
rect calibration points. Because the altitude at which the hydraulic head measurement applies
is unécnain. the nodal points are located at the midpoint of either the water column for uncased
borcholes or the midpoint of a screened or packed-off interval within the borehole. Figure 7
shows a sketch of these locations. Figure 8 shows the areal distribution of the nodes and the
hydrologic unit in which the node is located.

The resulting finite-element mesh appears in figure 9. Figure 10 shows north-to-south



and west-to-cast exploded views of the different 3D units as captured with the resulting 3D finite-ele-
ment mesh.

A comparison of the finite-element mesh and the hydrogeologic fra.mcwo‘rk mode] was made to
check for inconsistencies in representing material interfaces, layer truncations, external boundanes and
model geometry. The top of the model (coincident with the potentiometric surface), sides, and bottom
were represented correctly. Overall the geometries of the hydrogeologic units appeared to be adeguately
represented; however, some of the hydrogeologic unit geometries appeared to be inconsistent between

the HFM and the finite-element mesh. A summary of the comparison is presented in table 5.

74



-

Table 5.-Results of comparing hydrogeologic framework model unit geometries with 3D finite-clement tet-

rahedral mesh

Errors in Framework in Simulations 1-39

[HFM. hydrogeologic framework model; gran. Granitic Confining Unit; gcu. Lower Clastic Confining Unit: lca.
Lower Carbonate Aguifer; ecu, Upper Clastic Confining Unit; uca. Upper Carbonate Aquifer: icu. Lower Val-
ley-Fill Confining Unit; lvcu, Lower Volcanic Confining Unit: lva. Lower Volcanic Aquifer: mvcu, Middle Volca-
nic Confining Unit; mva, Middle Volcanic Aquifer; uvcu, Upper Volcanic Confining Unit: uva, Upper Volcanic
Aguifer; b, Lava-Flow Aquifer: tim, Limestone Aquifer: tpla, Valiey-Fill Confining Unit: qal. Valley-Fill Aquifer)

HFM Sequence Numbers
(from Table 1)

Comparison Result

2 Two model nodes lie outside the HFM sequence and appear to be part of the
(gran) model base southwest of the HFM unit extent.
3 Six mode) nodes lic outside the HFM sequence and appear 10 be parn of the
(Ica) model base. A
All the mode) nodes appear to conform to the HFM sequence. Parts of these
4,5.6 . L . o .
(qcu. lcz. ecu) units appear to be missing. For example, unit number 6 is missing where unit
qeu. le number 7 exists in error. '
7 All the model nodes lie outside the HFM sequence and appear to be part of
(lca) model unit number 6.
8 Six mode! nodes lic outside the HFM sequence and appear (o be part of the
(uca) model base.
9. 10 Al the mode] nodes appear 1o conform to the HFM
(lcu, Iveu) model nodes appe conform sequence.
1 Only two nodes exist in the model. One of these two lies outside the HFM
(va) sequence. The HFM sequence shows that more nodes are required to define the
geometry of this unit.
12 Three mode) nodes hie outside the HFM sequence and appear to be part of the
(mvcu) model base.
13 Onc model node lies outside the HFM sequence.
(mva)
14.15 Al the made) nod to conform to the HFM
(uves, uva) c m es appear to conform to sequence.
‘l:) One model node hies outside the HFM sequence
J Two model nodes hie outside the HFM sequence.
(thm)
"::a) Four model nodes ke outside the HFM sequence.
(;:l) All the mudel nodes appear to conform to the HFM sequence
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Tne nnite-eiement mesh on which the present caliprauen was done consiste. of 8.27% noces. From.

the comparison presented in table 5. 40 nodes were identified as being assigned to a hydrogeologic unii
~—r

incorrectly. To assess the error, the nodes were corrected to refiect the appropriate permeability values
and the model simulation performed again. In some instances, the nodes of the correct hydrogeologic
unit could not be identified. As a result, at least one of the hydrogeologic units is still under-represented.
The maximum difference in observation well heads in model simulation 40 made with the pania.lly cor-
rected and uncorrected finite-clement meshes, was three meters and the average difference was much less
than one meter. The mesh errors, therefore, probably did not substantially a'f.fect the calibration process,
which is documented in this report. The first 39 simulations listed in appendix C used the uncorrected
mesh; simulation 40 (the final simulation) used the corrected mesh. A 250-m sampled mesh is planned

with improved error checking, which will improve the quality of both the framework model and the

numerical grid based on the framework model.

Assumptions
In the model presented in this.report, the following assumptions are applicable:
1. The hydrogeologic framework is an appropriate description of the principal hydrogeologic units and

-faults.

X

Permeability is invariant within each hydrogeologic unit
3. Ground-water flow occurs in three dimensions and within the rock mass (which includes both rock

matrix and fractures).
4. Ground-water flow system is isothermal at 44°C (the effect of this assumption was tested by simulat-
ing system at 20°C).

5. Hydraulic heads of the potentiometric surface (fig. 5) along the north, south, east, and west edges 0,
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‘ the modeled area are an appropriate data set for specifving boundary conditions along the
sides of the model.

6. The system is at steady state so that ground-water fiow into and out of the fiow domain is
invariant with time.

7. Volumes associated with the finite-element mesh are sufficiently large so as to exceed the
representative elementary volume necessary to simulate fracture fiow as porous-media ‘
flow.

8. A no-flow boundary at the base of the model approximates hydfblogic conditions.

9. The large hydraulic gradient is part of the saturated zone and not an artifact of perched-
water occurrence.

10. Recharge is assumed to occur only at the top of the model along upper Fortymile Wash; all
other nodes on the top of the model are specified as a no-fiow bo.undary.

Assumptions 5 and 8 are not and have not been supported. Arcally-distributed recharge

 likely occurs in the vicinity of Yucca Mountain, in contrast to assumption 10. All three of these

assumptions represent an expedient means to assign boundary conditions, which may afiect

model calibration.

Description of numerical flow model

| Several difierent conceptual models were tested as part of the present work. Simulation
40 (Appendix C) is thought to be most probable and is the model primarily described in this
repori. Sixteen permeability zones are defined by the hydrogeologic units of the HFM. Two
additions were made to this framework: (1) inclusion of an east-west barrier representing a

possible buried fault of small permeability in the vicinity of the LHG; and (2) inclusion of 2



north-south barmer of small permeabiinty along the Soiitano Canyon rauit zone. Tne framework aad:-
tions and recharge parameters are summarized in the “Zonal Definiuons™ secuor.

Specified-head boundaries were used around the vertical sides of the model (see section entitied
“Specified-head boundary conditions™ later in this report). Specified-head boundaries are used around
the model sides to allow flow in or out of the model. Implicit within the specified head boundaries is the
conceptual model of recharge or throughfiow occurring in the north and discharge out the south of the
mode)] domain. No pumping wells, c\'rapouanspiration. or springs are included in the model. As a result,
the only discharge from the model is along the specified head boundaries. g

Observations in this application are hydraulic-head values. In the present study, estimated param-
eters are either permeability, specified flux values, or the length associated with a zone of low permeabil-
ity. The model was then calibrated to 94 hydraulic-head measurements. The only flux observations
available are from a regional flow model of the area (D' Agnese and others. in press). Flux along the
specified-head boundaries calculated by the site model is compared to the flux from the regional model.

Although the simulator (FEHMN) is required to be used in a transient mode, the simulations pre-
sented in this report assume a steady-state flow system. Steady-state conditions are achieved by uSing
large values of storage (porosity values of 0.3) coupled with a large simulation period (1 x 10'0 days).
Steady-state conditions are attained when the difference between the total mass flux into the system and
the total mass flux out of the system. divided by the total mass of the system. is small (1 x 10" was vsed).

In addition. a number of problems were identified during the calibration process (sece Appendix B).
The mesh problem (discussed in Appendix B) and problems with incorporation of the HFM into the flow
model have been corrected. Likewise, the recharge distribution at Fortymile Wash was corrected to be

only at the top most nodes.

S~
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Permeability

Values of permeability for the 16 hydrogeologic units used in the model that is thought to
represent the systcm'realistically (simulation 40) are listed in table 3. Permeability values used
in the mode are considered preliminary. All of these permeability values fall within the ranges
cited for either hydraulic conductivity or permeability in table 3. The spatial distribution of
permcability used in the model is shown through the use of block aﬁd fence diagrams in figures
1la and 11b. Only the nodes closest to Fortymile Wash and Solitario Canyon Fault are repre-
sented explicitly as fault or fmcuiré zones. In the numerical model, éolitario Canyon is a sepa-
rate permeability zone and forms a barrier to flow.

The permeability values used in the model are derived partly from & sequence of param-
eter-estimation simulations discussed in appendix B. Not all permeability values were esti-
mated as parameters, and those that were not estimated are listed in appendix D. Note that in
runs with parameter estimation. only 1 or 2 parameters typically were estimated.

Permeability specified for the ﬁﬁdd_lc volcanic aquifer (1.6 x 1014 m?) is about three
orders of magnitude less than values reporied by Geldon (1996, p. 70) for tests at the C-holes.
A possible explanation for this disércpancy is that the C-hole tests refiect hydraulic conditions
in locally faulted and intensely fractured rock. The possibility of such a condition was tested to
a limited extent by specifying a ventical zone. extending approximatcly 5 km southeast from
thé C-holes, with a larger pcrmcability of 1 x 10" m2. The small increase in the resultant sum
of squared residuals (23,262 m?) (‘wcr that of simulation 40 (23,163 m?) indicates that the
model was insensitive to such a zone and that such a zone might be possible. This zone would
be consistent with northwest-southeast oriented faults in the area. The small change could also

be an antifact of the density of observauon pbints near this zone of large permeability coupled



with tne small norizontai nvarauiic gradient. However. pecause of the non-unigue nature of the moac..
an overall iarge permeability (1 x 10°'! m*) for the enure ruddle volcanic aguifer aiso is possibie. bu:
~—
would require a considerably different combination of permeability values for the other hydrogeologic
units to achieve calibration. Investigating the possibility of a zone of large permeability would be more

appropriate using a more finely sampled hydrogeologic framework model and associated finite-element

mesh.

Model Zonal Definitions and Variable Values Used in F'ihal Simulation

In FEHMN, nodes are grouped into zones in which rock and hydranlic properties, and boundary
conditions may be specified. There are several zones used in the model that define nodes pertaining to
hydrogeologic units with specific permeability and porosity values. Zones 00002 through 00019 corre-
spond to material properties of the units which are listed in tables 1 and 3. These zones and the perme-
ability values used in the final model simulation are listed in table 6.

Additional zone lists were used to specify boundary conditions and special permeability zones
where abrupt changes in the potentiometric surface occur in the vicinity of Solitario Canyon fault zone

’ and the LHG. These zones and their associated values are listed in table 6.



Table 6.--Zone descriptions and values used in the final model simulation.

[Table lists values used in simulation 40, appendix C; permeability values in meters-; mass fiux values in kilo-
grams/second; model parameter abbreviations: gran, Granitic Confining Unit; qcu, Lower Clastic Confining
Unit; Ica, Lower Carbonate Aquifer; ecu. Upper Clastic Confining Unit: uca, Upper Carbonate Aquifer: lcu.
Undifferentiated Valley Fill; lveu, Lower Voleanic Confining Unit; lva, Lower Volcanic Aquifer; mvcu. Middle
Volcanic Confining Unit; mva, Middle Volcanic Aquifer; uvcu, Upper Volcanic Confining Unit: uva. Upper Vol-
canic Aquifer; b, Lava-Flow. Aquifer; thim, Limestone Aquifer; tpla, Valley-Fill Confining Unit: qal, Valley-Fill
Aquifer; lkns, zone of low permeability associated with Solitario Canyon Fault oriented north to south: lkew,
zone of low permeability oriented east 1o west located at approximate southern end of large hydraulic gradient)

e | e Description and Purpose Value Used in Mode!
00002 gran ﬁaﬁfﬁﬁ"ﬂﬁﬁé}f‘;’ 35x10°M
00005 lea do. 4.4x10°12
00004 qou do. 202105
00005 lea | do. | T gaxio®
00006 ecu do. ' 5.5x10°15
000 lea do. 4.4x10°12
00008 e | do. 6.7x10°5
0w e ~ do. 2.9x10°
00010 e do. 1.0x10°%6
oot ha do. 5.0x10°1
ooi2 ey éo. 1.9x107
000t me do. 1.6x10°4
oot teu . do. 1.0x10°1
oo i do. - 1.6x10°%
oooe b do. 4.5x10
oo tim | do. 1.0x10°1
O | ®R ' do. 3.0x1076
00 Gl do. 8.8x10°
00061 Tkew do. : 1.6x 10
00062 kns do. 11521013

81



Table 6.-Zone descriptions and values used in the final model simulauon.

| Table hists vaiues used in simuiation 40, appendix C: permeabiliy vaiues in meters-: mass flux vaiues 1n Kile-
grams/second; model parameter abbreviauons: gran. Gramuc Confining Unit: gcu. Lower Clasuc Connning
Unit; lca, Lower Carbonate Aquifer; ecu. Upper Clastic Confining Unit: uca. Upper Carbonate Aquifer: lcu. N
Undifferentiated Valley Fill: lveu, Lower Volcanic Confining Unit: Iva, Lower Volcanic Aquifer: mvcu, Middle
Volcanic Confining Unit: mva, Middle Volcanic Aquifer: uvcu. Upper Volcanic Confining Unit: uva. Upper Vol-
canic Aguifer; b, Lava-Flow Aquifer: tim. Limestone Aquifer; tpla, Valley-Fill Confining Unit: qal. Valley-Fill
Aquifer: lkns. zone of low permeability associated with Solitario Canyon Fault oriented north to south; lkew,
zone of low permeability oriented east to west located at approximate southern end of large hydraulic gradient]

Zone Parameter .. .
Number Name Description and Purpose Value Used in Model
00073 . All west nodes; used to specify fixed Hydraulic head distribution shown
: hydraulic head . on figure 13
00074 . All south nodes; used to specify. Hydraulic head distribution shown
fixed hydraulic head on figure 14
00075 _ All east nodes: used to specify fixed Hydraulic head distribution shown
hydraulic head on figure 15
00076 - All north nodes: used to specify Hydraulic head distribution shown
fixed hydraulic head on figure 16
Nodes along the 1op of Fortymile
00079 fm Wash used 10 specify mass flux as -0.22
recharge




Large Hydraulic Gradient Zone

To reproduce the LHG on the north end of Yucca Mountain. where the appércm
water-table altitude changes about 300 meters in a distance of less than 2 km. an additional
zone (zone 00061) was defined within the model as an east-west barrier to fiow. Large head
residuals had occurred at the wells defining the LHG prior to the definition of this zone. |

Because no independent geologic evidence for a structure exists, and because the length of -

such a structure is in question, the coordinate defining the eastern extent of this zone was

selected as a parameter and allowed to vary from the western limit (iig. 12) of zone 00061 to
the castern edge of the model during earlier scoping simulations. Model fit was best when zone
0006) extended to the eastern edge.

Zone 00061 extends from the top of the water table to the bottom of the model, and is one

node thick forming a 2D plane shown on figure 12. The present model zonation results in uni-

- form permeability éhangcs over the entirety of the upper volcanic aquifer, the upper volcanic

confining unit, and the middle volcanic aquifer wherever they occur within the model. Zone
0006! was estimated 1o have a permeability of 1.6 x 10°17 m2, This planar feature appears as a
blue east-west cutting plane in figure 112. This interpretation implies the presence of a buried
fault of low permeability, which is consistent with one of the hypotheses suggested by Fridrich
and others (1994) to explain the LHG. Specifying larger permeability values (1 x 10 w01 x
107" m?) 10 test the *drain® conceptual inodel of Fridrich and others (1994) resulted in a poor
match to observed hydraulic head.

An aliernate approach to representing the LHG would be to further subdivide the zones
defining the upper volcanic aquifer. the upper volcanic confining unit, and the middle volcanic

confining unit along the east-west occurrence of the LHG. This subdivision would then allow



reducuon of the permeability of these units where they occur to the north of the gradient. producing a
‘spillway’ model (Fridrich and others. 1994). Such a model, if successful in reprcsenung the LHG.

~—
would not require zone 00061 to produce a permeability contrast. Further refinement of the HFM may

also help to better represent the LHG. A 250-m resolution mesh better represents the fault and the hydro-

geologic unit distribution, coincident with the LHG as portrayed by Fridrich and others (1994).

Solitario Canyon Fault Zone

Based on hydrologic and hydrochemical data, the Solitario Canyon fault appears to act as at least a
partial barrier to ground-water flow. Currently, Solitario Canyon fault is not specifically identified in the
HFM. Therefore, zone 00062 (fig. 12) was included to better reproduce the approxirnately 50 meter
change in hydraulic head across the Solitario Canyon fault system. Like zone 00061, zone 00062
extends the full thickness of the model, is one node thick, and represents a vertical plane. Its exact corre-
lation with Solitario Canyon fault is 2pproximate owing to the coarseness of the grid. This zone was ,
introduced after initial attempts to simulate the 50-m change in head resulted in large hydraulic-head ~
residual values.

Zone 00062 was estimated to have a small permeability of 1.15 x 10 1> m2. This permeability
value is consistent with that expected for a barrier to ground-water flow, and is somewhat larger than the
value estimated for zone 00061-a relation which is also consistent with the different hydraulic gmdicﬁm

observed across these two zones. No hydraulic-test data exist to provide information about the perme-

ability of the Solitario Canyon fault zone.

Fortymile Wash Recharge Zone

Many lines of evidence indicate recharge occurs in upper Fortymile Wash. Zone 00079 was usec



to specify recharge in upper Fortvmile Wash. The }zonc consists of seven nodes located at the
top of the model (fig.12). Recharge is assigned as a uniform mass rate at each of these nodes.
and was defined as a parameter (fm). The estimated recharge was 0.22 kg/s applied over this
zone. Th; zone over which this recharge is specified is smaller than that used to obtain the 0.86
kg/s estimate, which was based on field studies of stream loss (C.S. Savard, U.S. Geologic’é.l

Survey, written commun., 1997).

Specified-Head Boundary Conditions

Because the site model has lateral boundaries through which signiﬁcant fiow occurs, it
was designed to be part of a larger integrated modcling effort in which fluxes would be derived
from the regional model of D' Agnese and others (in press). These fluxes could either be esti-
mated, assigned directly within the site model, or used as a comparison with those from the site
model. The latter approach was taken and is discussed in the section entitled “Simulated
Fluxes™ which appears later in this report.

Hydraulic-head data are considered to be more accurate than flux data within the site
model, and for that reason were chosen for specifying boundary conditions for the model
despite the influence that such a constant-head boundary is likely to have on a mode) being cal-
ibrated to hydraulic-head observations. Specified-head boundary conditions are -based on the
potentiometric surface that includes the LHG as represented in figure S. However, no mea-
sured vertical head distributions at the boundaries of the model exist. The regional model
(D’Agnese and others, in press) does provide coarse estimates of vertical hydraulic head, but
were not used in assigning the b&undarics at the site model. An appropriate set of hydrau-

lic-head values on the outside nodes of the model consistent with the potentiometric-surface



data was computed for use 1n specifving constant hvdraulic-head boundary conditions by using the
mode! as described in the following paraéraph.

The basic concept used in calculating the boundary hy&raulic-hcad values is that the sides of the ~
constructed model can be thought of as cross-sections through the ground-water system coﬁnectcd at the
comners. The hydraulic heads of the cross sections need to be consistent, in some manner, with the poten-
tometric surface they intersect. For the present version of the model, this consistency is attained as fol-
lows. Very small permeability values (1 x 10°2° m?) are specified within the model interior, and nodes on
the outside faces of the model are assigned large permeability values of 1 in0"4 m?. The nodes along
the top edges of the model were specified with the hydraulic-head values from the potentiometric surface
and the underlying side nodes allowed to equilibrate to achieve a vertical head distribution. Equilibrium
head distributions for the four vertical sides of the model are shown in figures 13 through 16. Although
there are no corroborative data, head distribution on the west (fig. 13) and east (fig. 15) are consistent
with recharge or throughflow from the north and potential for upward flow in the south. The northern
boundary (fig. 16) shows the potential for low away from a mound which is located under Fortymile ~
Wash and upward flow north of Crater Flat. The southern boundary (fig. 14) shows the potential for
upward flow toward the west, which is consistent with observed increasing head with depth.

Using these constant-head boundaries (fig. 13 to 16), simulations are performed by setting all node
permeability values according to the distributions of the various hydrogeologic units (removing the
1x10°%° milpcrmcabilily specification at nodes internal to the model). By using specified-head condi-
tions. flow into or out of the nodes on the outside faces can be calculated by the model.

The method of assigning hydraulic heads for the lateral constant-head boundaries described above

has the advantage of producing a continuous head distribution, but the distribution produced may not be

representative of the hydraulic-head values that actually occur along these cross-sections for the follow
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ing reasons: (1) the hydraulic-conductivity distribution along the sides is not homogeneous. as
implied by this method of generating head values: and (2) fiow through all four sides. and espe- -
cially the north and south sides, is significant but is implicitly assumed to be negligible in the
calculation of heads along the sides.

Alternate methods to estimate specified head could have been used. Specifying perme-
ability values along the vertical sides using values appropriate for individual hydrogeologic
units where they intersect the model boundaries would have addressed the first problem. How-
ever, the model failed to converge to a solution when this approach was tried. Incorporating
boundary fiuxes from the regional model into the analysis could address the second problem,
but this was not attempted in the present work. The original intent during the construction of
the site model was to assign fiuxes extracied from the regional model of ground-water fiow and
assign them uniformly along the outside nodes of the site model (figures 13 through 16). The
regional model fluxes for the site model boundaries are listed in table 7 (which appears later in '
this report). Specifying fluxes from the regional model directly onto the side nodes of the site
mode] was considered, but was recognized to be a complex task, and one likely to cause incon-
sistent hydraulic head distributions aajaccnt to zones of contrasting permeability between the
regional and site models, resulting from the difierent resolution of thc. two models.

Improving the representation of the lateral boundary conditions is considered to be of
primary concemn for future modeling efforts. Altemnate ways to specify boundary conditions
within the site mode] exist. These include but are not limited to: (1) specifying constant heads
only along the top edge of the model (this was not done because no flow would be allowed at
the remaining nodes along the sides): (2) specifying fiux explicitly (this was not done because

of the difficulties in redistributing fiux from the regional mode] onto the sides of the site



model): or (3) projecung hydrostatic head irom the top edge down the outside faces of the model (tn..
was not selected because it forces flow to be honzontal). —
As noted previously, one concern with specifying hydraulic heads on all model sides, while cali-
brating using hydraulic heads within the model, is that the specified heads are likely to dominate the sim-
ulated heads at the observation locations. The severity of this problem was tested in independent
numerical experiments using a model developed by Sandia National LaBoratory of a subdomain that
included Yucca Mountain. The results indicated that specified pressure (constant head) boundary condi-
tions could be applied while still observing changes in model simulated préssurcs as a result of changes
in model permeability values (B.W. Amold, Sandia National Laboratory, written communication, 1997).
Because the site model covers a substantially larger area than that of the Sandia model, application of
specified head boundary conditions was considered to be less of 2 constraint. However, the use of any

specified-head boundary condition will have some constraint on model calibration. As a result, the

fluxes in and out of the model will have to be checked against any available data.

Model calibration procedure

Model calibration was attempted using nonlinear least-squares regression to estimate parameter
values. Permeability values were modified to achieve a close match to 94 measured hydraulic heads, all
of which were equally weighted. Fluxes at the specified-head nodes for the outside nodes were summed
for each side of the model for’comparison against regional model values. It may be advantageous to
compare flows for smaller parts of each side, but this was not done in the present work.

Several simulations using a pressure-based configuration instead of hydraulic heads, provided

experience regarding which parameters tended to be highly correlated, a condition which indicates that W



the available data are not sufficient 1o estimafe all parameters individually. Hydrogeologic
units with similar permeabilities were combined or “lumped™ as parameters to gain some
insight about the hydrologic importance of arcas of large and small permeability. For example,
the permeability parameter of the middle volcanic aquifer (mva) was observed to be comléted
to the upper volcanic aquifer (uva). Experience has shown that spatially connected hydrogeo-
logic units with similar permeability which are oriented approximately parallel to the direction
of ground-water fiow tend to be highly correlated, preventing independent estimates of their
associated permeability values. An initial strategy focused on optimi’zing permeability in those
units that Appcared to have sufficient information provided by hydraulic-head observation
points (see “Simulated Hydraulic Head™). In addition, a determination of which potentia)
model parameters were highly correlated was done using PEST by assigning as many model
variables of permeability and flux as possible so that correlation among parameters could be
evaluated. From these correlations. parameters either could be lumped with other correlated
parameters, or set so that parameter estimation could be achieved.

Forty PEST parameter estimation runs were done for various combinations of fixed and
estimated mcwm (appendix C). Fixed parameter values are not modified during a run;

estimated parameter values are adjusted using nonlinear regression. In most of the runs, one or

two parameter values are estimated: at most. 5 are estimated. Because so few parameters are

cstifnated without a thorough evaluation showing that the other parameters are unimportant, the
regression runs presented here need to be considered as very preliminary. The results of the

PEST simulation§ include 95% confidence intervals for the adjustable parameters, which may
or may not be meaningful, depending on many factors in the model construction and parameter

estimation processes. A large range in the 95% confidence interval generally indicates that the



data contain little information about the parameter. In many instances. mmmmum values of 95% conr:-

dence intervals were estimated as negative values (appendix C). Use of a log transformauon of such & —
parameter typically would result in a mumimum value with a large negative exponent (or essenually a
minimum value of zero), indicating that insufficient information was available to provide a good esumate

of the parameter.

Appendix C lists values for the adjustable parameters for each simulation, and the resulting esti-
mates and objective function, phi (sx.xm of squared residuals for hydraulic head). Appendix D lists
parameters that were fixed at specific vaiues for all or most of the simulation runs. Rationale for fixing
these parameters at specified values include: (a) the parameter was found to be highly correlated to other
pafameters in the model; (b) few or no hydraulic-head observation data exist for the unit to permit opti-
mization of its permeability; (c) the spatial location of the unit placed it out of the main flow within the
system: (d) the volume or areal extent of the unit was very small (particularly true for granitic confining
unit and lower volcanic confining unit); or (e) the regression would not converge if many parameter va!
ues were estimated simultancously. In general. as modeling progresses and closer hydraulic head ~
matches are achieved, phi should decrease. An overall decrease in phi occurred through the first 30 sim-

ulations and for the 40th simulation. Table 8 (listed in Appendix B) lists the most substantial changes in

the objective function resulting from adjustments in paniicular model parameters.

MODEL EVALUATION

Simulated Hydraulic Head
Figure 8 shows the areal distribution of hydraulic-head observation nodes and the associated

hydrogeologic unit in which each node 1s located. The observation nodes were positioned within the
s



finite-element mesh at an ahitude corresponding to either the midpoint of the water column in
the well or, if data were availabic, the midpoint of the packed off interval (fig. 7). The best rep-
resented hydrogeologic unit in the model is the valley-fill aguifer (unit 19) with 40 wells, the
majority of these wells occur in the southwest comer of the model domain. The next best rep-
resentations are for the upper volcanic aquifer (unit 15), with 20 wells, the upper volcanic con-
fining unit (unit 14), with 12 welis. and the midd_lc volcanic aquifcr (unit 13), with 9 wclls: .

Simulated hydraulic head for simulation 40 (fig: 17) within the fiow domain is consistent
with the expected distribution of hydraulic head (fig. 5). In figure 17’.'thc LHG is evident at the
sharply contrasting east-west oriented green color band. Figure 17 also shows the distribution
of hydrax;lic-hcad residuals at the observation wells, which show overall agreement between
simulated and observed hydraulic head. - Tabulated residual values for each observation point
are listed in Appendix D. Negative residuals indicate that the simulated hydraulic head was too
high; positive values indicate the converse. Forty five percent of the residuals lie between -5
and +5 m. The range in observed hydraulic head over the model area is about 500 m.

The largest residuals occur at observation points § (UE-25 WT#16; residual of -95.0 m),
80 (USW H-1, tube 1; m;idual of +62.7 m), gnd 2 (GEXA Well 4; residual of -36.6 m). The
sum of squared residuals for these three points is 14,295 m2, which represents greater than half
of the total sum of squared residuals of 23 163 m? for all 94 observations.

Hydraulic head at observation point § (UE-25 WT#16) was simulated too high as a result
of the placement of zone 00061 (zone of small permeability) at a position south of UE-25
WT#16 in the model, causing water levels to rise north of it. The coarse mesh in this area of
the model restricted the choices for the placement of the barrier. Future simulations using a

refined mesh will help in positioning and representing the LHG. Nonetheless, the LHG was
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mostiy reproducible with reasonable values of permeability for the barner and adjacent units. The bar-
rier provides a feasible conceptual model to explain the LHG. which indicates that the calibration effort

~—r
does not contradict its existence.

The simulated hydraulic head at observation 80, which represents the deepest observation point in
USW H-1, was lower than the observed values, probably because of the no-flow boundary specified at
the bottom of the model. The no-flow boundary also may cause the Jower simulated heads at observation
points 94 (USW p#1; residual of +29.9 m), 85 (USW H-S. lower tube; residual of +25.4), and 93 (USW
H-3, lower tube; residual of +11.6 m). A more appropriate boundary condiaon might have been to spec-
ify incoming mass flux or an elevated hydraulic head at the bottom of the model, or to couple the bottom
of the model with the sides when establishing the constant head boundaries. These will be considered in
future simulations.

Large discrepancies between observed and simulated vertical gradients occur in USW H-1, USW
H-3, USW H-4, USW-H-5, UE25 b#1, and USW p#1. Simulated flow is either largely horizontal or
downward at Yucca Mountain, in contrast to the conceptual model, which indicates the potential for
upward flow. These discrepancies may have important ramifications should the model be used for trans-
- pont simulations, and indicates the need for additional model calibration.

Observed head values indicate a horizontal hydraulic gradient of about 0.07 exists between GEXA
Well 3 (located just west of the wcétcm model boundary with a hydraulic head of 1,192 r.n) and GEXA
Well 4 (just inside that boundary with a hydraulic head of 1,010 m). The large residual at observation 2
(GEXA Well 4) is a result of a specified-head boundary condition defined by interpolating between these
two hydraulic-head values, coupled with the occurrence of a large hydraulic gradient across the model
boundary. It is possible that the water level in GEXA Well 3 is perched, but supporting data is lacking.

If so. the gradient would be smaller. making it easier to match observation 2. Figure 13 illustrates the
—



complex fiow condition that results at this location.

Additional discrepancies between specified head and simulated head occur along the
southern boundary of the model. Variations in the vertical head distributions at the southern
boundary (fig. 14) show considerable differences from the head values along the top. These
discrepancies may result from positioning the observation node at the midpoint of the water
column within the well and using an observed hydraulic head equé.l to that at the potentiometric
surface.

In general, the model fits the observations well in small gradier:t areas, but fits less well in
larger gradient areas. A plot of simulated against measured hydraulic head is shown in figure
18. which shows a high correlation coefficient (R2 = 0.979) between the simulated and
observed values. The high correlation is largely caused by the spread of the data. If all but data
points greater that 1,000 m are considered. the resulting correlation coefficient is reduced sig-
nificantly (R% = 0.853). A histogram of the distribution of hydraulic-head residuals is shown in
figure 19. The largest classes of residuals occur between the range of -5 to +5 m. Residuals are
well distributed about zero. The sum of squared residuals for the mode] is 23,163 m? resulting
in a standard error of 15.7 m for the 94 observations, which when divided by the range in mea-

sured head values (500 m) is 3x10™=.

Simulated Fluxes

Currently, the best independent estimates of flux into and out of the domain of the site
model come from the regional model (D*Agnese and others, in press). A comparison of fiuxes
from the site mode! from simulation 40 and those associated with the regional model is given in

table 7. The site-model boundanes were selected to be coincident with the finite-difference



gnd cell boundaries in the regional ground-water fiow moael (D’ Agnese and others. in press). Fluxes
normal to the site-model boundaries on the sides of regional-model layers 1 and 2 and the bottom ¢ W,
regional model layer 2 were based on the fluxes calculated in the regional model (Patrick Tucci, U.S.
Geological Survey, written commun., 1997). Beéausc the specified system temperature affects the over-
all flux through the system, specified flux at Fortymile Wash (fig. 12) was estimated using PEST for each
of the site mcdél runs in table 7.

Values of the total mass fluxes on the eastern half of the northern boundary and northern third of
eastern boundary are listed in table 7. A comparison of these fluxes shows that most of the incoming
flux from the northern boundary ends up leaving the model through the northern tlnrd of the castern
boundary. This is illustrated through a planar projection of normalized 3b vectors of ground-water mass
flux (fig. 20), whose tails lie on a horizontal plane cutting approximately midway through the model.
This flux pattern occurs, in part, because of the specification of the zone of small permeability (zone
00061) which diverts water to the east. It also occurs as an énifact of the specified head boundary cond’
tions. There is no evidence to support either the magnitude or pattern of sué:h flow. Because most of this\/
water leaves the model north of Yucca Mountain, flux vectors near Yucca Mountain are of substantially
smaller magnitude. This helps explain the large discrepancy between the flux values from regional and
site models at these boundaries. This condition likely would be corrected by specifying flux dcrived

from the regional model at the northern boundary explicitly, rather than specifying head.
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Table 7..-Comparison of ground.water fluxes derived from the regional and site low models

* |negntive vatues indicate injection into the rock mass; ®, areal recharge, some of which occurs in upper Fortymile Wash. Values of flux do not account for
the spatial distribution of flux either into or out of a specific side of the model, but rather the net sum of all the fluxes for a side. Superscript designation:

1, results from magnitude of mass balance errors heing comparable to Mux magnitde; 2, difference based on remaining flux from western half of north.
ern boundary; 3, difference hased on remaining flux from southern two-thirds of eastern boundary.

Flux Tota! From Site Model

(kg/s)
Net Flux from Regional . Percent Difference in
Flux Model (D Agnese and AL20°C ;: :‘:::nl;c(;,eé:‘ :’"45'.,‘3 Flux Between Regional
Location others, in press) (Simulation 40 AL 44°C Simulati and Site Model
(ke/s] with Aas imulations (Simulation 40)
{Simulation 40) :
tempersture
modified)
North 1740 -4235.7 69469 64
' 2
North - - -6826.6 - a
(eastern hall)
West 9.7 -18.3 10.7 159! -112
East -167.1 3643.7 6056.5 60
Enst 340°
{northern - - 6807.3 -
third)
South 323.38 610.5 - 8199 44 172
Bottom 57.85 0 0 0o -
Wells 73.1 0 0 0 -
Fortymile

- . N N 99
Wash 224 . ' 0.13 0.22 69




The comparison of the fluxes for the regional and site modeis listed in table 7 shows flux discnarg-
ing from the southern end of the site model to be about 172 percent greater for the site model simulation
at 44°C than that from the regional model. No temperature was specified in the regional model so that a
direct comparison is not possible. In addition, no flux was simulated in or out of the base of the site
model. Hence, some substantial differences between fluxes from the regional and sitg models are
expected.

The regional model uséd specified ground-water discharge from wells in the Amargosa Desert. If
pumpage from wells (73.1 kg/s) is subtracted from the flux value for the site -model then the difference is
150 percent. The pumping would account for about 22 percent of the differences in flux-out the southern
boundary. The large differences between the fluxes for the north and east boundaries likely results from
the different gradients represented by each model. the boundary conditions specified, the permeability
distributions, different conceptual models (for example, inclusion of barrier for representing the LHG in
the site model) and the greater vertical resolution of the hydrogeologic units in the site model. If the ﬁm \/
from the eastern-half of the northern boundary is removed from the total flux from the northem bound-
ary. the remaining flux (-120.3 kg/s) is about 31 percent less than that for the regional model. Likewise,
if the flux from the northern third of the eastern boundary of the site model is removed from the total flux
from the eastern boundary, the remaining flux (-741 kg/s) is about 340 percent larger than that for the

regional model.

SOURCES OF ERROR

Model discretization is coarse, and as a result causes incomplete definition of hydrogeologic units.
The flexibility of the tetrahedral elements used to construct the finite-element computational grid pro-

vides greater accuracy in representing the individual hydrogeologic units than would be available at thy, -



resolution with less fiexible gridding techniques, but problems still remain. For example. many
of the faults are implicit in the grid through offset of units. hence the exact location for faults
will always be approximate, regardless of grid spacing. However, explicit representation of
selected ttaults could be achieved through explicit specification of the fault as a surface within
the HFM, which would cause it to be defined as a set of noch within the subsequent finite-cle-
ment mesh, complete with its own set of hydraulic properties. Larger problems are identifying
thbsc faults (a) for which hydraulic properties are available or could be anticipated (very little
is known); and (b) that are most important to represent explicitly wiﬁxin the fiow and transport
model.

Permeability is known to vary spatially within individual hydrogeologic units. The
assumption of uniform permeability within each unit is a simplification of a complex system.
Small scale variations in hydraulic head likely cannot be represented, without greater resolu-
tion. Even with a more refined model, permeability data t6 support spatial variation of perme-
ability would be lacking. Local areas of large permeability may exist that would explain very
large estimates of permeability based on hydraulic tests (for example, within the middie volca-
nic aquifer), that are not represented in the final model. Specification of fault and fracture
zones from independent geologic information may be the only way to incorporate spatial varia-
tions of permeability. |

An average temperature for the entire saturated zone contained within the site model has
not been calculated. Different specifications of average ground-water temperature (20°C and
44°C) have an appreciable effect on viscosity (1.002 centipoise for fresh water at 20°C; 0.6067
centipoise for fresh water at-44°C). Table 7 illustrates that this temperature has about a 60 per-

cent effect on simulated flux as expected. A more appropriate way to address the issue of tem-
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perature effects on fiow 1s to simulate coupled ground-water fiow and hcai transport with appropnate
temperature and heat-flow boundary coﬁdixions. Temperature data collected from wells throughout the ‘
model area are available for use in calibration. Using temperature and hydraulic-head data in model cal-
ibration likely would' better constrain simulated results.

Hydraulic-head boundary condiuons are based on a process of extrapolation and interpolation of
extant data. An artifact of that process is the resultant large fluxes that occur in the northeast part of the
model. Furthermore, no vertical hydraulic-head data exist at the model boundaries making it difficult to
verify the fcsulting hydraulic-head distribution. Possible inaccuracies of as's'igned hydraulic-head values
at the side model boundaries are an important potential source of model error.

The steady-state assumption may be invalid in areas in which ground-water withdrawals are occur-
ring. The hydraulic-head observation data span almost 50 years of record, which results in irregularities
in the potentiometric surface. The slope of the potentiometric surface toward the southwest may be
indicative of ground-water withdrawal which were not specified in the model. About 73.1 kg/s of dis-

charge by pumping Qélls occurs in the Amargosa Desent in the southwest part of the model, but was no T
represented in the model.

No flow is specified along the base of the model. This omission may explain the error in simulating
lower hydraulic head values than those observed in the deeper observation points within the model. This
error results in horizontal to vertically-downward flow within the model, a condition unsupported by the
hydraulic;hcad observations. However. observed upward flow cannot be confirmed with existing data.

Finally, the representation of the large hydraulic gradient remains inconclusive. By specifying an
east-west oriented barrier to flow, the observed hydraulic-head data may be better matched, bui the

resulting flow field is difficult to reconcile. If a buried fault does exist and is a barrier to flow, no data are

available to prove or disprove its existence. Furthermore, if the large hydraulic gradient is actually an -



antifact of perched-water occurrence, then the resulting fiow field would be considerably differ-

ent.

USES AND LIMITATIONS OF THE MODEL

X)

Uses of the current model include the following:
Provide a large-scale description of the hydrogeologic framework of the site saturated
zone flow systcfn based on a sampling of 1.5-km by 1.5-km mesh;
Provide a mechanism to extend model calibration and scnsitivi.t.y testing of parameters
usc;! in the model;

Provide the fiow field for doing preliminary transport simulations and estimates of
ground-water travel time through the use of additional transport related capabilities within
FEHMN; and

Provide initial estimates of permeability for 16 hydrogeologic units from the HFM and 2
additional zones of small permeability and recharge at Fortymile Wash.

Limitations of the model include:
Simulations are restricted to fully saturated conditions from the water table and
below. Although the mode] was built by use of a framework model that extended to land
surface, the unsaturated zone was not included as part of the fiow model. The unsaturated
zone was omitted because of time constraints and the long execution times for forward
simulation runs associated with two-phase flow problems.

The model does not account for variations in temperature within the flow system.
Temperature varies within the ground-water flow system and may be & useful constraint in

identifying acceptable model representations of both temperature and hydraulic head. The



preliminary status of the model hirmuted the extent 1o which temperature could be evaluated. Furtner-
more, the temperature of the system was specified at a uniform 44°C, which may be too high 1o rep- v
resent the average temperature.

It is likely that the flow model is non-unique. Coordinated acijustmcms in permeability values
(either higher or lower by some multiplier) might lead to similar hydraulic head distribution and cal-
ibration. Because fluxes were not $pcciﬁcd explicitly at either the up'g;'adicnt or downgradient ends
of the model, the model is less constrained as it would be with fiuxes included in the calibration.
However, because some pcnncability'iralucs (of admittedly minimal a&:.uracy) were specified
explicitly throughout the parameter estimation, the model was partially constrained, which likely
caused the parameter estimation process to converge in many instances.

The large hydraulic gradient is poorly understood and greatly affects model calibration, sim-
ulated permeability values, and flux. Additional data and testing are required to adequately char-

acterize this feature. Testing and reconfiguration of monitoring intervals within borehole USW G-2 ,
~—

could be done to provide permeability, low-survey, temperature, and hydraulic-head data at differ- |
ent depths, particularly for the middle volcanic aquifer. Construction of additional boreholes in the
large hydraulié gradient area, such as a corechole into the middle volcanic aquifer adjacent to drill-
hole WT-6, could provide useful vertical gradient, hydraulic-head, saturation, and permeability data.
The model contained in this report was successful in representing the large hydraulic gradient
through the incorporation of a vertical barrier to flow, but other representations are possible.

Flux into the site mociel domain is poorly defined and remains one of the most elusive of model
variables. The quality of the model is in pant 2 measure of the understanding of the distribution and
amount of recharge within the model domain. Comparison of fluxes into and out of the model is

dependent on available flux data. which although greatly lacking will not likely be improved sub- s
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stantially through additiona! field studies because of the large uncentainty associated with
the techniques used to 'cstimazc recharge. Water levels within the flow systein could still
be adjusting to recharge supplied during climatically wetter conditions. If such a condition
exists, the effect may be too subtle to observe with the available hydraulic data. Adjusting
water-level conditions could be evaluated using the regional model to replicate conditions
necessary to observe the efiect of increased recharge under past wetter climates.
Limited hydraulic-test data exist for constraining permeability values used in the
model. Few hydraulic-test data are available that involve mulﬁi;lc observation wells
within the mode] domain from which large-scale transmissivity or hydraulic conductivity
values can be derived. The exception to this condition is the C-hole-complex hydraulic
testing, which is optimally located for conditions at Yucca Mountain and provides a test
involving a large volume of the middle volcanic aquifer. In general, the model does not
distinguish between the permeability of the rock matrix, fractures, or faults. Two zones of
small permeability were added at Solitario Canyon and the LHG. It is possible to add
large-scale features such as faults explicitly within the model by regridding, but hydraulic
characteristics for faults in the saturated zone are not presently available.
Definition of the hydrogeologic units within the model is limited by the sampling
interval used (1.5 km). By sampling the framework model at a smaller interval (for

| example, 250 m) better resolution of the hydrogeologic units could be obtained, but result-

ing in a larger computation mesh. Experience from the current modeling exercise sug-
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gests that this approach 1s warrantea and likely would succeed. However, higher resolution

sampling alone may be insufficient to explicitly represent faults.

SUMMARY AND CONCLUSIONS

A preliminary model of the saturated zone ground-water flow system in the vicinity of Yucca
Mountain, Nevada was developed and .calibrated. Development of the model began with the construction
of a digital hydrogeologic ﬁarneworic model that, when developed, was sampled at a plan-view spacing
of 1.500 m by 1,500 m with variable thickness. This sampling resulted in a. gridded data set that was
used as input data for the automated generation of a fully three-dimensional tetrahedral finite-clement
me.sh. which consists of 9.279 nodes and 51,461 tetrahedral elements that represent 16 different hydro-
geologic units. The mesh generator was designed to discretize irregular three-dimensional solids, and to
assign material properties from the hydrogeologic framework model to the tetrahedral elements. The
mesh generator facilitated the additio'nvof nodes to the finite-element mesh, which correspond to the | ‘
exact three-dimensional position of the potentiometric surface based on water-levels from wells, which\/
were used for model calibration.

The conceptual model represented within the numerical model of ground-water flow is based on
the assumption that recharge occurs as throughflow from the northem, eastern, and western bounda.i'y' of
the modeled area, and by minor recharge in upper Fortymile Wash. Discharge occurs mainly out the
southern end of the model. No flow is assumed through the bottom. A large hydraulic gradient (300-m
change in hydraulic head over about 2 km) is assumed to be part of the saturated zone (as opposed to
being an antifact of the occurrence of perched water) and caused by buried fault of small pcrmcability. A

50-m change in hydraulic head across Solitario Canyon fault zone is assumed to result from a fauit of

small permeability. . \_/
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A ground-water ﬂow’ simulator was run with the resulting finite-element mesh and
resulted in a reasonably accurat; mass balance. Thc mode! used an automated parameter esti-
mation routine to minimize the difference between 94 observations of hydrgulic head and those
simulated by the flow simulator by adjusting sclected permeability and flux parameters.
Results from 40 simulations are reported. The greatest improvements resulted when: (1) verti-
cal low permeability barriers that correspond to the Solitario Canyén fault and the downgradi-
ent side of the large hydraulic gradient were added; and (2) the parameter for the permeability
of the upper volcanic confining unit (Calico Hills Formation) was isbiatcd and optimized.
Optimal permeability estimates for the sixteen hydrogeologic units generally lie between high
and low values for the same units reported in the literature. The largest class of hydraulic-head
residuals (the difference between observed and simulated values) occurred between the range
of -5 to +5 m. The least accurately fitting hydraulic-head observation resulted from the inabil-
ity to Jocate accurately the low permeability barrier used to produce the Jarge hydraulic gradi-
ent accurately because of the existing node density in the finite-element mesh.

Comparisons of fiux from the regional model showed almost twice the amount discharg-
ing from the southemn end of the site model, and substantially different amounts for the north-
ern and eastern sides. . The major flux differences between the two models occur.in the
northeast corner where a large parnt of the recharge from the north is diverted east and dis-
cﬁarges in part because of the interaction of the constant-head boundaries and the imposed
cast-west barrier needed to represent the large-hydraulic gradient.

On initial inspection, model match to hydraulic-head data and the resulting distribution of
residuals have some problems. Although permeability values for all of the hydrogeologic units

used in the model lie within reponed literature values, reported values for individual units have
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large ranges. Furthermore. in the case of the middle volcan:: aquifer, values of permeabihty irom
large-scale hydraulic testing at the C-hole complex were 3 orders of magnitude larger than those used m‘\/,
the model. This discrepancy may be indicative of model error, or alternately, the possibility of a local,
largc-pcrrneabilit}f zone not represented in the present model. Finally, any model calibrated by using

hydraulic heads alone is subject to error in simulated flux.

Improvements for future model developments include (in no particular order):

. e

Conduct sensitivity analyses with regard to which model variables have the greatest effect when var-
ied on the sum of squared residuals for hydraulic head. This would pro'\'r.ide a guide for additional
field studies to reduce uncertainty in the model.

» Refine hydrogeologic framework model to better define the distribution of the hydrogeologic units.
In particular, the upper volcénic confining unit is currently over-represented. This discrepancy sub-
stantially influences simulated flow and transport simulations.

* Use higher resolution sampling of the hydrogeologic framework model to better delineate umt offset '_
caused by faulting. This would result in a denser finite-element mesh, resulting in longer execution ~
times, but would provide 2 more realistic portrayal of the flow system than is available in the model
presented in this report.

* Add major faults explicitly as surfaces within a refined version of the hydrogeologic framework
model, so that their potential as barriers to flow or as fast pathways to the accessible en;rironmcm may
be evaluated.

* Decouple permeability parameters for the upper and middle volcanic aguifers as practical during

model calibration. This separation of the two primary volcanic aquifers at Yucca Mountain within

the model would better represent the permeability distribution.

. Rccalibiatc the existing model with larger values of permeability in the middle volcanic équifcr (mv

S,

AN
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and the upper volcanic aguifer (uva).

* Incorporate additional data into the formal model calibration. This could include flux data
from the regional mode] for at Jeast one face of the model and borcholc-tcmp?raturc data to
better constrain the solution.

» Fluxes should be extracted from a refined, improved existing version of a regional model of
ground;watcr fiow in which the topmost layer has been subdivided to better represent thc '
hydrogeologic units at Yuc;:a Mountain and in the Amargosa Desert.

« Include vertical flux through the bottom of the model based on re'éiona] model values.

¢ Use hydrochemical and isotopic data as a check against fiow model results.
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FIGURES
1-3. Maps showing:
1. The study area, associated geographic features, and hydraulic-head observation wells.

2. Geologic, geophysical, and well-data locations used in the construction of the hydrostrati-
graphic framework model

3a. Generalized hydrogeologic units with major structural features for region surrounding the
area of the site model

3b. Generalized hydrogeologic units with major structural features and lines of section specific
to site mode] area :

4. Fence diagram showing geologic cross sections indicated on figure 2(b).

5. Map showing the potentiometric surface that includes the large hydraulic gradient.
Water-level altitude data outside the model domain, which were used for control, were obtained
from tables 1 and 2 in Ciesnik (1995) (shown on fig. 1); those within the model dornain are

listed in appendix A.

6. Locations of deep boreholes in the vicinity of Yucca Mountain (after Luckcy and others,
1996).

7. Location of hydraulic-head observation nodal points for (a) uncased or profusely perforated
casing (or unknown casing/perforation) of boreholes; (b) packed-off borehole

8. Observation node numbers and associated hydrogeologic units

9. Three-dimensional finite-clement mesh. Top of mesh is the conventional representation of
the potentiometric surface shown in figure 5. Value adjacent to color bar rcprescnts the hydro-
geologic unit number from Table | used in the model.

10. Exploded view of hydrogeologic units as captured with the finite-element model mesh ori-
ented (a) north to south; and (b) west to east. The dark areas of the individual units result from
the simulated light angle hitting the faces of the tetrahedral elements comprising each of the
hydrogeologic units. The hydrogeologic units are represented as discontinuous, irregularly
shaped objects, which interlock with their adjacent units in a 3D jig-saw puzzle fashion. The
rendered objects appear where they would in the horizontal dimension, and are depicted with
shading. which emphasizes the faces of individual tetrahedral elements.

11. Permeability values used in the model. (a) block perspective; (b) fence diagram.

12. Locations of nodes for recharge in upper Fortymile Wash (zone 00079), the north-south
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barrier in Solitario Canyon (zone 00062). and the east-west barmer (zone 00061)

13- 16 . Specified head boundary conditions and nodal distributions for: '
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17. Simulated hydraulic head and residuals. Residuals pertain to simulation sequence number 40 in
Appendix B. : '
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19. Histogram of hydraulic-head residuals
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and are depicted with shading, which emphasizes the faces of individual tetrahedral elements.
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Appendix A: Observation-well data used in the construction of the Yucca Mountain site saturated-zone model

{well names are those contained in the USGS Ground-Water Site Inventory data base; -
midpoint of water column is midpoint of packed off interval for multiply completed wells)

Measuring Altlmde of ‘
Otl:'servatlon Well Name Latitude Longitude point ':l!t:v?;'e':-‘ "’l?:::ll fe Uate of
umber altitude colemn (meters) Menasurement
| (meters) (mefers) .
{ UE-29a #2 36°56°29" 116°22°26" 1215.39 1024.05 1187.80 02/19/84
2 GEXA Well4 36°55'20" 116°37°03" 1198.14 860.25 1010.05 03/14/96
3 UE-25WT6 36°53°'40" 116°26'46" 1314.79 988.57 1034.52 12/04/95
4 USWG-2 36°53'22" 116°27°35" 1553.90 371.53 1019.79 12/11/95
5 UE-25WT#16 36"52'39" 116°25'34" 121091 719.59 738.51 12/04/95
6 USWUZ-14 36°52'08" 116°27°40" 1349.11 724.77 778.43 12/16/96
7 UE-25WT#I18 36°52'07" I' 16°26'42" 1336.40 721.83 730.26 08/30/95
8 USWG-I 36°52°'00" 116°27°29" 132591 125.65 754.20 03/23/82
9 UE-25a3 36°51°47" 116°18'53" 1385.62 681.46 748.28 12/19/79
10 UE-25WT#H4 36°51'40" 116°26°03" 1169.21 711.21 730.84 12/05/95
1 UE-25WT#15 | 36°51'16" 116°23°38" 1083.20 698.91 729.15 12/10/96
12 USWG-4 36°51'14" 116°27°04" 1269.49 542.16 730.15 - 01/26/90
13 UE-25a#1 36°51°05" 116°26°24" 1199.2} 583.94 730.97 04/29/85
UE-25WT#14 36°50°32" 1076.40 704.61 729.98 12004195

=

116°24'35"

n A



Appendix A: Ol»servallbn-well data used in the construction of the Yucca Mountain site saturated-zone model

[well naes are those contained in the USGS Ground-Water Site Inventory data base;
midpoint of water column is midpoint of packed olf interval for multiply completed wells)

, " - Measuring Anl:lg:?)fn‘:r Hydraulic :
m::::::" Well Name Latitude Longitude aﬁ?ll:(‘le of walgr head Me:)s{:::e::em
(meersy | ol | (melers)
_ (melers)

15 USW WT#2 36°50'23" 116°27°18" 1301.31 705.16 730.81 12/12/95

16 UE-25c I HITH 36°49'47" 116°25'43" 1130.59 479.08 730.09 04/20/84

17 UE-25c IHTH 36°49'47" 116°25°43" 1132.30 474.05 730.19 07/13/95

18 UE-25¢2HITH 36°49°45" 116°25'43" 1132.21 473.65 '730.06 01/09/95

19 UE-25WT#13 36°49'43" 116°23°51" 1032.51 704.06 729.18 12/09/96

20 USWWT#7 36°49°'33" 116°28°57" 1196.89 745.78 775.96 12/06/95

21 USWWTi# 1 36°49’16" 116°26°56" 1201.40 712.27 730.64 12/12/95

22 USWG-3 36°49'05" 116°28'01" 1480.51 339.02 - 730.52 06/27195

23 J-13WW 36°48°'28" 116°23°40" 1011.30 338. l9 728.22 12/16/96

24 USWWT#10 36°48'25" 116°29°05" 112340 748.36 77597 . 12/06/95

25 UE-25WT#17 36°48°22" 116°26'26" 1124.01 717.00 729.40 06/28/95

26 USW VH-2 36°48°21" 116°34°37" 974.45 294.21 833.17 03/10/85
27 UE-25 WT#3 36°47'57" 116°24'58" I03Q.0| 708.39 729.66 12/12/195 -

28 USW VH-I 36°47°32" 116°33'07" 963.50 490.33 779.46 12/17196
.9 UE-25WT#12 | 36%46'S6" | 116°26'16" | 107469 | 709.40 729.37 21095

N

C

‘
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Appendix A: Observation-well data used in the constrirction of the Yucea Mountain site saturated-zone model

{well names are those contained in the USGS Ground-Water Site Inventory data base;
midpoint of water column is midpoint of packed off interval for multiply completed wells) _

Measuring Altitude of
Obsersallon | WefiName | Latitude | Longitude point | TR | TR | pateor
umber altitude column (mefers) Measurement
(meters) (meters) -
30 Uswwrteli 36°46°'49" 116°28°02" 1094.11 704.37 730.68 12/06/95
k]| J-12ww 36°45°54" 116°23'24" 953.54 . 666.86 727.34 12/05/83
32 JE-3 Well 36°45'28" 116°23°22" 944.36 662.65 721.80 12/12196
K} Cind-R-LiteWell | 36°41°05" 116°30°26" 830.76 710.18 729.81 12/17/96
34 36°39°07" 116°23°57" 819.91 697.38 718.41 05/20/61
35 36°38°'42" 116°23°'53" 811.38 676.85 705.40 09/12/90
36 36°38°'40" 116°23'50" 813.82 681.99 704.09 02/28/55
37 36°38°40" 116°23'40" 810.77 697.99 705.61 05/03/52
8 - 36°38°38" 116°23'45" 811.38 679.25 701.65 03/08/55
39 NDOT Well 36°38'35" 116°23'58" 809.79 682.20 705.48 12/16/96
40 36°38°25" 116°26°32" 795.53 663.61 705.44 01/15/87
41 Airport Well 36°38°'25" 116°24°33" 804.31 640.53 705.36 12/16/96
42 TW-5 36°38°15" 116°17°59" 931.47 706.30 724.96 12/16/96
43 36°37°44" | 116°2637" 783.95 669.13 706.10 07/12/62
44 36°37'01" 116°26'40" 774.19 671.93 704.39 10/18/58




l\ppendlx A: Observation-well data used in the construclion of the Yucca Mouunlain slle saturated-zone model

{well names are those contained in the USGS Ground-Waler Site Inventory data base;
midpoinl{ of water column is midpoint of packed off interval for multiply completed wells)

. Messuring | LS enatie |
()l;lservallon Well Name Lalitude Longitude point of wp:le':' yher:: ) Date of
umber altitude columin (meters) Measurement
(meters) (welers)

45 36°35'49" 116°30°50" 142.19 639.29 695.81 01/07/87

46 36°35'48" 116°35°37" 731.82 674.83 694.03 01/05/60

47 36°35'47" 116°32°'43" 735.18 676.37 693.76 01/07/87

48 36°35°45" 116°32°09" 731701 664.79 693.76 01/08/87
49 36°35°40" 116°24'08" 171.14 699.30 722.25 03/13/73

50 36°35'27" 116°29°25" 744.02 667.13 696.93 01/16/87

51 Davidson Well 36°35°26" 116°35'29" 730.09 673.46 689.98 12/18/96

52 36°35°15" 116°33'55" 740.66 677.24 707.68 07/02/62
53 36°35'11" 116°31°42" 733.65 649.12 693.22 01/07/87

54 36°35'03" 116°35°15" 721.86 684.02 690.46 01/07/87

55 36°35'03" 116°28'40" 740.66 685.95 692.20 01/12/87

56 36°34°'57" 116°34°23" 740.66 686.24 705.58 01/07/87

57 36°34'57" 116°33°09" 731.52 666.89 693.69 01/07/87

58 DeFir Well 36°34°56" 116°35'25" 721.07 671.71 690.42 03/24/93

~ 59 36°34°'55” Il§?34'59" 726.03 667.91 692.99 07/02/62
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Appendix A: Observation-well data used in the construction of the Yucea Mountain site saturated-zone model

{well names are those contained in the USGS Ground-Water Site Inventory data base;
midpoint of water column is midpoint of packed off interval for multiply completed wells]

Measuring | FERERT L rte |
Otl::ervallon Well Name Latitude Longitude polnt Tl‘ :a:;e':' ’her:t‘l’ ‘ Date of
umber altitude column (meters) Measurement
(meters) (meters) -
60 36°34'45" 116°32°46" 727.86 661.39 692.44 0|/07/87
61 36°34°42" 116°36'33" 725.73 676.96 ~ 689.15 04/21/82
62 36°34'40" 116°28°24" ~131.52 664.60 686.38 06/29/62
63 | 36°34°34" 116°27°51" 741.88 673.30 696.16 07/15/58
64 36°34'32" 116°34'42" 723.29 653.80 690.07 01/20/84
65 36°34°30" 116°24'52" 762.00 667.22 709.00 06/29/62
66 36°34°29" 116°31°59" 729.08 664.89 692.14 01/07/87 -
67 36°34°28" 116°32°15" 740.66 679.72 706.56 07/04/62
68 Cooks West Well | 36°34°28" 116°24°03" 754.26 689.74 720.32 04/09/91
69 Cooks East Well | 36°34°28" 116°23'47" 755.23 695.82 718.41 12/18/96
70 ' | 36°3417” 116°27'30" 740.66 685.53 688.30 01720784
7 AmargosaTownC | 36°34°11" 116°27°29" 739.14 668.27 688.85 11/19/80
72 36°34°10" 116°26' 11" 743.71 615.35 691.20 01/15/87
73 36°34°10" 116°24'03" 748.59 700.81 713.99 03/16/87
74 36°34' 10" 749.81 709.89 123.63 03/16/87

116°24'00"




Appendix A: Observation-well dala used in the construction of the Yucca Mountain site saturaled-zone model

{well names are those contained in the USGS Ground-Water Silte Invenlory data base;
midpoint of water column is midpoint of packed off inierval for multiply completed wells]

Measuring | Eseeel |
Ol;:ervallon Well Name Latitude Longliude polnt "::I' wp:le':' | yh:aa: ‘ Date of

umber altitude column. (meters) Measurement

(melers) (melers)
75 Amargosa Valley | 36°34'07° | 116°27'33" 737.92 673.91 701.34 12/10/88
76 36°34'05" 116°33°45" 723.90 672.08 69647 | 08/15/58
7 36°34'04" 116°33'12° 724.20 662.28 692.40 01/08/87
78 36°34'04" 116°32°39" 724.20 685.61 692.74 02/26/74
79 36°34'04" 116°25'04" 146.76 678.44 698.51 06/29/62
80 USWH-1Tubel | 36°51°57" 116°27°12" 1302.99 -495.50 785.80 12/05/95
81 USW H- I Tube2 o 1302.99 192.98 735.25 12/05/95
82 USW H- I Tube3 1302.99 562.49 730.58 12/05/95
83 USW H-1 Tubed 1302.99 680.39 730.78 12/05/95
84 USWH-5Upper | 36°51'22" 116°27°55" 1478.89 704.15 715.41 02/07/95
85 USW H-5 Lower 1478.89 446.39 775.68 06/14/95
86 UE-25b#1Lower | 36°51'08" | 116°26°23" | * 1200.70 -8.79 730.11 07/18/95
87 UE-25b#1 Upper 1200.70 366.13 730.56 12/05/95
88 USW H-6 Upper 36°50°49" 116°28°55" 1301.71 662.73 775.15 12/06/95
89 USW H-6Lower 1301.71 315.71 775.63 12/06/95
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Appendix A: Observation-well data used In the construction of the Yucca Mountain site saturated-zone model

[well names are those contained in the USGS Ground-Water Site Inventory data base;
midpoint of water column is midpoint of packed off interval for multiply completed wells}
{

Mensuring Altitude of
) midpoint | Hydraulic
Observallon Well Name Latitude Longltude point of water head Date of
Number altitude Measurement
column (meters)
(meters) -
{meters)
90 USW H-4 Upper 36°50°32" 116°26°54" 1248.49 395.33 - 130.16 12/12/95
91 USW H-4 Lower 1248.49 45.00 730.27 1212195
92 USW H-3Upper 36°49°42" 116°28'00" 1483.19 550.12 731.04 07/26/95
93 USWH-3Lower 1483.19 ' 316.70 759.33 12/12/95
94 UE-25p# I PTH 36°49°38" 116°25'21" 1114.20 -410,29 752.62 12/03/96

n A}




APPENDIX B: SUPPORTING INFORMATION REGARDING PARAMETER
ESTIMATION SEQUENCE

This appendix provides supporting information that pertains to initial ﬁaramctcr-csﬁmaﬁotr\/
runs. Appendix C lists the sequence of simulations, the parameters estimated. and the |
sum-of-squared errors for each simulation. No formal sensitivity analyses (that is. incrementally
varying one model variable and observing the model rcéponse or calculation of coinposite scaled
sensitivities) were done using the model. However, based on the variations in the weighted
sum-of-squared errors for hydraulic heﬁ. reported during each PES.‘i‘ Tun, certain model variables
were observed to aff;ct calibration more than others. Those that had the largest effects are listed in
table 8 in this appendix. |

An earlier version of the model finite-element mesh was discovered to have errors that
affected simulated flux. The error involved the omission of a term in one of the mesh coefficients,
but was identified too late to be incorporated into the parameter-estimation sequence listed in ,

N
Appendix C.
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Some stmulations resulted in unacceptable estimates for certain parameters even though the
“sum of squared residuals were simila; For example, simulations 28 and 29 ( Appendix C) pro-
duced estimates for aquifer permeability values for the middle volcanic aquifer (mva) and the
upper volcanic aquifer (uva), which wcrc‘considcrcd to be unrealistically small (5.9¢-15 m*) rel-
ative to other units specified in the model (that is, confining units). Values of permzability in table
3 prbvidcd guidance as to acceptable estimates. How&cr. the parameter estimation algorj;hm
would sometimes calculate intermediary estimates that would go beyond the ranges given in table
3. If this were to occur during a simulation, the parameter would bc fixed at its upper or lower
limit, whichever was reached. When this happened, the model specified limits for that parameter
were sometimes increased to test whether an estimate within the newly specified limits could be
achieved with an acceptable confidence interval (plus or minus one standard deviation).
Permeability of the lower carbonate aqﬁifcr (Ica) showed a moderately high correlation
(greater than 0.7) with the permeability of the alluvial aquifer (gal). Both units are connected spa- |
tially in the model. Experience has shown that spatially connected hydrogeologic units with sirix;
ilar permeability that are oriented approximately parallel to the direction of ground-water flow
tend to be highly correlated, preventing independent estimates of their associated permeability
values. For that reason qal was tied to lca such that both would vary together with 2 fixed ratio,

and lca was the parent parameter.

USGS Milestone SP2INMI: Site Gaturated 2one Mode! Synthesis Report p.B2



The final simulation (40) listed 1n Appendix C used permeability values obtained for the

best-fitting simulation (simulation 30, Appendix C) from the initial paramctcr—:sﬁmation \/
sequence except that recharge at Fortymile Wash (fm) and the permeability of the Solitario Can-

yon fault zc'me (1kns) were optimized using PEST. The permeability values and fluxes specified

in simulation 40 are those listed in table 6. Limitations in the resolution of hydrogeologic units

using the current coarse mesh indicate that further optimization of permeability likely is not war-

ranted until a higher-resolution mesh is developed.

Table 8--Key model parameters affecting model calibration

[model parameter abbreviations: Ikew, zone of Jow permeability oriented east to west located at lppronmte southern
end of large hydraulic gradient; Ikns. zone of low permeability associated with Solitario Canyon Fault oriented north
to south; ecu, Upper Clastic Confining Unit; mveu, Middle Volcanic Confining Unit; uveu, Upper Volcanic Confining
Unit; ica, Lower Carbonate Aquiler; uca, Upper Carbonate Aquifer; fm, mass flux estimated for Fortymile Wash
recharpe]

Chang'e in Model
. . Key Model Objective Function
Simulation Sequence | Parameters Allecting From Previous Model ' c ent
Number Change in Model Symulation. phi \ /
Objecuve Fun:t_non " (me tcrsz.)p . E
lkew and lkns added as separate
s Tkew 4249 zone lists: not explicitly pan of
Ikns original hydrogeologic frame-
work model
ey First attempt a1 esimating per-
6 ’ mvcu -4.256 meability of confining units
Single largest improvement;
residual for observation ) had
7 uveu -18250 been large up until this adjusi-
ment
9 tca 14,196 lcasuma_ema upper himit by
uca the regression
Upper zllowable value increased
34 12 -16.496 because it had been set at upper
limit by regression sn previous
simulation
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Table 8~Key model parameters aflecting model calibration

[model parameter abbreviations: kew, zone of low permeability oriénted east to west located at approximate southern
end of large bydraulic gradient; lkns, zone of low permeability associated with Solitario Clnyon'huh onented north
to south; ecu, Upper Clastic Confining Unit; mveu, Middle Volcanic Confining Unit: uveu, Upper Volcanic Confining
Unit; lea, Lower Carbonate Aquifer; uca, Upper Carbonate Aquifer; fm, mass finx estimated for Fortymile Wash
recharge] :

Change in Mode!
Simulation Sequence Pmr:f:t):': :dﬁee‘cting ijw Fmﬂzn‘ ‘ Comment
Number Change 1n Model Sim la:?:s hi ¢ ‘
Objecuve Function (:xetcr:i)p '

Cormrected mesh was used which

fm permitted opurmzation of fiux at

40 Ikns ~22.200 Fortymile Wash. Permeability

values for 16 hydrogeologic units
were those used in simulation 30.
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Appendix C. Model-calibration pnﬁmekr estimates

{Al permenhilily values nre in meters’; sl paramelers perisin (o permeabilily except for fin, mass flux estimaled for Forlymile Wash recharge, for which units are kiln-
grams/secoind per node; model paranieier abbreviatiuns: gran, Granitic Conlining Unlt; qeu, Lower Clastic Confluing Unll; Iea, Lower Carbonale Aqulfer; ecu, Upper
Clasilc Conflning Unlt; ucs, Upper Carbanate Ayuifers leu, Undiffereniiated Valley Fill; lveu, Lower Volcanle Confinlng Unli; lva, Lower Voleanle Aquifer; mycu, Middie
Volcanie Confining Unli mva, Middle Volcanlc Aquifer; uvew, Upper Volcanic Canfining Unit; uva, Upper Volcanle Aquilers b, Vava-Flow Aquiler; tim, Limestone Aqul-
fer; tpla, Valley-Fill Coulinlng Unlt; qal, Valley-Fill Aquller; tkns, 20ne of low permeabliily sssoclated with Solitario Canyon Fault orfented north to south; kew, zone of
low permeabilily oriented east (o west localed ol spproximale southern end of large hydraulic gradient; kfm, permeabllily of zone beneath Forlymile Wash; mvcz, vertical
permenbility of zone at top of Middle Volcsnic Conlinlag Unli; ke, verilcal permesbility for all nodes al base of uveus kans, verileal permeabilily for nodes nssoclated with
2one of low permeabilily assaclaied with Solilarie Canyon Faull atlenled narth to south; fixed parsmelers snd values are those not listed In Appendin C. Values thal
exceed 3 significant figures reflect values exiracted direcily (rom s PEST record Rle and do wal lmply » higher level of accuracy. Flles use the naming convenilon h®rec®,
snd generally lnllow » naming sequeiice of lelter-number-leiier-number (aut 10 four places), and are included for (raceabllity.).

Simwlatren . ¥8 Fescem Combudenue Limat Sum of Syuared . Fstimated Volues :
< ~e N'tb Ah‘pﬂ*h Taennsd \ shee Friomated Vsl Residuals nf‘“'::l::lﬂi for Tied l‘h::'ll‘:a:::m
Nemies o N Lomer omt Upper Linws meters?) ‘ Paameters :
he Al S1E 1) Tow 1t 10IE12 , p—— 46NN
! bl ree oo ton 12 8296 10 Rl 8 76E- 10 - $ Nk @l thea) 167E-11
ke 1 60E 1} 1ME N §0E 1 Y E1
2 W ree we 1 0012 396k 14 1S0E 13 B29E13 363004 o e
ke 1 0OE- 16 $ 0012 A%EN SOIEN !
ks 1 6OE-1) IR CNED I 9E02
. . w 1 00E-12 42E14 1 9E1) SHED A mva fuva) 239E-14
’ fec ke 1 00F-16 $.00E-12 49EN SOIES2 : qal liea) IMEI
fm 200000 10000 0 163301 143301,
ka 160E-13 JEE SVEIS $NED
. - o 1 QOE-12 10614 JAED SBED S 68Ev0d mva eva) 39914
o rec ta 1.00E-16 4ANEs A NEM 2104 qal thea) $ 14E-10
fm -200000 160868 199842, 196563,
ks 1 GOE-13 SHIEN I 1961
we 1 0OE-12 180E-14 CAE $ 10E-1)
s it rec ks 1 00E- 16 22961 AREN 1 GE 14 $ 25604 ity 1oen
Mew 1 00E 16 1 9E-17 JOSE-16 1%E16 :
ot 1 00E-16 JEI6 A 02E1$ 111E1S
BRI R
1 hid vec wwew 1 00E-1 1 00E-18 24IEN8 241E1S 3 00E 404
' Ml rec e 1 00E-19 $ 30E-19 AVEN 1%EN 2908404
- g rec e ) 0OE-18 1 00E.18 330507 INEN 290F+04 .
[ { ( —_




e

Appendix C. Model-calibration parameter estimates

{All permesbllity values are in meltersty all paramelers perfaln to permeabilily excepl far fm, mass Bux estlinated for Fortymile Wash recharge, for which ualls are kilo-
grams/second per node; model parameler abbreviatlons: gran, Geaallic Confinlng Unli; gew, Lower Clastic Confining Unli; lea, Lower Carbonale Aquifer; ecu, Upper
Clastic Confinlag Unit; uca, Upper Carbonale Aquiler; leu, UadilTerentiated Valley Fill; bvcw, Lower Volcanle Confining Unlt; fva, Lower Volcanle Aquifer; mveu, Middie
Volcanle Confining Unll; mva, Middle Volesnle Aquiler; uvcu, Upper Valcaale Confining Unlt; uva, Upper Volcanic Aquiler; b, Lava-Flow Aquifer; tim, Limeslone Aqul-
fer; tpla, Valley-Fill Confinlag Unit; qsl, Valley-Fill Aquiler; tkns, zone of low pernieabllily assaclaled with Solitario Canyon Faull orlenled north to south; lkew, zone of
low permeabilily orlenied east (o wesl localed sl approximale southern end of large hydraulic gradient; kin, permeabilily of 20ne beneath Foriymile Wash; mvcz, vertical
permeabilily of zone st top of Middle Valcanic Cunfining Uall; ka, vertical permeabilily for all nodes sl base of uveu; kans, verileal permeabliity for nodes associaied wiih
tane of low permeabllily assoclaied with Solitarie Canyan Faull orlenled norih (o south; Hxed paramelers and values are those nol lisied In Appendix C. Values that
exceed 3 sigalficant figures reflec values exiracied direcily from a PFST record Gle snd da nat imply » higher level of accurscy. Files use the naming coaventlon h®rec®,
sad generally lollow » naming sequence of letier-number-lelter-number (aul ta four places), snd are lncluded for traceabllity.}.

Sommlsinm

8 Fescent Confdemee §imit

Soeme | e | Mt | vy | Fuosed vaae Sumol Squucd Vied et B hues Fited Putamets
Nendve e e : Soact § bt Upges § ot imeters’) - Parameters “
10 i e - 20 200 28 anw ™ 2906004
" oy rec Bew teor: 41 1 60E-47 Y AL S4E N 2%0E04
1) Wik ree e ATy 13N YAl 40VE 16 280E404
" “‘o"" o W Y 40F-16 1OIE 16 AL 40016 2005404
7 kS rec mecy 1 90E-16 1 90E. 18 -4 20E-13 1.20E-15 INIE4
i ""‘o:,:" Ihas " N40E-16 1 60E-16 -1 16E-16 $M%E16 INE
Uintiad value
changed)
" e mece 1.90E.16 1 90E-18 120618 1 20618 ANED4
" k2 ree s 3 40E-16 1 62E-16 -1 16E-16 SUEL6 - IBEW
" bl eee mvee 1 SOE-16 1 90E-18 _.248E 1S 246E-18 IREW
. e $ 80E-1) 3 00E-N2 3.50E-12 ©30E-12
" Wb ve s $ GOE-1 $74E-1) 20EN IMEN 24sE004
20 - mve ) E-14 bOIEN4 I ME1S 2EN 19004
e 1 0014 31091952 14289 I HE W 20014
n a rec e ) BOE- 14 1E-V4E-16 A6 H 101E-13 1 30E404

.

)Nlutm BSP23NMJ: Bite Saluratad Zone Modsl Synthesls Report

D

)pC?



Appendix C. Model-calibration parameter estimates

\

i

(ANl permenbitity values are In meters’; sl parameters pertain to permeshifity except for fm, mass flux estimated for Fortymile Wash recharpe, for which units are kilo-
grams/second per nnde; mnde) parameter shhrevintions: gran, Granitic Confining Unit; aen, Lower Clastic Confining Unit; fea, Lower Carbonate Aquifer; ecu, Upper
Clastic Confining Unit; ues, Upper Carbanate Aquifer; fen, Undilferentisted Vatley Fill; lven, Lower Volcanic Confining Unit; lva, Lower Volcanic Aquifer; mveu, Middte
Valcanic Confining Unit; mvs, Middle Valcanic Aquifer; uvcy, Upper Vatcanie Confining Unit; uvs, Upper Volcante Aquifer; b, Lava-Flnw Aquifer; tlim, Limestane Aqul-
fer; tpls, Vaitey-Fill Confining Unlt; qal, Vafley-F1ll Aquifer; tkns, 20ne of low permeability associated with Solltarle Canyon Fault eriented north to south; tkew, 20ne of
low permeshitity orfented east tn west Incated at approximate southern end of large hydraufle gradient; kfm, permenhiiity of zone benesth Fortymite Wash; mvez, vertical
permeshiiity of zone at top of Middle Valeanic Confining Unit; ke, vertieal permeabitity for all nodes at base of nven; kens, vertical permeabditity for nodes assocliated with
zone of low permeability associated with Salitarin Canyon Fault orfented north to seuth; fized parameters and values are thase not listed In Appendix C. Vatues that
exceed 3 significant figures reflect values extracted directly from » PEST record fife and do not imply a higher level of accnrncy. Files use the naming convention herec®,
snd genersily follnw & naming sequence of letter-number-letter-number (nut tn four pleces), end are Included for traceabitity.).
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Appendix C. Model.ealibration parameter estimates

(Al permeshitity values are in meters?; aft parameters perisin to permenhility except for fims, mass flun estimated for Foriymile Wash recharpe, for which anits are kito-
gram</second per nndes model psrameter abbresintinns: pran, Granitic Confining Unlt; qeu, Lower Clastic Confining Unii; lea, Lower Carbonate Aquifer; ecn, Upper
Clastic Confining Unit; uce, Upper Carbrmate Aquifer; feu, UndifTerentinted Vatley Fill; tven, Lower Valeanie Confintng Unit; lvs, Lawer Volcante Aquifer; mvcn, Middle
Velcanic Confining Units mys, Middte Voleante Aquifer; uven, Upper Volcanie Confining Unitg uve, Upper Voleantc Aquifer; b, Lava.-Flow Aquifer; thim, Limestone Aqul-
fer: tpla, Valtey-Fitt Confining Unty; qsl, Valtey-Fitl Aquifer; thns, 20ne af tnw permenhility assnclated with Solltarie Canyon Fault arlented north ta south; thew, zone of
tow permeahitity orlented east to west Incated 2t spprosimste southern end of large hydrantle gradient; kfm, permeahility of 20ne beneath Fortymite Wash; myez, vertical
pesrmenbility of 2one 2 tap of Middie Volcanie Confining Unit; kz, vertical permenhiiity for afl nodes at base of uven; kens, verfics! permeabdiiity for nedes pssaclated with
tone of low permeahitity assoctated with Selltarin Canyan Fanlt orlented north to south; fAned parsmeters and vatues nre thase not lsted In Appendix €. Vatues that
exceed 3 sipnificent Apures reflect vatues extracted divectly from a PEST record fite and dn nnt imply & higher level of accuracy. Files use the naming tomenﬂm herece,
snd generslly follnw 2 nsming sequence nf lrmr-number-lrmr-mnmb" {nth tn fovr places), and are included for tracesbillty.).
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a. 40 Mile Wash zone reduced 1o just the topmost nodes
b. Sofitario Canyon Fault barrier specified 1.5km east of previous position
c. Corrected finite-element mesh used.



Appendix D. Fixed-parameter values used in most of the parameter-estimation runs

[AN permeability values are 1n'meters=; al) par_amczérs pentasn to permeability except for fm. mass flux esumated for Fontymile

N

Wash recharge, for which units are kilograms/second per nods; model parameter abbreviations: gran. Graniue Confining Umr.hqcu.
Lower Clastic Confining Unit; 1ca, Lower Carbonate Aquifer; ecu. Upper Clastic Confining Umit: uca. Upper Carbonate Aquifer:
leu, Undifferenuated Valley Fill; lveu, Lower Volcanie Confining Urut: bva, Lower Voleanic Aquifer: mveu. Middle Volcanic Con-

fimng Unit: mva. Middle Volcanic Aguifer: uvcu. Upper Volcanic Confiring Unit: uva, Upper Volcanic Aguifer: b, Lava-Flow

Aguifer: tlim, Limestone Aquifer: tpla. Valley-Fill Confirsng Unit: qal. Valley-Fill Aquifer: Ikns. zone of low permeability associ-
ated with Solitario Canyon Fault onented nonh to south: lkew, zone of low permeability onented east to west located at approxi-
mate southern end of large hydrauhic gradient: mvez. verucal permeability of zone at top of Middle Volcame Confiming Umit: k2.
verucal permeability for all nodes at base of uveu: kzns. verucal permeability for nodes associated wath zone of low permeability

associated with Solitario Canyon Fauli onented nofth to south]

Simulation

Variable Specified Sequence’
Name Value Numbers
gran - 3.5E-14 all
qcu 2.0E-15 all
lveu 1.0E-16 all
b 4.5E-14 all
Iva 5.0E-13 all
2.0E-15 1-5
ecu 1.0E-18 7
5.5E-19 9-32, 34, 36-40
5.5E-16 33
uca 5.00E-13 1-18.20
6.70E-13 21-40
mveu 1.80E-15 1-5
1.90E-16 7-13,15,17-40
lcu 2.90E-14 1-30.32-40
uven 1.00E-14 1-5
1.00E-18 8.10-32.34-40
tlim 1.00E-14 all
tpla 3.00E-16 all
fm -200. 5-9.11-35.39
5.80E-13 6-18.20
lca 5.50E-12 21.23-27,32,33.35
4 40E-12 40

USGS Milestons SP23INM3: Site Satursted Zons Model Synthesis Repont
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Appendix D. Fixed-parameter values used in most of the parameter-estimation runs

[All permeabilny values are in meters®; al) parameters pertain 1o permeability except for fm, mass fiux esumated for Fonymiie
Wash recharge. for which units are kilograms/second per node: model parameter abbreviauons: gran. Granuuc Confining Unit: geu.
Lower Clastic Confining Unit: lca. Lower Carbonate Aquifer: ecu. Upper Clasuc Confining Unit: uca. Upper Carbonate Aquifer:
lcu, Undifferentiated Valley Fill: lveu, Lower Volcanue Confining Unit: lva. Lower Volcamic Aquifer: mveu. Middle Volcanic Con-
fining Unit; mva. Middle Volcanic Aquifer: uveu. Upper Volcanic Cenfirung Unit: uva. Upper Volcanic Aguifer: b. Lava-Flow
Aquifer; thm, Limestone Aguifer; tpla. Valiey-Fill Confiming Unut: qal. Valiey-Fill Aquifer: Ikns, zone of low permeability associ-
.sted with Solitario Canyon Fault onented north to south: Ikew, 2one of low permeability onented east 1o west located at approxs-
male southemn end of large hydraulic gradient; mvez. veruca) permeability of zone at 1op of Middie Volcame Connrung Unit: k2.
vertical permeability for all nodes at base of uvcu: kzns. verucat permeability for nodes associated with zone of low permeabilny

associated with Solitario Canyon Fault onented nofth to south)

Variable | Specified Ss‘:‘q“’l’:::c”
Name Value Numbers
1.80E-14 6-20.22.24
v - 5.70E-15 33-35
2 50E-14 36-38
1.60E-14 | 40
a] ' 1.10E-13 6-27,32.34-39
9 8.80E-14 40
kz 2.20E-15 6-13,17.19-39
Ikew 1.60E-17 6-10,12-40
3.40E-16 6-11,14,16
Ikns 1.70E-16 | 19-26.28.29,31-34
8.80E-16 36-39
1.00E-14 6-19.22
5.70E-15 33-35
mva 2.50E-14 36-39
' 1.60E-14 40
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Appendix E. Observed and simulated hydraulic head -

\ ‘/
Observation Obscrvc}tll Hydraulic ~ Simulated Hydraulic Ol?slcf:::lna‘:dBSitn‘:uel:?ed
Number cad Head Hydraulic Head
) (meters) (meters) (meters)
| 1187.80 1186.68 L2
2 1010.05 1046.61 -36.56
3 1034.52 1013.56 20.96
4 1019.79. 1007.52 . 12.27
5 738.51 833.54 -95.03
6 778.43 758.51 19.92
7 730.26 73724 -6.98 -
8 754.20 752.84 1.36
9 748.28 756.05 177
10 730.84 733.29 245
1 729.15 728.61 0.54
12 730.15 745.42 -15.27 ~—
13 730.97 : 736.55 -5.58
14 729.98 729.36 0.62
15 730.81 ' 745.29 -14.48
16 730.06 72741 2.65
17 730.09 727.37 2.72
18 730.19 727.36 2.83
19 729.18 728.30 0.88
20 775.96 : 758.44 17.52
21 | 730.64 734.40 -3.76
22 730.52 74131 -10.79
23 728.22 725.23 2.99
24 775.97 751.70 24.27 —/
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Appendix E. Observed and simulated hydraulic head

Observation Obscrv;ld;igdraulic Simula!;;icgydmulic O!gf:cr:lr::d%i::l:?ed
Number (meters) (meters) Hydraulic Head
| (meters)
25 729.40 727.03 1 2.37
26 833.17 830.14 : 3.03
27 729.66 722.43 ' 7.23
28 779.46 79111 -11.65
29 72937 721.04 - g.33
30 730.68 72159 9.09
31 727.34 722.35 | 4.99
32 727.80 721.77 6.03
33 729.81 712.43 17.38
34 71841 71127 L4
35 705.40 716.84 -11.44
.36 70409 716.91 -12.82
37 705.61 717.30 -11.69
38 701.65 717.06- -1541
39 705.48 716.49 -11.01
40 705.44 712.85 =741
41 705.36 715.46 .-10.10
42 724.96 724.20 ' 0.76
43 706.10 711.29 -5.19
.44 704.39 708.61 <422
45 695.81 698.97 -3.16
a6 694.03 | 694.41 -0.38
47 693.76 695.57 -1.81
48 693.76 696.34 -2.58
49 722.25 715.61 6.64
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Appendix E. Observed and simulated hydraulic head

Difference Between

-

Observation Obscrve}cliel:gdraulic Simulatlc;ic:idy draulic Observed anc} Simulated
Number Hydraulic Head
(meters) (meters) (meters)
50 696.93 696.28 0.65
51 689.98 692.99 -3.01
52 707.68 693.76 13.92
53 693.22 694.18 -0.96
54 690.46 691.96 -1.50
55 692.20 694.19 -1.99
56 705.58 692.93 12.65
57 693.69 693.58 0.11
58 690.42 691.69 -1.27
59 692.99 692.10 0.89
60 692.44 693.26 -0.82
61 689.15 687.11 2.04 o
62 686.38 693.28 -6.90 ~
63 696.16 693.86 2.30
64 690.07 691.07 - -1.00
65 709.00 709.27 027
66 692.14 692.26 0.12
67 706.56 692.48 14.08
68 72032 714.02 6.30
69 71841 715.16 3.25
70 688.30 694.25 -5.95
7 688.85 694.28 543
72 691.20 696.00 -4.80
73 713.99 713.42 0.57
74 723.63 713.79 9.84 —/

USGS Milestons SP23NM3: Sits Saturated 2one Model Synthesis Report
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Appendix E. Observed and simulated hydraulic head

Observation Obscry;id:gdraulic Simulat;déiay draulic ng\fcr;xgdnst:m:cd
Number (meters) (meters) Hydranlic Head

(meters)

75 701.34 694.97 6.37

76 696.47 694.86 1.6

77 692.40 694.05 <165

78 692.74 692.66 0.08

79 698.51 706.24 .73

80 785.80 723.09 62.71

g} 73525 750.00 -14.75

82 730.58 750.26 -19.68 -

g3 730.78 75031 -19.53

84 775.68 759.63 16.05

85 775.68 750.31 25.37

86 730.11 733.33 322

87 730.56 736.93 -6.37

88 775.75 769.11 6.64

89 775.63 769.15 6.48

90 73027 735.41 -5.14

9) 730.16 741.11 -10.95

92 731.04 747.76 -16.72

93 759.33 747.78 11.55

94 752.62 722.69 29.93
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Appendix 1.--Correlation of RIB and 1SM2.0 to Hydrogeologic Units

Site Saturated Zone Hydrogenlogic Unit . GeologiclLithologic Stratigraphy (RIB item 1.1.2.1) ISM2.0
Definition/Buesch (1996) Formation |Member  |Zone " [Subzore | T ="
Vaiey-Fill Aquifes ) ) == Blidasi Y
Valley-Fill Confining Unit : . U P
Limestone Aquer A o o - ' g S e e
Lava-Flow Aquifer - - e -4 -
Upper Voicanic Aquifer ) Timber Mouniain Grovp _ T [ R - -
Upper Volcanic Aquifer " |Rainler Mesa Tuif T T T T T T e Time -—
Upper Volcanic Aquifer Tt F.m'&ugﬁcg&ii, - R i - il _
Uppet Volcanic Aquifer T 77 |Posttuif unit x* beddedinff T T 7T T Tobt6 — e -
Upper Volcanic Aquifer R L T T T Tk Gnformal) gk~ T
Upper Volcanic Aquifer 777 7 ﬁi-mﬁuﬁl Yx'beddedtfl T T T Tpbt3 | adpe -
Upper Volcanic Aqiiifei T T (viva Canyon Tuif T R L T T T T
Uppet Volcanic Aquifer - ) Crystal-Rich Member - : ~ltper e e
Upper Volcanic Aquifer - h Vitric zone Tt - Trerv O
Upper Volcanic Aquifer N Nonweided subzore —~ - -~ =L oy e
Upper Volcanic Aquifer Moderately welded suhzone I D 7 -- -
Upper Volcanic Aquifer Densely weided subzone T T [ ipered Tt
Upper Volcanic Aquifer Nontithophysal zone = |Tpem -s-- _——
Uppet Voiconic Aquifes Subvitrophyre iransition subzone T T T [Tpemd T
. |Upper Volcanic Aquifer Pumice-poor subzone T R {fpem3 - -
Upper Voicanic Aquifer Mixed ¢ pumice mbzone - —* L e G T‘Eg.i - e e
Upper Volcanic Aquifer Crysisl transition subzone (not always ancm) B Tpomi B
Upper § Volcanic Aquct T Lithophysal zon¢ SR D ¢ == i St I ——
Upper Volcanic Aquifer T [Crystal transiiion subzome (not always pmeyn) ) Tperll —er =
Upper Voleanic Aquifer ) ~ ™ [Crystal-Poor Member - Toep - e — .
Upper Volcanic Aquifer T T [ Upper Hithophysal zone Tpepel -
Upper Volcanic Aquifer - T 777777 |Spherufite-rich subzone B Tpepail e
ldppef Vé}caﬂlc gquli;e_r e “T T |Middie nonlithophysal zone Tpcpmm T e
jpper Volcanic Aquifer - - "|Upper subzone Tpcpmnd ™~ - -
Upper Volcanic Aquifer ~— " |Lithophysal subzone Tpcpinn2 ) T
Upper Volcanic Aquifer Lower subzone _ Toepmnl |~ T
Upper Volcanic Aquifer " {Cower Tithophysal zone Tl [ T
{ipper Volcanic Aquifer ’ ac subzone Tpeplh | T
Upper Volcanic Aquifer Lower W Toopln | - e
Upper Volcanic Aquifer ~ Hackly subzone Tpepinh ~
Upper Volcanic Aquifer ~ Columnar subzone ~ lpepthe 7 -
Upper Volcanic Aquifer Vitric zone v | SRR
Upper Volcanic Aquifer Densely welded subzone T3 Wiyl
Upper Volcanic Aquifer ~ Moderately welded subzone tovi  |fdipepyid
Upper Volcanic Aquifer Nonwelded subzone - Toopwl * dfipepvi2
Uppet Volcanic Aquifer Pre-Tiva Canyon bedded tull Tpbid = diphtd
Upper Volcanic Aquifer Yocca Mountain Teff Tpy - — " ({diy
Upper Volcanic Aquifer -Yucca Mountain toff Tpbt3 = 1id
{ipper Volcanic Aquifer Pah Canyon Tuft Tpp - " |adipp
Upper Volcanic Aquifer Pre-Ph Canyon bedded tuil we [T " fadiphis
Upper Volcanic Aquifer Topopah Spring Tull Tt
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Appendix 1.--Correlation of RIB and ISM2.0 to Hydrogeologic Units

Site Saturated Zone Hydrogeologic Unit Geologldl.itholog;c Stratigraphy (RID ifem 1.1.2.1) ISM20
| Denniiioniiesch (i%6)  |Group” " |Formation |Member  |Zone ~ [Subzone T

Upper Volcanic Aquifer - Crysial-Rich Member ~ ~ D S L A R
Upper Volicanic Aquiler ' Vilric zone o I B T T T pay coTT
Upper Volcanic Aquifes Nonwelded subione - D S i B o e L A
Upper Volcanic Aquifer Modenaicly welded subzone =~ D D T [Tpvd T |dipn33 T
Upper Volcanic Aquifer Densely welded subzone R o . Tpuvl [#ipvl
Upper Volcanic Aquifer Nonlithophysalzone = =~~~ "1 - 7 |ipim 44ipim
Upper Volcanic Aquiler Dense subzone ™ N - Tpmd T oo
Upper Volcanic Aquifer i Vapor-phase cooded subzone ~ ’ i ) Tpimd e
Upper Volcanic Aquifer T Crysial transition subzone (not always prescat) Tpiml o
Upper Volcanic Aquiler ~— '~ 7T Lithophysal zone ™ ™~ 1 Tpul T T
Uppet Voleanic Aquifer o Crystal transiiion subzone (not always presenl) |~ 1 B Tpull |8l 7
Upper Volcanic Aquiler Crysial-Poor Member T CTTm T
Upper Volcanic Aquifer Lithic-richzone ™ R R ‘I'ptpfﬁ‘-l"i'u-r-_— ) O
Upper Volcanic Aquifer Upper lihoplysalzone ~ =~ = | 77 7T Tetpd | T [4dipipul
Upper Volcanic Aquiler {Middle nonlithophysal zone ’ Tpipman | 7 “lplpmn
Upper Volcanic Aquifes INonlithophysaj subzone ' TW'
Upper Volcanic Aquifer I ithophysa}-i -bearing subzone - T [Tptpmad
Upper Volcanic Aquiler Nonlithophysal subzone ' T - Tmi oo
Upper Volcanic Aquiler Lower lithophysal zone T R R L A .
Upper Volcanic Aquifer Lower nonlithophysal zone ~ N R N L O R L T
Upper Volcanic Aquifer _ Viisic zone T N T ey | Ty T T
Upper Volcanic Aquifer ~~ — " 7 " Densely weldedsubzone ™~ 7 | 1 Tetpvd  |d&ippvd 7
Upper Volcanic Aquiles """ " |Modemiely weldedsubzone " T | T 7] Tpipvd  [ddippviZ T
Upper Volcanic Aquiler —~ 77T 777 |Nonwelded subzone T T T |Tptpvl |Miptpvi2
Upper Volcanic Aquiler —— " " |Pre-Topopah Spring bedded il _ Tpbtl 44 T
Upper Volcanic Confining Unit —~ " |Calico Hiils Formation Ta disc
Uppet Voicanic Confining Unit "~ " | Bedded wif Thibi dachi 7
Middie Volcanic Aquifer ™~~~ |Craler Fial Group Tc ' o o
Middle Volcanic Aquiler ~ " |Prow Pass Tep &dicpinw, 4cpunw, &icpw
Middie Volcanic Aquifer - Bedded tull - Tepbt 44icpbt o
Middie Volcanic Aquifer | Bullivog Tuid Tch &dicblnw, 4dichunw, Hichw
Middie Volcanic Aquifer — Bedded tif Tebbt Adichbt_
Middie Voicanic Aquifer {Tram Tull Tet dict
Middie Volcanic Aquifer Bedded wif Teibt daicibt
Middie Volcanic Aquifer Lava and flow breccla {informal) Til ) ’
Middie Volcanic Aquiler |Bedded wif _ Tiibe
Middie Voicanic Aquifer Lithic Ridge Tull Tr T
Middie Volcanic Aquifer” | Bedded wif Tiibt i
Middle Volcanic Aqml’et - Lava and ilow breccia (informal) TNz T -
Middle Volcanic Aquiler Beddedwif Tii2bt_ N
Middle Voicanic Aquifer Lava and flow breccia (informal) LT -
Middie Volcanic Aquifer - Bedded wil N L A
Middie Volcanic Aquifer " [Oldes twlis (informal) T e -
Middie Voicanic Aquifer Unit a (informal) Tia ) "
Middle Volcanic Aquiler Unit b (informal) Tib - -

L (
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Appendix l.--Cérre_lation of RIB and ISM2.0 to Hydrogeologic Units

v
Site Saturated Zone Hydrogeologic Unit Geologiduthuloglc Stlratigraphy (RIB item 1.1.2.1) ISM2.0

o DefinitionTivesch (1798) _ |Fom Member " TBubzone T |
Middie Volcanic Aquifer T Unit ¢ (informal) T
Middie Volcanic Aquifer T 77 |Sedimentary rocks and calcified tff (inl‘onnii) e
Middie Volcanic Aquifer T T T | of Yacea Fist Ginformal)
Middie Volcanic Confining Unit  —— """ — —
Lower Volcanic Aqmm O O IS
{ower Volcanic ConfiningUnlt ~—~ —— |~ o
Unditferentiated Valley-/ll ~ "~ 77| T T T T

Upper Catbonsfe Aduites |~ =~ T [T

Upper Clastic Con{m!ng_Ulnl_' T/ '—"""'l‘;"e'" e —
Lower Carbonate Aquifer " 7" |Cone Mountain Dofomite : —_ s e
Lower Carbonate Aquifer ~ ~ ™~ " """ |Rioberis Mountain Formation e B
Lower Clastic ConfiningUnit  ~~—  — 7' 7 o o N T T T
Granitic Confining Unit T T e S
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