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ABSTRACT
Previous and ongoing hydraulic and tracer testing at the C-Holes Complex near Yucca Mountain (YM),
Nevada, provide the most comprehensive and reliable data set available for evaluating flow and transport
properties of the volcanic tuff aquifer beneath YM. In this report, previous interpretations of C-Holes testing
are reviewed and independent analyses are conducted to evaluate conceptual models for flow and transport
in the tuff aquifer used by the Department of Energy to assess performance of a proposed high-level nuclear
waste repository at YM.
Based on site geology and hydraulic responses in wells, it is reasoned that the tuff aquifer is hydraulically
well-connected over a large vertical thickness. Thus, conceptual models for flow in the volcanic tuff aquifer
that treat transmissive intervals in wells as discrete, confined, horizontally continuous, transmissive zones
are likely a significant departure from the physical flow system. Pumping tests at the C-Holes yield no
unambiguous evidence of faults acting as either barriers to flow, preferential flow pathways, or recharge
boundaries.
Disparities between aquifer transmissivities estimated from single- and multiple-well pumping tests are
attributed to zones of high head loss surrounding pumped wells-most likely attributable to convergence of
flow over large vertical thicknesses into relatively few intersections of flowing fractures with boreholes. It
is suggested that previous transmissivity estimates obtained from single-well pumping tests could be
improved by using a semilog graphical method to fit late-time pumping test drawdown data.
For the multiple-well tests in which well UE-25 c#3 was the pumping well, transmissivity estimates vary
from about 640 to 3,500 m2/d, depending on the observation well and method of analysis. In general, the
highest transmissivity estimates were obtained from observation wells closest to the pumping well. These
values are generally consistent with those reported in previous analyses of multiple-well tests at the C-Holes.
Drawdown responses in several observation wells showed evidence of secondary storage that could be
interpreted as either unconfined aquifer-type responses or dual porosity-type responses. It is possible
(perhaps likely) that a combination of unconfined and dual porosity conditions exist in the volcanic tuff
aquifer. When analytical methods derived for unconfined or dual-porosity aquifers are used, aquifer
transmissivity estimates are somewhat lower-but generally within the same order of magnitude-than when
methods for confined, single-porosity aquifers are used.
A composite pumping-test analysis of four observation wells, all within a kilometer of the C-Holes, yielded
an aquifer transmissivity value of 2,200 m2 /d and a storage coefficient of 0.002. A composite analysis of four
wells ranging from 0.8 to 3.5 km from the C-Holes, considering horizontal anisotropy, yielded a maximum
directional transmissivity estimate of 2,900 m2 /d oriented N 330 E, a minimum directional transmissivity of
580 m2 /d oriented N 1230 E, a bulk aquifer transmissivity estimate of about 1,300 m2 /d and a storage
coefficient of 0.003. The anisotropy analysis is poorly constrained, however, because of the inherent
uncertainty in pumping test analysis methods, the fact that only the minimum number of observation wells
for such an analysis was used, and the additional uncertainty regarding validity of the homogenous effective
continuum assumption.
Interwell tracer testing at the C-Holes using multiple-tracers has been used to reasonably demonstrate the
occurrence of matrix diffusion in the Bullfrog Tuff hydrostratigraphic unit. Effective porosity estimates have
also been estimated from interwell tracer tests; however, the nominal and upper bound estimates for flow
porosity seem unrealistically high and do not account for the potential biases that may be caused by the
background hydraulic gradient and vertical flow into and out of the tested interval.
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1 INTRODUCTION
Yucca Mountain (YM), Nevada, is the site of a proposed high-level radioactive waste geologic disposal
facility. Beneath YM, saturated zone (SZ) transport pathways that could potentially carry radionuclides away
from the site occur in a layered volcanic tuff aquifer system. Perhaps the most comprehensive data set
available for interpreting the hydrogeologic properties of the volcanic tuff aquifer beneath YM comes from
hydraulic and tracer testing at the C-Holes Complex, located at the northern end of Bow Ridge, less than a
kilometer east of the southern portal of the YM Exploratory Studies Facility (ESF).
The C-Holes Complex consists of three wells, UE-25 c#1, IJE-25 c#2, and UE-25 c#3, that are separated by
distances of 30-77 m at the surface, approximately forming a right triangle. Throughout this report, these
wells are simply referred to a wells c#1, c#2, and c#3. More distant observation wells were also used to
monitor water levels in the tuff aquifer. These monitor wells include ONC1, UE-25 wt#3, UE-25 wt#14, and
USW H-4. Throughout this report, the latter three are simply referred to as wells wt#3, wt#14, and H4.
Aquifer parameters estimated from C-Holes hydraulic testing have been used extensively by the
U.S. Department of Energy (DOE) to develop conceptual models for the SZ groundwater flow system at YM
(e.g., Luckey et al., 1996; Geldon et al., 1997a). Results from several interwell tracer tests conducted at the
C-Holes have been reported by Geldon et al. (1997a) and Reimus et al. (1998). Results of these tracer tests
are being used to demonstrate the effectiveness of transport processes such as ion sorption to mineral
surfaces and diffusion of solutes from the flowing water in fractures into more-or-less stagnant water in rock
matrix.
This report contains both reviews and independent analyses of data from aquifer pumping tests and interwell
tracer tests conducted at the C-Holes. Table 1-1 lists the areas of review covered in this report, several key
supporting references for each review area, and descriptions of the independent analyses performed at the
Center for Nuclear Waste Regulatory Analyses (CNWRA).
The reader is advised that two of the cited reports, Geldon et al. (1997a) and Reimus et al. (1998), are draft
Yucca Mountain Project (YMP) reports that may not reflect the final conclusions of their authors. However,
results reported in these documents have been cited by the DOE in the recent Viability Assessment of a
Repository at Yucca Mountain (U.S. Department of Energy, 1998) and the supporting Technical Basis
Document (Civilian Radioactive Waste Management System Management and Operating Contractor, 1998).
For many of the tests at the C-Holes, these reports are the only documents available from which the Nuclear
Regulatory Commission staff can base their review of results used in the DOE Viability Assessment.
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Table 1-1. Review topics, key references, and Center for Nuclear Waste Regulatory Analyses
independent analyses in this report
Review Topic

Supporting References

CNWRA Independent Analyses

Hydrogeology, chapter2

Geldon 1993,1996

Surface magnetic survey of the C-Holes
area

Effects of surface barometric
pressure fluctuations on the
tuff aquifer, chapter3

Geldon et al., 1997a,b, 1998

Development of a correction method to
remove the effects of surface barometric
fluctuations from well water level data

Hydraulic testing in the
vicinity of the C-Holes,
chapter4

Geldon et al., 1997a, 1998

Independent analysis of three pumping
test data sets obtained from the YMP
database

Interwell tracer testing at the
C-Holes, chapter5

Geldon et al., 1997a;
Reimus et al., 1998

Independent analysis of iodide tracer
test data obtained from the YMP
database
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2 HYDROGEOLOGIC SETTING
The volcanic tuff aquifer beneath YM is comprised of numerous stratigraphic layers, ranging in rock type
from highly fractured, densely welded tuffs to relatively unfractured nonwelded tuffs. A general concept of
the stratigraphy of the YM region can be seen in figure 2-1, which was extracted from the DOE Geologic
Framework Model, Version 3.0 (GFM V3.0), Clayton (1998)for the area north of an east-west line passing
through well UE-25 c#3. It can be seen in figure 2-1 that stratigraphic layers dip to the east and are offset to
varying degrees by the several north-south-striking normal faults. Note that the fault traces depicted in the
GFM V3.0 represent only one of several existing interpretations for faulting in the YM region; other
interpretations include Frizzell and Shulters (1990), and Day et al. (1997,1998). A map of fault traces, based
on the work of Frizzell and Shulters (1990), is shown in figure 2-2 along with well locations in the vicinity
of YM.
Groundwater flow through the volcanic tuffs is thought to occur primarily in the pervasive rock fractures and
numerous faults that occur throughout the region. The purpose of this chapter is to develop an understanding
of how the structure and interconnectedness of the fracture and fault networks might affect groundwater flow
in the tuff aquifer. In the following section, a review of previous hydrogeologic interpretations of flow in the
volcanic tuff aquifer is discussed. The relevance of fault and fracture properties to groundwater flow near
the C-Holes is discussed in section 2.2. In section 2.3, results from a CNWRA conducted surface magnetic
survey are presented that help to confirm the conceptual model for local faulting in the vicinity of the
C-Holes.

2.1

PREVIOUS HYDROGEOLOGIC INTERPRETATIONS

Modeling of flow in the volcanic tuff aquifer to date has been based primarily on the site-scale
hydrogeologic framework for the volcanic tuff aquifer developed by Luckey et al. (1996). On a smaller scale,
interpretation of tracer testing at the C-Holes has been based on a local-scale hydrogeologic conceptual
model developed by Geldon (1993, 1996). In the following two subsections, brief summaries of DOE sitescale and local-scale models are provided.

2.1.1 Site-Scale Hydrogeology
The hydrogeologic characterization of Luckey et al. (1996) divides the Tertiary volcanic sequence
into two aquifers and two confining units. The densely welded part of the Topopah Spring Tuff (TSw), was
designated as the "upper volcanic aquifer." This unit is in the unsaturated zone (UZ) directly beneath YM,
but it dips below the water table several kilometers to the east and south of YM in the vicinity of
Fortymile Wash; it is a very productive aquifer for water-supply wells J-12 , J-13, and JF-3.
The "upper volcanic confining unit" designated by Luckey et al. (1996) consists mainly of the Calico
Hills nonwelded formation (CHn), but also includes the basal vitrophyre of the TSw above the CHn, and the
upper nonwelded part of the Prow Pass Tuff below the CHn. Although these layers appear generally to be
less transmissive that the more densely fractured welded tuffs, the designation as a confining unit can be
misleading as the CHn is capable of producing significant quantities of water (e.g., Lobmeyer et al., 1983)
and, as will be discussed in chapter 3 of this report, barometric pressure fluctuations are transmitted vertically
through this formation. Beneath most of the proposed repository horizon, these formations are in the UZ,
however, locally perched water occurs in areas where the CHn has a higher zeolite mineral content.

2-1

Upper~coled Aquftrl

"twe
Lowr~alco- c
d

on

re

t

4

z

^

/

~~~~North

Figure 2-1. This threediensional oblique view of a section of the Department of Energy Geologic Framework Model, Version 3.0, reveals

the eastward dip of the volcanic tuff layers and the offset of layering due to faulting. Aquifers and confining units described by Luckey et al.
(1996) are identified at left. Dashed horizontal line delineates approximate water table elevation. For reference, the southern face is a 7-km,
east-west cross section that is centered on and passes through well UE-25 c#3.

0

_

r

_

5'/L 7

w

~w

i4079000

/

t~~ t a
547500UT#

4078000

bl~1h

H-3

#

#

!

t

Z

( WT#1

,

J.'14oo7743LT
4077000
-- 40750005
~~~~~~~~~~~~~4076000-

4074000
J-1 3

-4073000

5475600

548500

(

549500

I

550500

1/~~~~~~

551500

552500

1

4720

553500

UTM Eastinqs (ml

Figure 2-2. Site map of the vicinity of the C-Holes, showing locations of wells and fault traces from
Frizzell and Shulters (1990)
The "lower volcanic aquifer" described by Luckey et al. (1996) consists of most of the Prow Pass
Tuff and the underlying Bullfrog and Tram Tuffs of the Crater Flat Group. Beneath much of the area of the
proposed YM repository, downward-percolating water first encounters the regional water table in these
formations. The water-producing zones in this aquifer appear to be dominated by relatively few of the
numerous fractures observed in boreholes. As indicated by monitoring in discrete packed-off intervals during
pumping tests, these transmissive fractures appear to form a network that is vertically well-connected
(e.g., Geldon et al., 1997a; section 4.4, this report). Although this aquifer is generally quite productive, it
tends to be less productive than the upper volcanic aquifer in wells where both aquifers are present-in
well J-13, for example (Thordarson, 1983).
The "lower volcanic confining unit" described by Luckey et al. (1996) consists of the Lithic Ridge
Tuff and older flows and tuffs that separate the Lithic Ridge Tuff from the underlying regional Paleozoic
carbonate aquifer. Only a single borehole, UE-25 p#1, penetrates to the carbonate aquifer system through
this lower confining unit: in that well, the observed heads in the carbonate aquifer are more than 20 m greater
than in the volcanic aquifer, indicating good vertical confinement. This lower confining unit is partially
penetrated by several additional boreholes (e.g., USW G-1, USW G-2, USW G-3, and USW H-1). A
complete lack of observed significant transmissive intervals in this unit suggests that the vertical confinement
extends over much of the YM region. Several researchers have suggested that the vertical confinement
provided by this unit may be broken where temperature anomalies suggest upward flow along major fault
zones (e.g., Fridrich et al., 1994; Sass et al., 1995; and Bredehoeft, 1997).
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Luckey et al. (1996) recognized that, due to the predominant northerly trend of faults and fractures
in the vicinity of the C-Holes, the transmissivity of the volcanic rocks "... probably is not isotropic." Thus,
although the potentiometric gradient in the vicinity tends toward the east, anisotropy may deflect part of the
flow southward.

2.1.2 Local-Scale Hydrogeology
Hydrogeologic descriptions of the volcanic tuff aquifer at the C-Holes have been published by
Geldon (1993, 1996), who identified transmissive intervals in the three C-Holes based on data from several
sources: (i) laboratory analyses of core permeability; (ii) borehole caliper logs; (iii) television and acoustic
televiewer logs of fractures intersecting boreholes; (iv) resistivity logs, temperature logs, tracejector surveys
during pumping tests; and (v) heat-pulse flowmeter surveys.
In the hydrogeologic conceptual model developed by Geldon (1996) for flow near the C-Holes,
observed borehole transmissive intervals are used to infer horizontal continuity between the transmissive and
nontransmissive intervals identified in each of the three C-Holes (e.g., Geldon, 1996, p. 18, figure 7). This
conceptual model of discrete horizontally continuous zones that connect the C-Holes should be treated with
some skepticism, however, as several of the identified transmissive intervals are clearly associated with
steeply-dipping and subvertical features, which implies that transmissive intervals extend vertically away
from the boreholes. Thus, borehole transmissive zones are not likely separated by horizontally continuous
confining layers. The difference between a conceptual model of several discrete subhorizontal transmissive
intervals and a conceptual model of a single vertically well-connected aquifer has important implications for
the interpretation of the interwell tracer tests conducted at the site, as discussed in chapter 5 of this report.

2.2

HYDROLOGIC EFFECTS OF FAULTING AND FRACTURING IN THE
VICINITY OF THE C-HOLES

The major faults in the region are primarily north-south-striking normal faults that have
accommodated east-west crustal extension; they tend to have relatively steep dip angles with down-to-thewest vertical offset and trace lengths on the order of 10 km or more. A few of these normal faults, with
offsets on the order of hundreds of meters or more, have been classified as block-bounding faults that divide
the aquifer system into elongated north-south-trending blocks (e.g., Geldon et al., 1998). The C-Holes are
situated in a fault block that is bounded by the Bow Ridge fault (BRF) to the west and the Paintbrush Canyon
fault (PCF) to the east. Day et al. (1997, 1998) have mapped a number of northwest-trending faults that tend
to be associated with major washes that provide surface drainage to YM. These faults include the Drill Hole
Wash Fault, the Antler Wash fault (AWF), and the Dune Wash Fault. These northwest-trending faults tend
to dip near vertically, and their offsets tend to be largely strike-slip (horizontal displacement) or dip-slip
(both horizontal and vertical components of displacement), with minimal offsetting of stratigraphic layers.
Presently, there are no clearly defined relationships between fault characteristics (e.g., normal or
strike-slip faulting, dip angle, and offset) and the fault hydraulic properties. One might expect that, if a zone
of increased fracturing occurs along a fault, then the fault may act as a conduit to flow along the fault.
Conversely, vertical displacement of faults can offset transmissive layers resulting in reduced permeability
to cross-fault flow (e.g., Allan, 1989). A conceptual model, wherein fault zones can form reduced
permeability barriers to cross-fault flow and increased permeability pathways for along-fault flow, was
proposed by Caine et al. (1996).
The presence of a relatively steep hydraulic gradient across the Solitario Canyon Fault, west of YM,
may be due in part to decreased cross-fault permeability. In the vicinity of the C-Holes, however, there is
2-4

little evidence of such hydrologic effects being caused by either the BRF or the PCF, as the hydraulic
gradient is relatively flat throughout the area east of YM. One might expect that, if these block bounding
faults act as barriers to cross-fault flow, or as preferential flow paths along the faults, this would be
evidenced by changes in the local hydraulic gradient (e.g., either steeper hydraulic gradients across barriers
or troughs along preferential flow paths); however, with the limited number of wells in the area, there are
no clearly observable changes in the local hydraulic gradient associated with these faults. Additionally, as
discussed in section 4.5 of this report, responses to pumping at the C-Holes are observed in wells located
across the BRF and across the PCF from the C-Holes, indicating that these block-bounding faults are not
effective barriers to cross-fault flow. Geldon et al. (1997a, 1998) have suggested that the northwest-trending
AWF may extend southeast across the BRF, forming a preferential flow path between the C-Holes and well
H4. However, there is no conclusive evidence to support this hypothesis.
Within the C-Holes fault block, there exist numerous small faults, with offsets on the order of tens
of meters or less, and countless fractures. Many of these intrablock faults trend north-south (e.g., the Midway
Valley fault (MVF) shown in figure 2-2). All three of the C-Holes terminate in a breccia zone near the top
of the Tram Tuff of the Crater Flat Group (Geldon, 1996). This breccia zone is likely associated with either
the MVF, the PCF, or the convergence of the two. Because the C-Holes are situated alongside a significant
fault structure, local aquifer transmissivity may be enhanced by increased fracture density along the faults.
Geldon (1996, tables 10-12) provided dip azimuth, dip angle, and strike azimuth data for fractures
observed in the C-Holes via television and acoustic televiewer logs; shown in figure 2-3 are pole-to-plane
stereonet plots for these fracture data. To understand stereonet plots, picture them as the lower half of a
hollow sphere; each point on a stereonet plot represents where a line (pole) originating from the center of
the sphere would intersect the lower hemisphere if the line were perpendicular to the plane of a fracture also
passing through the center the sphere. Thus, each point is able to convey both the strike and dip of a single
fracture. For example, a point just inside the outer edge of the stereonet at the three-o'clock position would
represent a subvertical, dipping-to-the-west fracture, oriented north-south. Overlain on the stereonet plots
are rose diagrams that illustrate observation frequencies for various strike directions. The strike refers to the
direction of a line representing the intersection of a fracture with the horizontal plane. For each of the three
wells, two rose diagrams are shown: one for the fracture data as reported by Geldon (1996) and one for the
same data corrected to account for undersampling of steeply-dipping fractures in vertical boreholes
(Terzaghi, 1965). The Terzaghi correction simply takes into account the fact that a borehole is less likely to
intersect fractures that are at oblique angles to the borehole; the observed frequency of fractures with a given
orientation is scaled in inverse proportion to the sine of the fracture-borehole intersection angle. The
corrected fracture-frequency data reveal that, because of the predominance of steeply dipping fractures, the
actual fracture density surrounding the boreholes may be two to three times greater than observed by
borehole intersections. It can also be seen in figure 2-3 that fractures are predominantly oriented along a
north-south strike azimuth.
Based on the foregoing discussion, it is clear that the block-bounding faults and the intra-block
fracture and fault fabric of the volcanic tuff aquifer exhibit a predominant north-south strike direction in the
vicinity of the C-Holes. Given that flow in the tuff aquifer is believed to occur mainly in fractures, this
preferred fracture and fault orientation likely results in some degree of anisotropy in aquifer transmissivity.
Anisotropy occurs when transmissivity is directionally dependent (i.e., preferential flow in one direction).
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each well show estimated fracture frequency before and after applying the Terzaghi (1965) correction.
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Another factor that may result in anisotropic transmissivity is the in situ stress field. Barton et al.
(1995) and Finkbeiner et al. (1997) have suggested that fracture dilation and, hence, permeability may be
greatest for fractures oriented in a direction that is perpendicular to the direction of the least principle stress.
Based on this hypothesis, Ferrill et al. (1999) predicted that, at YM, permeability should generally be greatest
for vertical fractures and faults that strike at about N28 0 E. Although there is strong conceptual evidence for
anisotropic flow in the tuff aquifer near YM, none of the currently published DOE flow and transport
pathway predictions have accounted for anisotropic transmissivity. However, it is the understanding of the
authors that DOE researchers are presently investigating the potential effects of horizontal anisotropy on
groundwater flow directions'. An analysis of the magnitude and direction of transmissivity anisotropy, based
on a pumping test at the C-Holes, is given in section 4.5 of this report.

2.3

GROUND MAGNETIC SURVEYS OF THE C-HOLES AREA

In order to investigate the possible existence of unmapped, hydrologically important faults that may
be masked by colluvial and alluvial deposits in the vicinity of the C-Holes, a ground magnetic survey was
conducted in the area by CNWRA staff. Colluvial and alluvial deposits in proximity to the C-Holes increase
in thickness from 0 m at well c#1 to 24.4 m at well c#3 (Geldon, 1996); nearby, alluvial deposits measured
in wells UE-25 p#1 and ONC1, are 39 m and 98 m in thickness, respectively (Craig and Robison, 1984).
A color-shaded contour magnetic anomaly map and two modeled profiles of the magnetic data are
the products of this survey (figures 2-4, 2-5, and 2-6). The magnetic map in figure 2-4 comprises
7,200 magnetic field measurements collected along east- and north-trending traverses spaced at
approximately 50 m. Distinctive magnetic anomalies occur east and west of the C-Holes (figure 2-4).
Figures 2-5 and 2-6 represent two-dimensional (2D) stratigraphic models that reasonably match the two
surface magnetic observation profiles shown in figure 2-4, assuming the magnetic properties of the Rainier
Mesa, Tiva Canyon and TSw tuffs are consistent with data from Schlinger et al. (1991) and Hudson et al.
(1994). Stratigraphic unit thicknesses and depths are inferred from observations at the C-Holes, and wells
ONCI and UE-25 p#l. These 2D models are derived from the assumption that rapid changes in magnetic
field strength are attributed to displacement of the reversely polarized Rainier Mesa and Tiva Canyon tuff
units, along the BRF, MVF, PCF, and subsidiary normal faults. Fault locations, dips, and offsets are adjusted
to achieve agreement between the observed and calculated magnetic profiles.
The east-west profile of the magnetic data (profile I in figures 2-4 and 2-5) delineates the BRF to
the west of the complex, and the MVF and PCF east of the complex. The modeled profile demonstrates
vertical displacements ranging from approximately 70 m (BRF) to 200 m (PCF). The proposed northwesttrending right-lateral dip-slip AWF is not required in the model for a good fit of the observed and calculated
magnetic profiles. A pair of north-trending faults, which are exposed at the surface and pass through the
C-Holes complex, have been incorporated into the model. A northeast-trending model profile (profile 2 in
figures 2-4 and 2-6) of the magnetic data, normal to the proposed strike of the AWF, demonstrates that the
AWF, if present, does not offset the magnetic stratigraphy in this area. The BRF intersects this profile
obliquely causing the approximately 320 nanotesla (nT) anomaly.
In summary, ground magnetic surveys in the vicinity of the C-Holes delineate down to the west
normal faults, which offset Miocene volcanic stratigraphy in eastern YM. This faulting has caused the
eastward dip of the volcanic strata. There were no major unmapped structural features identified by this
exercise. The proposed northwest-trending AWF, in the vicinity of the C-Holes complex, cannot be

lArnold, B., 1999. Sandia National Laboratories. Personal communication.
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delineated through the modeling of magnetic data or from magnetic anomaly maps. Two alternative
conclusions may be drawn from this: (i) the AWF does not exist in this area, or (ii) movement along the
AWTF is largely strike-slip rather than dip-slip, resulting in little vertical displacement of the magnetic
stratigraphy and, thus, no magnetic anomaly. Thus, the existence of a potential preferential flow path
between the C-Holes and well H4 could neither be verified nor refuted by this analysis.
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3 EFFECTS OF SURFACE BAROMETRIC PRESSURE
FLUCTUATIONS ON THE TUFF AQUIFER
The fluctuation of well water levels, induced by barometric pressure changes at the land surface, is a longrecognized phenomenon (e.g., Jacob, 1940; Weeks, 1979; and Rojstaczer, 1988). Figure 3-1 shows waterlevel responses to barometric pressure fluctuations from well wt#14 during a 25-day period beginning
November 5, 1996. The response of wt#14 is typical of wells near YM that tap the water table in the tuff
aquifer. On the left side of figure 3-1, it can be seen that the amplitude of well water-level response to the
higher-frequency diurnal and semidiurnal barometric pressure fluctuations is on the order of 5 cm.
Barometric pressure changes are also caused by changing weather patterns: these changes are of higher
amplitude and longer duration, and the amplitude of the resulting water-level fluctuations often exceeds
20 cm, as can be seen in the right side of the plots in figure 3-1.
During an aquifer pumping test, barometric forcing can bias-sometimes totally obscure-the timedrawdown response of an observation well. This is especially true when observation well responses to
pumping are only a few tens of centimeters or less, as is the case for all of the nonpumped observation wells
used in the analyses of C-Holes pumping tests. In order to obtain the most information from an aquifer
pumping test, it is desirable to filter time-drawdown data from observation wells to remove the confounding
effects of barometric forcing. In this section, background theory and the methods used to correct C-Holes
and observation well data for barometric effects are discussed.

3.1

BACKGROUND THEORY

The appropriate filtering method for removing barometric effects from observation well data depends
on the aquifer characteristics: for a small diameter, open-cased well tapping a perfectly confined aquifer with
high lateral transmissivity, changes in well water levels can be related to barometric pressure changes by a
simple linear coefficient called the barometric efficiency (Jacob, 1940).
In previous analyses of pump tests conducted at the C-Holes (Geldon et al., 1997a; 1998), a modified
version of the Jacob (1940) approach has been used to correct well water levels for barometric effects. This
approach is effective for confined aquifers where barometric effects are coupled to the well water levels
through the borehole only. For deep unconfined aquifers, however, barometric pressure fluctuations can also
reach the water table through the overlying formation. Barometric pressure changes reaching the water table
are attenuated and somewhat delayed relative to the pressure signal at the surface, owing to the finite
permeability of the UZ and its ability to store or release gas with pressure changes. The competing forces
of air pressure at the water table and in the well bore result in a complicated relationship between water-level
response and the barometric pressure signal in wells tapping deep unconfined aquifers, making data
correction a difficult endeavor.
Investigations of the complex behavior of well water levels in deep unconfined aquifers in response
to barometric pressure changes were pioneered by Weeks (1978, 1979). Based on the discussions of Weeks
(1979), there is evidence to suggest that saturated volcanic tuffs in the vicinity of YM should be treated as
a deep unconfined aquifer for purposes of correcting water-level data for barometric pressure fluctuations.
For example, Geldon et al. (1997b) noted that, if water level and barometric data from the C-Holes are not
first filtered to remove semidiurnal changes, calculated barometric efficiencies can exceed 1.0. It was
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Figure 3-1. Water levels in open boreholes tapping the tuff aquifer near Yucca Mountain respond
inversely to barometric pressure fluctuations
concluded that, because the barometric efficiency cannot exceed 1.0, "... factors in addition to barometric
effects influence water-level fluctuations at YM."
Weeks (1978), however, demonstrated that water-level fluctuations with amplitudes in excess of the
corresponding barometric fluctuations are a common characteristic of deep, unconfined aquifers, resulting
in calculated barometric efficiencies greater than 1.0. These increased amplitudes are attributable to the timelag in the barometric pressure signal that is transmitted through the UZ. This makes it possible for a low
pressure to reach the water table at the same time a high pressure is transmitted through the borehole; the
pressure differential results in water level fluctuations that exceed barometric pressure fluctuations.
Additional evidence that barometric fluctuations are felt at the water table in the tuff aquifer near
YM comes from well ONC1, located 0.8 km northwest of the C-Holes. At ONC1, barometric pressure is
monitored in addition to absolute pressures at several packed-off intervals of the UZ and SZ. Because the
monitored intervals are isolated with inflatable packers, only the pressure changes transmitted through the
UZ are recorded by the transducers. As shown in figure 3-2, barometric pressure fluctuations, though delayed
and attenuated, are clearly transmitted through the UZ and cause fluctuations in aquifer pressure.
To this point, discussion of barometric effects on aquifers has been related to water levels in wells.
Direct measurements of water levels in wells, however, are seldom used to monitor pumping test observation
wells. Instead, pressure transducers are used in conjunction with automated data collection systems. For
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pump tests at the C-Holes, two types of pressure transducers have been used in observation wells: gauge
pressure transducers (also called differential pressure transducers) and absolute pressure transducers.
Gauge pressure transducers automatically subtract the atmospheric pressure from the total pressure,
yielding the pressure due to the height of water above the transducer. Absolute pressure transducers measure
total pressure-water plus air. Thus, because water levels in an open borehole respond inversely to
barometric pressure, absolute pressure transducers are less affected by barometric pressure fluctuations in
the borehole. Absolute pressure transducers are, however, affected by barometric fluctuations that reach the
aquifer through the UZ.
Another factor that affects how an observation well responds to barometric fluctuations is whether
a pressure transducer is isolated in the borehole with inflatable packers. A packed-off borehole interval is
isolated from air pressure in the borehole and thus responds only to the pressure changes that reach the
aquifer through the UZ. Table 3-1 provides a summary of how barometric pressure fluctuations affect various
combinations of aquifer characteristics, borehole configurations, and instrumentation.

3.2

WATER-LEVEL CORRECTION METHODS

Because barometric pressure fluctuations affect observation well measurements in two waysthrough the borehole and through the UZ-a two stage approach is developed for the filtering of observation
well data analyzed in this report. The first stage (stage 1) is basically the same approach used by Geldon
et al. (1997a, 1998). That is, changes in atmospheric pressure are multiplied by a barometric efficiency (eb)
and added to the water level record; the water level signal is then smoothed with a low-pass filter to remove
oscillations with frequencies greater than 0.8 cycles per day. Stage I filtering removes the barometric effects
that are directly coupled to the well water level through the borehole. For monitored intervals that use
absolute pressure transducers or that are isolated with inflatable packers, stage 1 filtering is unnecessary.
Figure 3-3 shows the results of stage 1 filtering applied to the raw data from well wt#14 shown in figure 3-1,
using a barometric efficiency of 1.0. It can be seen that stage 1 filtering does a good job of filtering out the
low amplitude higher-frequency barometric fluctuations that are not transmitted through the UZ, but the
method results in overcorrection of the low-frequency, high-amplitude fluctuations.
The second stage (stage 2) filtering is applied either to data that has undergone stage 1 filtering or
to raw data from absolute pressure transducers or packed-off intervals. The purpose of stage 2 filtering is to
remove the effects of barometric fluctuations that reach the aquifer through the UZ. This is accomplished
by first filtering the surface barometric pressure data to account for the time lag and attenuation that occurs
in the UZ, and then subtracting this filtered signal from the water level data. Three parameters are used for
stage 2 filtering: a time length for a running average low-pass filter (trV), a dimensionless attenuation factor
(b), and a time lag (tiag). This process is illustrated in figures 3-4a and b. Figure 3-4a shows a comparison
between stage 1-filtered water level data and surface barometric pressure data that has been filtered using
a 2.6 day running average, multiplied by an attenuation factor 0.6, and lagged by a period of 0.42 day. This
plot makes it clear that water levels in well wt#14, like those in well ONC1, are affected by barometric
forcing through the UZ. Observation wells H4 and wt #3 respond similarly, indicating that the tuff aquifer
near YM can be treated as the type of deep unconfined aquifer described by Weeks (1978). Figure 3-4b
shows a comparison between the final stage 2-filtered data and the unfiltered water level data: the amplitude
of low frequency water levels oscillations is significantly reduced by stage 2 filtering. For the observation
wells analyzed in this report, table 3-2 provides descriptions of the borehole configuration, instrumentation,
and filtering methods used to correct barometric effects. With the exception of the June 12, 1995, pump test,
all observation well data analyzed in this report has been corrected for barometric effects using the previously
described methods.
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Table 3-1. Summary of barometric effects on observation wells
Transducer [ Borehole
Type
[ Setup

Aquifer
Type

Impact of Barometric Pressure Fluctuations on
Transducer Pressure or Water Level Measurements

Absolute
pressure

Open or
Shut-in

Confined

Slight to none: for open boreholes, decreases or increases
in atmospheric pressure are offset by respective decreases
or increases in borehole water level; for shut-in boreholes,
the aquifer is effectively isolated from atmospheric
effects.

Gauge
pressure or
water level

Open

Confined

Significant: gauge transducers are affected by well water
levels that rise and fall inversely with atmospheric
pressure trends.

Absolute
pressure

Open or
Shut-in

Shallow,
unconfined

Significant: atmospheric pressure changes reach the
water table, causing absolute water pressure in the aquifer
to change in direct proportion.

Gauge
pressure or
water level

Open

Shallow,
unconfined

Slight to none: with equal atmospheric pressures at the
water table and in the borehole, the gauge pressure
transducer removes the atmospheric component from the
aquifer pressure measurement.

Absolute
pressure

Open or
Shut-in

Deep,
unconfined

Moderate to significant: low-frequency atmospheric
pressure signals, though somewhat delayed and
attenuated, reach the water table causing aquifer pressure
to change proportionately; the degree of attenuation
depends on the signal frequency. Higher-frequency
atmospheric signals, such as those caused by atmospheric
tides, are attenuated by the overburden and are offset by
water-level changes in the borehole.

Gauge
pressure or
water level

Open

Deep,
unconfined

Moderate to significant: borehole water level and gauge
pressure change inversely with high-frequency
atmospheric pressure changes. These fluctuations are
complicated by the delayed, attenuated low-frequency
pressure signal that reaches the water table through the
overburden.
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Figure 3-3. Stage 1 filtering, assuming a barometric efficiency of 1.0, is effective for removing highfrequency oscillations from well UE-25 wt#14 water level data. However, the method tends to
overcorrect for the low-frequency, larger amplitude oscillations, which are more likely to reach the
water table through the unsaturated zone.

3.3

ASSUMPTIONS AND LIMITATIONS OF WATER-LEVEL CORRECTION
METHODS

In the above data correction methods, there are many implicit simplifications and assumptions that
should be noted. For example, the use of a barometric efficiency value of 1.0 for all of the stage 1 filtering
implies that formation compression due to the atmospheric loading at the surface is negligible. Time lags,
running average lengths, and attenuation factors are basically used as fitting parameters that have no clear
relation to formation properties; additionally, the use of a constant values for these parameters does not
account for the fact that barometric pressure fluctuations with different frequencies and amplitudes may
propagate through the formation at different rates and be attenuated differently. These simplifications likely
account for much of the signal noise that remains after data filtering. Other methods are available that employ
Fourier spectral analysis to remove water level fluctuations based on the specific oscillation frequencies that
are common between the water level signal and the barometric signal. However, because barometric pressure
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Table 3-2. Configurations of observation wells used to monitor C-Holes pump tests

I
l

l

Method for Barometric

I

Correction
(see text for parameter
descriptions)

Well
Identification

Borehole
Configuration

' C-Holes:
May 22, 1995
pump test

Open boreholes
(packers deflated)

Absolute
transducers

pressure

Stage 2 only: t,", = 2.0 days;
1.25 days; b = 0.45

' C-Holes:
May 8, 1996
pump tests

Inflated packers used
to isolate transducer
intervals

Absolute
transducers

pressure

Raw data were not available, only
distant observation wells were
analyzed

2 ONC1

Inflated packers used
to isolate transducer
intervals

Absolute
transducers

pressure

Stage 2 only: t,., = 5.2 days; tlag
1.25 days; b = 0.56

3 USW H-4

Open borehole

Gauge pressure

Stage 1: eb

transducers

Stage 2: tra, = 2.6 days; tlag = 0.42
days; b = 0.45

Instrumentation

=

tiag

1-0

3 UE-25 wt#3

Open borehole

Gauge pressure
transducers

Stage 1: eb = 1.0
Stage 2: t., = 2.6 days; tiag = 0.69
day; b = 0.56

3 UE-25

Open borehole

Gauge pressure
transducers

Stage 1: eb = 1.0
Stage 2: tra = 2.6 days; tlag = 0.07
day; b = 0.65

wt#14

Geldon et al., 1998
P.1999. Personal communication to J. Winterle
3 Graves, 1998
2 Montazer,

cannot be counted on to conform to a repeatable pattern of fluctuation, a separate spectral analysis would
be required for each data set to be corrected. The strengths of the two-stage method used in this report are
threefold: (i) it eliminates most of the barometrically induced signal-noise; (ii) it is simple to apply; and
(iii) once filter parameters are determined for a well, any data set from that well can be corrected for
barometric effects with those same parameters, providing the overall range of barometric pressure
fluctuations is not drastically different from that used to obtain the filtering parameters.
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4 HYDRAULIC TESTING
Aquifer hydraulic testing at the C-Holes is the sole means available for obtaining the large-scale aquifer
hydraulic parameters (e.g., transmissivity and storativity) to model groundwater flow and transport at YM.
In this section, discussion is limited to the interpretation of aquifer pressure response in observation wells
to a constant-rate discharge from a pumping well. This type of test is commonly referred to as an aquifer
pumping test. During an aquifer pumping test, time-drawdown responses to pumping are recorded in one or
more observation wells. For characterizing aquifer properties over a large area, as is desired for YM, it is
ideal to use multiple observation wells at various distances and orientations to the pumping well.
Unfortunately, wells are expensive and one must often rely on the results of single-well pumping tests, where
the pumped well also acts as the observation well.
There are seemingly countless methods available to obtain hydraulic parameters from aquifer pumping tests.
Each method carries its own set of assumptions regarding aquifer conditions and boundaries. Some of the
most common approaches assume purely horizontal flow in confined, homogenous, isotropic, and
horizontally infinite aquifers (e.g., Theis, 1935, and Jacob, 1940). Methods are also available to account for
vertical flow induced by such factors as leakage from confining units (e.g., Cooper, 1963) and water table
gravity drainage in unconfined aquifers (e.g., Neuman, 1975). For fractured rock aquifers, such as the
volcanic tuff aquifer beneath YM, methods are available to account for the delayed secondary water yield
derived from the rock matrix in fracture-bounded rock blocks (e.g., Streltsova-Adams, 1978, Warren and
Root, 1963, and Moench, 1984). For horizontally anisotropic aquifers, methods are available for elucidating
the magnitude and principal directions of anisotropy (e.g., Papadopulos, 1965). When aquifers are not
laterally extensive, pumping test results can be affected by a variety of lateral boundary conditions. For
example, recharge boundaries often occur beneath river or stream beds or where fault systems offset multiple
aquifers; faults can also act as lateral no-flow or restricted-flow boundaries if they are well cemented or
healed. In heterogenous formations, pumping-test results may appear to be affected by multiple boundary
conditions as the pressure front moves outward from the pumping well through various zones of high and
low transmissivity.
A perennial problem in the interpretation of aquifer pumping tests is that, in the absence of a priori
knowledge of aquifer boundaries and physical characteristics, a time-drawdown response can often be fit
equally well with a number of analytical methods, yielding a variety of interpreted aquifer hydraulic
parameter estimates. An example of this problem can be seen in figure 4-1 showing semilogarithmic plots
of two hypothetical time-drawdown curves that have characteristics similar to those commonly observed in
single-well tests near YM (e.g., Winograd and Thordarson, 1975, Craig and Reed, 1991, and Geldon, 1996).
In an ideal infinite, homogenous, confined aquifer, time-drawdown data should form a single straight line
on a semilogarithmic (semilog) time-drawdown plot2 (Cooper and Jacob, 1946). However, for the single-well
tests conducted near YM, time-drawdown data typically reveal at least two straight-line segments, or limbs:
a steep-slope limb at early times is followed by a more gradually sloped limb. For purposes of this discussion,
this is referred to as a dual-limbed response. Often, a third limb is encountered at late times in the pumping
test where the slope of the semilog time-drawdown limb again becomes steep. In figure 4-1, hypothetical two

2The semilog straight-line approximation method of Cooper and Jacob (1946) is valid at large dimensionless times: when
u =r2S/(4Tt) is smaller than 0.03, the approximation error is <1%. For single-well pump tests in fractured tuffs near Yucca Mountain,
this late-time criterion is generally met within a few seconds after the start of a pumping test.
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Figure 4-1. Semilog plots of hypothetical time-drawdown curves showing characteristics typical of
single-well pumping tests in the fractured-rock aquifers near Yucca Mountain
and three-limb plots are shown and several possible explanations for the shapes of the drawdown curves are
offered. Any or all of the possible explanations could be at play in the fractured tuffs near YM.
Depending on which set of explanations one subscribes to, estimates of aquifer transmissivity can vary over
an order of magnitude. In the following section, a background discussion of the previous hydraulic testing
is given to provide a hydrogeologic framework for the interpretation of the C-Holes pumping tests. This
discussion provides the basis for the selection of analytical methods used to interpret the C-Holes pumping
test results.

4.1

INTERPRETATIONS FROM PREVIOUS HYDRAULIC TESTING NEAR
THE C-HOLES COMPLEX

By far, the majority of aquifer pumping tests in the vicinity of YM have been conducted as
single-well tests. An interesting result emerged from early hydraulic testing at the C-Holes: aquifer
transinissivity estimates obtained from a single pumped well tend to be much lower than if the same well is
pumped and transmissivity is estimated from a nearby nonpumped observation well (Geldon, 1996). Also,
time-drawdown plots of data from nonpumped observation wells do not exhibit the early large and rapid
drawdown common in pumped wells.
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Prior to the site characterization efforts at YM, Winograd and Thordarson (1975) published a
compilation of single-well pumping tests on the Nevada Test Site (NTS)-several in fractured tuffs. They
observed that the dual-limbed response was more the rule than the exception. They attributed this behavior
to one or more of the following factors: (i) three-dimensional (3D) flow near the boreholes due to partial
penetration of the aquifer, (ii) crowding of flow lines near the borehole due to small cross-sectional flow area
of the water-bearing fractures tapped by the borehole, or (iii) a zone of reduced transmissivity surrounding
the borehole.
The first two explanations are related by the fact that both result in a convergence of flow lines near
the borehole. In the case of a partially penetrating well, flow lines converge on the borehole spherically (3D),
as opposed to radially (2D); this results in crowding of flow lines near the well open interval that greatly
exceeds that for radial flow and, hence, necessitates a larger head drop near the well bore. The effects of
partial penetration diminish with radial distance and become negligible at distances 1.5-2 times greater than
the saturated thickness of the aquifer (Kruseman and de Ridder, 1990). Because the dual-limbed response
in pumping wells is observed even in those that penetrate the tuff aquifer quite deeply (e.g., the C-Holes),
this explanation seems less likely.
Similar to the partial penetration case, when flow is limited to water-bearing fractures, flow in a
fracture network must enter the well at the few fractures that connect to the well bore, resulting in greater
head losses than would occur in homogenous interstices. Head loss caused by the physical crowding of flow
lines in the fractures near wells was referred to by Winograd and Thordarson (1975) as the "ramming effect."
This effect could be exacerbated by the fact that fractures and faults in the tuff aquifer are predominantly
vertically oriented (Geldon, 1996). Because wells at YM are drilled vertically, the number of fractures
intersected per meter of well bore may be significantly less than the mean fracture frequency of the aquifer.
Winograd and Thordarson (1975) were doubtful that a zone of reduced transmissivity caused the
dual-limbed drawdown response because the phenomenon was observed in eight of the nine pumping wells
investigated. They felt it unlikely that such a large fraction of wells would intersect zones of below-average
transmissivity. A zone of reduced transmissivity was also proposed by O'Brien (1997) in his analysis of the
dual-limbed response of pumping tests in well UE-25 wt#12. He reasoned that, given the fractured nature
of the tuffaceous formations being tested, it is possible that the borehole intersected only secondary fractures
that have transmissivities less than those of the primary fractures. The O'Brien reasoning can be extended
to form a conceptual model of an aquifer wherein vertically oriented primary fractures or faults form hightransmissivity zones that are spaced several tens to hundreds of meters apart. Such a conceptual model is
consistent with the results of several borehole flow surveys near YM. Because high-transmissivity zones tend
to be oriented near vertically, the probability of a vertical borehole intersecting a high-transmissivity zone
is reduced. Thus, drawdown in a pumped well is likely to be affected at early times by a surrounding zone
of secondary low-transmissivity fractures.
All three of the previously discussed factors can result in zones of high head loss close to pumping
wells that would diminish rapidly with radial distance from the well. This may explain why the dual-limbed
behavior is not typically observed in nonpumped observation wells. Additionally, all of these factors would
explain higher rates of early-time drawdown data-the first limb of the semilog time-drawdown plot. Thus,
if one or more of these three factors are operative, aquifer transmissivity estimates can be obtained from the
slope of the second limb semilog time-drawdown plot. Unfortunately, the aquifer storage coefficient (S)
cannot be estimated from the late-time semilog slope. Because use of the late-time (second limb) data results
in higher transmissivity estimates, the disparity between single- and multiple-well pumping tests is much less.
This latter point will be illustrated in the analyses of the May 22, 1995, pumping test at the C-Holes,
discussed in the following section.
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Other investigators have postulated that the dual-limbed semilog response in pumping wells is due
to factors that affect the second limb of the dual-limbed semilog plot. That is, they postulate that the first
limb of the semilog plot is reflective of aquifer transmissivity. For example, Craig and Reed (1991) used a
dual-porosity model to obtain aquifer transmissivity estimates from well USW H-6. A dual-porosity model
attributes the second drawdown limb to the delayed contribution of water from rock matrix that is released
from compression storage after a pumping-induced pressure drop in the fracture network. A complete dualporosity response should also have a third limb, with a slope similar to the first, that reflects the diminishing
contribution from matrix storage at late times; however Craig and Reed (1991) speculated that the pump test
did not run long enough to reach the third limb. The simplified dual porosity approximation used by Craig
and Reed (1991) resulted in a transmissivity estimate that was half of what would be estimated using the
straight-line slope method on the second limb.
In his analysis of a May-June 1984, pumping test, Geldon (1996, p. 52) interpreted the flattening
of the late-time drawdown response in well c#3 as caused by a nearby recharge boundary such as a leaky
2
aquitard; he obtained a transmissivity estimate of about 30 m /d using the analytical method of Cooper
(1963). However, in observation well c#2, an open borehole located just 30 m away, transmissivity was
estimated during the same pumping test to be 2,700 m2/d using the dual-porosity method of Streltsova-Adams
(1978), and 2,100 m2 /d using the method of Neuman (1975) for unconfined aquifers. These results of Geldon
(1996) indicate a nearly two-orders-of-magnitude disparity between the results of single- and multiple-well
transmissivity estimates.
Geldon (1996) also estimated transmissivity for well c#3 from the residual drawdown (recovery)
after pumping stopped in the May-June 1984, pumping test. This analysis is shown in figure 4-2 (figure 20
from Geldon, 1996): note that for residual drawdown plots, time increases from right to left. From the
2
semilog slope of the early-time recovery data, a transmissivity estimate of about 30 m /d was obtained,
consistent with the estimate based on the leaky aquitard solution. Notice, however, that the transmissivity
estimate is increased by more than a factor of 50 when the late-time residual drawdown data are used. This
higher transmissivity estimate is certainly more consistent with those obtained from the nonpumped
observation well c#2.
Based on the preceding discussion, it seems evident that single-well pumping tests are influenced
by a zone of high head losses surrounding the borehole that is caused by either a convergence of flow into
discrete fracture-well intersections or a zone of reduced permeability surrounding the well. The implication
is that transmissivity estimates from single-well tests in the tuff aquifer should be determined from late-time
drawdown data, using semilog graphical methods rather than type-curve matching methods (e.g., Theis,
1935). Meier et al. (1998) reached a similar conclusion in their review of results from pumping tests
conducted in heterogenous formations. Unfortunately, using only late-time data precludes a reliable estimate
of aquifer storage coefficients from pumping-well data; one must, therefore, rely on nonpumped observation
wells to estimate this important parameter.
It is important to note that transmissivity estimates have been obtained from numerous single-well
pumping tests in the tuff volcanic aquifer; many (if not most) of these estimates may be too low because of
failure to account for zones of high head loss surrounding the pumped well. Although it is beyond the scope
of this report to check and correct all previous single-well transmissivity estimates, the need for such
corrections should be assessed before using single-well transmissivity estimates to construct flow and
transport models for the YM tuff aquifer.
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Figure 4-2. Residual drawdown plot from Geldon (1996, figure 20) showing recovery in well UE-25
c#3 following May-June 1984, pump test. Transmissivity estimates vary by more than a factor of
50 depending on whether the early- or late-time limb is used. Note that, for residual drawdown plots,
time increases from right to left.

4.2

HYDRAULIC TESTING AT THE C-HOLES

Numerous hydraulic tests at the C-Holes have been conducted and analyzed. Geldon (1993, 1996)
discusses results of preliminary testing at the C-Holes conducted between September 1983, and December
1984. These preliminary tests include 16 falling head tests, 9 pressure injection tests, and 2 unsuccessful
constant-discharge withdrawal tests in well c#1; one constant head injection test, one constant-discharge
injection test, and one constant-discharge withdrawal test in well c#2; and two constant-discharge withdrawal
tests in well c#3. These preliminary tests were useful for determining the distribution of transmissive
intervals and the approximate hydraulic properties of tuff aquifers in the area of the C-Holes Complex. These
preliminary tests are not reinterpreted in this report beyond what was discussed in section 4.1.
More recently, three constant-discharge aquifer pumping tests in well c#3 were conducted and
analyzed using the other two C-Holes and several more distant wells as observation wells (Geldon et al.,
1997a, 1998). Because these tests were conducted for longer durations than most of the preliminary tests,
and observation wells at greater distances were used, properties of the tuff aquifer can be elucidated over
much greater distances from the C-Holes. These aquifer tests are identified in table 4-1 along with details
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regarding the configuration of the pumping and observation wells. The results of these tests are analyzed in
the following subsections of this report.

4.3

MAY 22-JUNE 12,1995, PUMPING TEST

A description of pump test procedures and an interpretation of results was first reported by Geldon
et al. (1998). A brief summary of the procedures is provided here. Well c#3 was pumped at an average rate
of 1,548 m3/d from 2:59 p.m. on May 22 to 3:03 p.m. on June 1, 1995. Total pump time was for 14,403 min
(10 days). Observation of postpumping recovery continued until June 12, 1995, when a new pump test was
started. In addition to the pumped well, c#1, c#2, and Nye County well ONCI were used as observation wells
to monitor the tuff aquifer pressure response to pumping. In the three C-Holes, packers were kept deflated
in all three wells during this test, thus all penetrated aquifer intervals were in hydraulic communication
through the well bore. In well ONCI, packers were kept inflated to isolate the monitored interval from
atmospheric pressure and borehole storage effects 3 . Absolute pressure transducers were used in all
observation wells. Aquifer response to this pumping test was also observed in water levels in several more
distant observation wells monitored hourly during this test. Unfortunately, the data from these wells were
not available for inclusion in this report.
For these analyses, the raw time-drawdown data for the pumped and observation wells was filtered
to correct for barometric pressure fluctuations in accordance with the procedures outlined in chapter 3 of this
report. Figure 4-3 shows the raw and filtered responses to pumping in well c#3. Notice that the early-time
drawdown in pumped well c#3 is much greater and more rapid than in any of the three nonpumped wells.
In the following subsections, several analytical methods are used to interpret the drawdown and recovery
responses in the pumped well and three observation wells. These methods include the semilog straight-line
method of Jacob (1940) for confined aquifers, the methods of Kazemi et al. (1969) and Moench (1995) for
dual-porosity (e.g., fracture and rock matrix) aquifers, and the method of Neuman (1975) for vertically
anisotropic, unconfined aquifers. Because of the previously discussed large initial drawdown and the erratic
recovery in pumped well c#3, only the late-time drawdown data were analyzed, and only the semilog straightline method was used.

4.3.1 Semilog Analysis of Pumping Test Data
Semilog plots of the drawdown and recovery data are shown in figure 4-4. The straight-line graphical
method of Cooper and Jacob (1946) was used to estimate transmissivity and the aquifer storage coefficient
for each observation well. This method is based on the assumption of a confined aquifer system, which may
not be the case at the C-Holes. Use of approaches developed for confined systems on unconfined aquifers,
however, is generally valid when total drawdown is less than a few percent of the total saturated thickness
of the aquifer. Maximum drawdown at the pumped well is almost 8 m which is only 1.6 percent of the
approximately 500 m of penetrated aquifer thickness.
Transmissivity (D)was estimated from both drawdown and recovery data using the equation

T

0.1 83Q

(4-1)

As

where Q is the rate of pumping during the test, As is the drawdown or recovery over one log cycle. Aquifer
storage coefficients (S) were estimated from the drawdown data using the equation

3

Montazer, P. 1999. Consultant to Nye County, Nevada. Personal communication to J. Winterle
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Table 4-1. Pumping and observation well configuration data from three constant-discharge tests
conducted at the C-Holes

Pumping Well UE-25 c#3
Pumping Test Dates

I

Configuration

I

Observation Well Data
®is distance from pumped well)

May 22June 12, 1995

Discharge (Q) g 17.9 [is (1,550 m3/d);
borehole radius - 0.152 m;
all packers deflated (open borehole)

UE-25 c#1: r = 82.6 m; open borehole
UE-25 c#2: r = 29.0 m; open borehole
ONCL: r = 840 m; monitored intervals
isolated with packers

June 12-24, 1995

Q a22.5 Us (1,940 m3/d);
borehole radius a 0.152 m;
all packers deflated

UE-25 c#1: r = 82.6 m; monitored intervals
isolated with packers
UE-25 c#2: r = 29.0 m; monitored intervals
isolated with packers

May 8, 1996March 26, 1997

Q !9.5 Us (1,940 m3/d);
borehole radius - 0.152 m;
pumping from Bullfrog/Tram interval
isolated by packers.

ONCL: r = 840 m; monitored intervals
isolated with packers.
UE-25 wt#3: r = 3526 m; open borehole
UE-25 wt#14: r = 3526 m; open borehole
USW H-4: r = 2245 m; open borehole

=2.25Tt

(4-2)

where r is the distance from the pumped well, and to is the intercept of the semilog straight line at zero
drawdown.
The resulting estimates of Tand S are listed in table 4-2. Note that the use of late-time (second-limb)
data for pumped well, c#3, results in a T estimate that is consistent with those obtained from the other
observation wells. Estimated values of Tvary by only about a factor of two; estimates of S are more variable,
but within the same order of magnitude. This observation could be interpreted according to the findings of
Meier et al. (1998) who demonstrated that small variability of T and large variability of S occur when
methods developed for homogenous media are used to interpret tests in heterogeneous formations. Variability
in values of S may also be attributable to radial flow in a homogenous, horizontally anisotropic aquifer (e.g.,
Papadopulos, 1965). The possibility of horizontally anisotropic transmissivity in the tuff aquifer is explored
further in section 4.5 of this report.
Future work should focus on evaluating whether variability in estimated storage coefficients is
attributable to aquifer heterogeneity, aquifer anisotropy, or perhaps both. The DOE recently has made
available data from several wells, in addition to those analyzed here, that were monitored hourly during the
May 22-June 12, 1995, pumping test and may show a drawdown response. Several of these observation wells
showed response to pumping during at well c#3. These wells include H4, wt#3, wt#14, UE-25 b#1 and
UE-25 wt#1. It is proposed that data from these wells be analyzed to determine how well they conform to
the model of horizontal aquifer anisotropy presented in section 4.5.

4.3.2 Composite Analysis of Pumping Test Data
In a composite pumping-test analysis, data from several observation wells are plotted on a graph of
t/r' versus drawdown and simultaneously fit using the Theis (1935) method with a single pair of
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transmissivity and storage coefficient estimates. The AQTESOLV, Version 2.12, software was used to
visually fit composite type curves to drawdown data from pumped well c#3 and observation wells c#1, c#2,
and ONC 1. The AQTESOLV output data sheet and plot can be found in appendix A. To simulate a zone of
high head loss around pumped well, c#3 was modeled as partially penetrating. That is, it was assumed well
c#3 was open only in the middle 50 m of a 500-m thick aquifer; this is consistent with a flow meter survey
that shows 75 percent of production in well c#3 comes from a 50-m interval of the Bullfrog member of the
Crater Flat Tuff. Wells c#1 and c#2 were treated as fully penetrating. Well ONCI was modeled as
penetrating only the top 30 m of the aquifer; however, because it is far from the pumped well, the effects of
partial penetration are negligible at ONC 1.

From the AQTESOLV plot on page Al in Appendix A, it can be seen that the composite type-curves
provide a generally good fit to data from all wells except for c#2, which would require a higher transmissivity
for the type curve to reasonably match the data. Because well c#2 is located only about 30 m from the
pumped well, it is possible that the drawdown in this well is affected by a localized zone of high
transmissivity. Estimated values of T and S from the composite analysis are given in table 4-2. This
composite analysis lends support to the concept that the pumped well is surrounded by a zone of high head
loss due to the 3D flow effects of either partial penetration or limited well-fracture intersections.

4.3.3 Secondary Storage Effects and Heterogeneity
Figure 4-4 reveals temporary flattening of the semilog drawdown slopes in the middle parts of the
data for wells c#1 and c#2, and possibly ONCL. This type of deviation from a semilog straight line can be
an indication of one or more of the following: (i) delayed secondary storage from gravity drainage in an
unconfined aquifer (unconfined response), (ii) delayed secondary storage from rock-matrix in a
fracture-dominated flow system (dual-porosity response), or (iii) aquifer heterogeneity that results in
alternating zones of low and high transmissivity (heterogenous response).
In an unconfined aquifer, a significant fraction of pumped water is derived from vertical gravity
drainage that occurs as the water table is drawn down under pumping conditions. In the early stages of a
pumping test, the rate of gravity drainage may not keep pace with water table decline. As the rate of
drawdown slows, the vertically flowing gravity drainage catches up and causes a temporary flattening of the
semilog time drawdown curve. This type of response and methods of pumping-test interpretation were
described by Neuman (1975). Application of the Neuman (1975) type-curve method results in estimates of
T, S. the specific yield coefficient (Sy) for storage due to water table decline, and a vertical anisotropy ratio
(K/Kr) of vertical to radial hydraulic conductivity. The Neuman (1975) method was applied to timedrawdown data from wells c#1, c#2, and ONCI using AQTESOLV pumping test analysis software. An
attempt to fit the unconfined response model to well ONC1 resulted in an unrealistically low transmissivity
estimate that was two orders of magnitude lower than those from the C-Holes. Results of this analysis are
listed in table 4-2. AQTESOLV output data sheets and plots for the three wells may be found on pages
A2-A4 of appendix A.
In a dual-porosity aquifer, the flattening of the middle part of the semilog slope is caused by the slow
release of fluid stored in the low-permeability rock matrix. Analogous to the unconfined response, the
mathematical description of this type of aquifer also requires two types of storage parameters-one for a
flowing-fracture domain, and another for an assumed-stagnant matrix domain. For comparative purposes,
two methods of dual-porosity analysis were employed: the Kazemi et al. (1969) method and the Moench

4

AQTESOLV software is available from Hydrosolve, Inc., www.aqtesolv.com
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Table 4-2. Summary of analyses for May-June 1995, pumping test in well UE-25 c#3

1Estimated Aquifer

1
Analysis Method

Observation Well

Semilogstraight-line(CooperandJacob,1946)analysis
of drawdown and recovery data.

I

Parameters

UE-25 c#1
Drawdown

T = 2,600 m2 /d
S = 0.0008

UJE-25 c#1

T = 2,400 m2/d

Recovery

Composite analysis: simultaneous Theis (1935) curve
fit to data from four wells.
_-

-_

UE-25 c#2
Drawdown

T = 4,700 m2/d
S = 0.0009

UE-25 c#2
Recovery

T = 3,500 m2/d

UE-25 c#3
Drawdown

T = 3,200 m2/d

ONCI
Drawdown

T = 1,900 m2/d
S = 0.004

ONC I Recovery

T = 3,200 m2/d

UE-25 c#l, c#2,
c#3; ONCI

T= 2,200 m2 /d
S = 0.002

- - _- _- _--_ _
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - __

Note: to match the large early-time drawdown in well UE-25 c#3 for the composite analysis, partial
penetration of only the middle 10 percent of the total aquifer thickness was assumed. As discussed in
section 4.1, the convergence of flow lines caused by partial penetration is assumed analogous to the
convergence of flow lines at well-fracture intersections.
Unconfined response, method of Neumann (1975):
Aquifer storage is separated into two components:
compressible storage (S) and specific yield (SY) from
gravity drainage. This method also provides estimates of
the anisotropy ratio of vertical to radial hydraulic
conductivity (K/Kr) using the equation KJK, = ,lr',
where , is determined from the type-curve fit, b is the
aquifer saturated thickness, and r is the radius of the
observation well from the pumped well. Note that this
method results in aquifer parameter estimates for well
ONCI that are drastically different from those estimated
for wells UJE-25 c#1 and UE-25 c#2.

T = 1,900 m2 /d
S=0.001
Sy = 0.004
K/Kr = 0.7 (CHn)

UIE-25 c#2

T = 3,000 m2/d
I S = 0.002
Sy = 0.03
_ K/Kr = 0.9 (CHn)

ONCI

I
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UE-25 c#1

I

T = 170 m2 /d
S = 0.0001
Sy = 0.006
K/Kr = 0.04 (CHn)
-

0

0

Table 4-2. Summary of analyses for May-June, 1995 pumping test in well UE-25 c#3 (cont'd)

Observation Well

Analysis Method

Estimated Aquifer
Parameters

Dual-porosity method of Kazemi et al. (1969) for
observation wells: This method is an extension of the
Warren and Root semilog straight-line method for
pumping wells. Aquifer storage is separated into two
components: The fracture-network storage coefficient
(Sf), and the rock matrix-block storage coefficient (Sm).
The yield from matrix porosity is delayed, owing to the
low matrix permeability relative to that of the fracture
network.

UE-25 c#l

T = 2,000 m2/d
Sf = 0.001
Sm = 0.001

UE-25 c#2

T =3,200 m2 /d
Sf= 0.002
Sm = 0.01

ONCI

T= 1,500 m2/d
Sf= 0.003
Sm =0.002

Dual-porosity method of Moench (1984) for slabshaped matrix blocks: This dual-porosity approach
explicitly considers the geometry and hydraulic
properties of the matrix blocks and thus is useful for
estimating the effective spacing between connected
fractures. Aquifer storage is separated into two
components: the fracture-network storage coefficient (S)
and the rock matrix-block specific storage coefficient
(S ). Matrix hydraulic conductivity (K ) and matrix slab
thickness (b ) are also used as model parameters to
match the time-drawdown response. With so many input
parameters, a problem arises with nonunique solutions,
thus it is necessary to assume a fixed value for either K'
orb '.For these analyses, K 'was fixed at 10 5 m/d, which
is in the range of values estimated for laboratory core
samples of Bullfrog and Prow Pass tuffs (Flint, 1998).

UE-25 c#1

T= 1,900 m2/d
S = 8 x 10 4
K'= 10-5 m/d (fixed)
S '= 5 x 10 6 m'1
b /= 1m

UE-25 c#2

T = 3,800 m2 /d
S=9x10 4
K'= 10 5 m/d (fixed)
S'= 105 m'
b '= 1.8 m
T = 950 m2/d
S = 0.002
K '= 10 5 m/d (fixed)
S'= 1.3 x 10-5 m '
b '= 2.5 m

l

ONCI

(1984) method. The Kazemi et al. (1969) method, based on straight-line fits to the early- and late-time
semilog drawdown plots for nonpumped observation wells, is an extension of the Warren and Root (1963)
approach for pumped wells. Applications of this approach to the data from observation wells c#l, c#2, and
ONCI are shown on pages A5-A7 of Appendix A. Estimated parameters listed in table 4-2 include T, a
fracture storage coefficient (S), and a matrix storage coefficient (S.).
While the Kazemi et al. (1969) method is useful for estimating the relative contribution of the rock
matrix to the overall storage (i.e., S = Sf + Sm), it yields no information regarding the physical characteristics
or geometry of the rock matrix blocks. The Moench (1984) solution for radial flow to a well in a dualporosity aquifer accounts for several characteristics of the matrix blocks, including a choice of analytical
solutions for slab- or spherical-shaped blocks, block thickness or diameter (b '), hydraulic conductivity (K ),
specific storage (S,'), and film resistance at the fracture-matrix interface. Because fractures are
predominantly near vertical, the solution for slab-shaped blocks was selected for this analysis. A problem
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with applying the Moench (1984) approach is that, with so many model parameters, solutions may be
nonunique; that is, several combinations of parameters can result in equally good model fits. Thus, in order
to apply this approach, it was necessary to assume a fixed value for either the b 'or K'parameter. It was
decided to hold K'fixed at 10' m/d, a value consistent with laboratory measurements of matrix hydraulic
conductivity in the Bullfrog and Prow Pass tuff hydrostratigraphic units (e.g., Flint, 1998). Additionally,
because there was no basis for selecting a film resistance parameter, it was assumed that fracture-matrix film
resistance is negligible. With these assumptions, the Moench (1984) model was fit to the c#I, c#2, and ONCI
drawdown data using the AQTESOLV analysis software. Parameter estimates, representing visual model fits
to the data, are listed in table 4-2. AQTESOLV output data sheets and plots may be found in appendix A.
An important parameter that emerges from the Moench (1984) dual-porosity analysis is the effective
matrix slab thickness, which could be translated into an effective spacing between connected fractures. The
effective spacing between flowing fractures is important for solute transport models of YM because it affects
the potential solute attenuation due to diffusion into rock matrix (matrix diffusion). If flowing fractures are
closely spaced, matrix diffusion can occur rapidly, owing to the increased fracture-matrix interface area, and
the decreased diffusive transport distance to the matrix block centers. As shown in table 4-2, estimates of
matrix block thickness and, hence, spacing between connected fractures, range from 1.0 to 2.5 m. One must
bear in mind, however, that the spacing between connected fractures and the spacing between flowing
fractures is not the same thing. One can reason that the spacing between flowing fractures cannot be less than
the distance between connected fractures and, as such, these estimates of slab thickness would represent a
lower bound on the effective distance between flowing fractures.
Although heterogeneity may be an important factor accounting for the differences in estimated values
of Tand S, it is not a likely cause of the mid-time flattening of the drawdown response curves. This assertion
is made after considering that, in all three nonpumped observation wells, the pattern of semilog drawdown
plots is the same (i.e., three limbs: steep-shallow-steep). Given that these observation wells are oriented in
diverse directions from the pumped well, it is unlikely that all three wells would show the same pattern in
their semilog slopes.
From the preceding secondary-storage analyses, it is not possible to determine whether the observed
drawdown response is the result of delayed gravity drainage or dual-porosity effects. The fact that surface
barometric fluctuations are felt at the water table (as demonstrated in chapter 3) is a clear indication that the
aquifer is unconfined. However, borehole flow surveys indicate flow occurs primarily in fractures that dissect
low-permeability rock matrix-a classic dual-porosity system. Thus, it is likely that aquifer drawdown near
the C-Holes is affected by both gravity drainage and dual-porosity. An important conclusion of the preceding
analyses is that when either type of secondary storage effect is accounted for, the estimated values of aquifer
transmissivity are significantly lower.

4.3.4 Possible Boundary Effects and Biases
In figure 4-4, it can be seen that the slope of the semilog plots for wells c#1 and c#2 begins to flatten
again at times greater than about 9,000 min. This flattening amounts to about a 2 cm deviation from the ideal
semilog straight line after a period of about 5,000 min. Natural fluctuations in hydraulic head greater than
2 cm are certainly common on such time scales, perhaps due to changes in local stress or recharge from a
recent precipitation. In fact, natural fluctuations are also potential causes of the mid-time flattening of the
semilog slopes discussed in the preceding subsection. Bias introduced by instrument drift or data filtering
methods is another possible explanation for the late-time decrease in drawdown rates. A third possible
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explanation is that a high-transmissivity or recharge boundary was encountered by the expanding cone of
depression induced by pumping. Given that this effect is not apparent in the ONC1 drawdown data, such a
boundary condition would have to be located in an opposing direction, roughly between northeast and
southwest of the C-Holes. Structural features that could cause a high-transmissivity or recharge boundary
include recharge from the vicinity of Fortymile Wash or the dipping of the highly fractured Topopah Springs
stratigraphic unit below the water table. At this point, however, these explanations are purely speculative.
Data from the long-term pumping test conducted at the C-Holes, May 1996 to March 1997, would be more
useful for such an analysis. Unfortunately, data collected from the C-Holes during this test have not been
released by the DOE as the data are still being analyzed. The only data available from the long-term pumping
test as of this writing are from wells ONCI, H-4, wt#3, and wt#14; these data are analyzed in section 4.5 of
this report.

4.3.5 Summary of Conclusions from the May 22-June 12, 1995 Pumping Test

4.4

*

The drawdown response in pumping well c#3 is consistent with the conceptual model of a
zone of high head loss surrounding pumping wells, as presented in section 4.1. It is
conjectured that the high head loss is caused by 3D flow at the limited number of
intersections of flowing-fracture with wells, resulting in drawdown responses similar to the
effects of partial penetration.

*

Transmissivity estimates obtained from the Cooper and Jacob (1946) straight-line method
vary within about a factor of two for the four wells analyzed. Much of this variance is due
to the significantly higher transmissivity estimated for well c#2, which may intersect a local
high-transmissivity zone.

*

Storage coefficients are somewhat more variable than transmissivity. This could be
explained by either aquifer heterogeneity or anisotropy.

*

All nonpumped observation wells appear to be affected by some type of secondary storage
effect-either a gravity drainage or a dual-porosity type response. Regardless of the source
of secondary storage, the implication is that transmissivity estimates are lower when
secondary storage is considered.

*

Lower-bound values of 1.0, 1.8, and 2.5 m were estimated for the effective distance between
flowing fractures, obtained using the Moench (1984) dual-porosity model for slab-shaped
matrix blocks.

JUNE 12-29,1995 PUMPING TEST

Following the 11-day recovery period of the May 22-June 12, 1995, pumping test, pumping started
3
again in well c#3-this time at a higher average flow rate of 22.5 [Is (1,940 m /d)-beginning June 12, 1995,
at 14:23:59 hr, and ending June 16, 1995, at 15:06:53 hr (Geldon et al., 1997a). Following cessation of this
pumping test, aquifer recovery was monitored until June 29, 1995. During the test, packers in well c#3
remained deflated; however, the packers in wells c#I and c#2 were inflated, providing an opportunity to
observe the aquifer pressure response in different intervals of the tuff aquifer to pumping in open borehole
c#3. The raw data from this pumping test were obtained from the YMP Database, data-tracking number
GS960108312313.002. These data were not corrected for barometric pressure effects prior to analysis
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0

*

because barometric fluctuations over the test period were small relative to the amount of drawdown in the
observation wells. Therefore, it was not practical to derive separate barometric correction functions for each
of the several packed-off intervals in the observation wells.

4.4.1 Results from Pumping well UE-25 c#3
Drawdown observed in pumping well c#3 is shown in figure 4-5. This plot is a classic example of
the dual-limbed drawdown and recovery responses observed in pumped wells in the fractured-tuff aquifer.
Notice that the transmissivity estimated using the straight-line method (Jacob, 1940) depends on the portion
of the semilog curve analyzed. Straight-line fits to the late-time drawdown and recovery data yields
transmissivity estimates of 1,300 m2 /d and 2,700 m2/d. Ideally, the drawdown and recovery data plots should
be mirror images of one another, yielding the same estimated transmissivity value. However, in figure 4-5,
the early-time semilog slope of the recovery data is significantly steeper and the late-time slope is
significantly shallower than those of the drawdown data. Winograd and Thordarson (1975) pointed out that
this is commonly observed in single-well pumping tests in fractured-rock aquifers on the NTS. The difference
between drawdown and recovery semilog slopes may be due in part to inertial effects that are not accounted
for in most of the commonly applied pumping test analysis methods. Inertial effects can be quite significant
at pumping wells due to the high water velocities that necessarily occur when high rates of water production
are derived from relatively few fracture-well intersections.

4.4.2 Results from Observation Well UE-25 c#2
The most interesting data from the June 12, 1995, pumping test were obtained from well c#2.
Figure 4-6 shows the drawdown and recovery responses observed in six packed-off intervals of well c#2
during the test. Notice in figure 4-6 that there are basically two types of responses: classic semilog straightline responses in the Prow Pass, Upper Bullfrog, and Lower Bullfrog intervals; and dual-limbed responses
in the Calico Hills, Upper Tram, and Lower Tram intervals.
The Prow Pass, Upper Bullfrog, and Lower Bullfrog intervals all show similar shallow-sloped
semilog straight lines for both drawdown and recovery curves. Two conclusions can be drawn from the
shallow semilog slopes for these intervals: (i) they are the most transmissive of the packed-off intervals
monitored in well c#2 and (ii) the similarity of the responses for these intervals suggests-although not
conclusively-that they are hydraulically connected. Additional evidence that these intervals are
hydraulically connected is provided by Geldon et al. (1997a), who observed that all packed-off intervals in
wells c#1 and c#2 responded when well c#3 was pumped from a packed-off section of the well containing
only the Bullfrog-Upper Tram intervals. Because the Prow Pass, Upper Bullfrog, and Lower Bullfrog are
consecutive stratigraphic layers that are apparently hydraulically well-connected, it seems logical to draw
a local conceptual model for flow in which these three layers form a single transmissive aquifer. The values
of As for the three sets of drawdown and recovery plots range from about 0.1 m for the Lower Bullfrog
interval to about 0.2 m for the Prow Pass interval. If it can be assumed that nearly all water production comes
from these three intervals, then this range of As values indicates an aquifer transmissivity of between
1,800 m2 /d and 3,600 m2/d. Because the most production likely comes from the intervals with the shallowest
semilog slopes, greater weight should be given to the upper end of this range, which is consistent with the
transmissivity values estimated for well c#2 from the May 22-June 12, 1995, pumping test.
The dual-limbed drawdown responses observed in the Calico Hills, Upper Tram and Lower Tram
intervals of well c#2 reveal initially rapid drawdown, indicating lower transmissivities than those of the other
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Figure 4-5. Analysis of pumping well drawdown and recovery data from the June 12-29, 1995,
pumping test in well UE-25 c#3, using the semilog straight-line method (Jacob, 1940)

intervals. The initially rapid drawdown responses are followed by late-time decreases in the rate of
drawdown, indicative of a nearby high-transmissivity boundary. Notice in figure 4-6 that, at late times, the
semilog slopes are similar to the those recorded in the Prow Pass and Bullfrog tuff intervals. Thus, the most
likely explanation for the decreased late-time semilog slopes is that the Bullfrog and Prow Pass tuffs act as
a high-transmissivity boundary to drawdown in the Calico Hills and Tram Tuff Intervals. This conceptual
model is supported by the fact that the Upper Tram interval, which is directly beneath the high-transmissivity
zone, responds to the boundary condition before the Lower Tram interval, which is not adjacent to the hightransmissivity zone.

4.4.3 Results from Observation well UE-25 c#1
Three packed-off intervals in well c#lwere monitored during the June 12-29, 1995, pumping test:
the Prow Pass interval, with a transducer at 552 m depth, had a maximum drawdown of 43 cm; the Upper
Bullfrog interval, with a transducer at 610 m depth, had a maximum drawdown of 52 cm; and the Lower
Bullfrog interval, with a transducer at 703 m depth, had a maximum drawdown of 49 cm. Only one of the
transducers-in the Prow Pass interval-functioned properly during the entire test. Although only one
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analyzable data set was obtained from this well, comparison of the maximum drawdowns observed in each
of the intervals indicates that, similar to the observations in well c#2, these three intervals responded
similarly. Figure 4-7 shows the analysis of drawdown and recovery responses observed in the Prow Pass
interval. Assuming that the response to pumping in the Prow Pass is representative of the aquifer transmissive
intervals, the As value of 0.19 m obtained from the drawdown and recovery plots indicates an aquifer
transmissivity of 1,900 m/d-slightly lower than, but consistent with, the transmissivity value estimated for
this well from the May 22-June 12, 1995 pumping test.

4.4.4 Summary of Conclusions from the June 12-29, 1995 Pumping Test
The drawdown and recovery responses in the six packed-off intervals of well c#2, and the three
intervals in well c#1, support a local hydrologic conceptual model of a vertically well-connected aquifer that
occupies the Prow Pass Tuff and Bullfrog Tuff hydrostratigraphic layers. This aquifer is bounded on the top
and bottom by lower-transmissivity layers: the Calico Hills Tuff layer on the top and the Tram Tuff layer on
the bottom. This conceptual model has implications for the interpretation of tracer tests conducted in the
C-Holes. For example, analyses of interwell tracer tests conducted between wells c#2 and c#3 in the Bullfrog
Tuff (e.g., Geldon et al., 1997a; Reimus et al., 1998) have been based on the assumption that interwell flow
remains localized to the intervals tested. The conceptual model supported by this analysis, however, implies
that flow is not necessarily confined within the Bullfrog Tuff. A vertical component of flow outside of the
tested interval would result in longer tracer flow paths than those assumed in the analysis methods, and an
effectively thicker tested interval; these factors would result in overestimation of effective flow porosities.
Tracer test analyses are discussed further in chapter 5 of this report.

4.5

THE LONG TERM PUMPING TEST: MAY 8,1996-MARCH 26,1997

A long-term pumping test was conducted in well c#3 beginning May 8, 1996, and lasting until
March 26, 1997. The primary purpose of pumping was to establish a quasi steady-state hydraulic gradient
between wells c#2 and c#3 in the Lower Bullfrog interval in support of an interwell tracer test. As a result,
the well configuration and testing methods were not ideally tailored for obtaining hydraulic parameters. For
example, water was withdrawn from the Lower Bullfrog interval only, and about 3.5 percent of the water was
recirculated by injection into well c#2 to flush the tracer from the wellbore (Reimus et al., 1998). According
to Geldon et al. (1997a), the pump rate oscillated between 9.6 and 9.8 L/s for about the first two months and
then decreased steadily, stabilizing at about 9.4 [Is; the average withdrawal rate during the test was 9.53 L/s.
It was also reported by Geldon et al. that the pump shut off 11 times because of problems with power
generators. Except for the last generator failure, which ended the pump test, the pump was restarted within
2-185 min.
Data collected from the C-Holes during this test were not available from the DOE in time to be
analyzed in this report. Also, because of fluid recirculation during the tracer test and the 11 pump stoppages,
it is not likely that aquifer parameters estimated from the C-Holes during this test would be meaningful.
Perhaps the most important observation from the C-Holes during this test was reported by Geldon et al.
(1997a): although pumping occurred in only the Lower Bullfrog interval, all of the packed-off monitored
intervals in all three of the C-Holes showed pressure response to pumping. This observation supports the
conclusion in section 4.4 of this report that the monitored intervals in the C-Holes are part of a single,
hydraulically connected aquifer system.
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Figure 4-7. Analysis of drawdown and recovery responses in the Prow Pass intervals of well UE-25
c#1 during the June 12-29, 1995, pumping test in well UE-25 c#3
Data from three more distant wells, H-4, wt#14, and wt#3 were obtained from the DOE YMP
database underDataTracking NumberGS970308312314.002. In addition, data fromNye County well ONC1
were obtained from the Nye County Internet site, www.nyecounty.com. These four wells range in distance
from 0.84 to 2.45 km from the pumping well, allowing estimation of aquifer transmissivities and storage
coefficients over a much larger scale than has been evaluated by any previous pumping test in the vicinity.
Additionally, because the locations of these wells are in different directions from the pumped well, a
rudimentary estimate of the magnitude and direction of horizontal anisotropy in aquifer transmissivity is
permitted. Location and completion information for these four observation wells, obtained from Graves
(1998) and the Nye County Internet site, is provided in table 4-3. The locations of these wells can also be
seen in figure 2-2.

4.5.1 Analysis of Long-Term Pumping Test Data
Figure 4-8 shows the raw data collected from H-4, wt#14, wt#3, and ONC1 for the 210-day period
beginning at the start of pumping in c#3 at 11:18 a.m. on May 8, 1996, and ending December 4, 1996.
Although pumping in well c#3 continued until March 26, 1997, the rate of drawdown during the last few
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Table 4-3. Observation well locations and monitored intervals
Direction from
Well UE-25 c#3
Well
(azimuth)
Identification |
USW H4
(upper

N 50° W

Distance
from Well
UE-25 c#3

Borehole Details and Monitored
Intervals

Static Water
Level at Start
of test

2245 m

Open to atmosphere. The saturated interval

730.39 masl

above the packer is within the Prow Pass,

(3100)

Bullfrog, and Tram tuffs of the Crater Flat

interval)

Group.

ONC-1

N 330 W

843 m

Monitored interval is isolated from the

729.23 masl

atmosphere, between inflatable packers.

(3270)

The saturated interval is within Calico
Hills Formation.
UE-25 wt#3

S 190 E
(1610)

3526m

Opentoatmosphere.Thesaturated interval
is within the Bullfrog tuff of the Crater
Flat Group.

729.68 masl

UE-25 wt#14

N 500 E
(050°)

2249m

Open to atmosphere. The saturated interval
is within the Topopah Springs tuff of the
Paintbrush Group and the Calico Hills

729.65 masl

Formation.

l

months had decreased to a point that was difficult to distinguish from natural fluctuations; thus, only the first
210-day period was analyzed. Notice in figure 4-8 that the data from well ONC1 have far less signal noise
than the other three wells. This is because the borehole in well ONCI is isolated from the atmosphere by
inflatable packers; hence, the water pressure in the well is affected only by the low frequency barometric
pressure fluctuations that can migrate through the overburden.
Figure 4-9 shows the observation well data after correcting for the effects of surface barometric
pressure fluctuations as described in chapter 3 of this report. From figure 4-9 it can be seen that a response
to pumping of well c#3 is observed in all four wells. The water levels in both wells H-4 and wt#14 apparently
stopped responding to pumping after about 50 days; in fact, the corrected water levels in both of these wells,
appears to increase gradually by a few centimeters over the period 55-110 days since the start of pumping,
after which the water levels remain relatively constant. The water level plots for wells ONCI and wt#3 both
show continued drawdown over the period analyzed. Note that after about 190 days, high-amplitude
oscillations occur in the corrected water levels for all three of the wells that were not isolated from the
atmosphere with packers; this occurrence is not observed in well ONCI. Thus, these high-amplitude
oscillations are likely due to the limitations of the method used to correct water levels for barometric pressure
effects.
The similar responses in wells H4 and wt#14 could be interpreted as being affected by recharge or
high-transmissivity boundaries located some distance farther away from c#3 than the observation wells: this
interpretation would imply that recharge or high-transmissivity boundaries exist to the west or northwest of
well H4, and to the east or northeast of well wt#14. For well H4, candidates for such boundary conditions
include recharge from below, or high transmissivity along, either the Ghost Dance fault or the Solitario
Canyon fault systems. For well wt#14, surface recharge from Fortymile Wash, or an fault system beneath
Fortymile Wash might explain the observed drawdown response. The geologic structure beneath Fortymile
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Wash in the vicinity of well wt#14 is not well-defined at present, but the DOE GFM V3.0 (figure 2-1)
indicates a fault structure beneath Fortymile Wash with significant offset. Another possibility is that the
Busted Butte fault, mapped by Day et al. (1998), may extend farther north than is currently mapped. Because
of these apparent boundary effects, only the first 50-day period of the pumping test is analyzed for these two
wells.
Although nearby recharge or high-transmissivity boundaries are indicated by the responses in wells
H4 and wt#14, one must not discount the possibility that these apparent boundary effects may be due to
other factors such as changes in local or regional stress fields, regional recharge from the north, or artifacts
of data collection or processing methods. Consider the following evidence. In both wells H4 and wt#14, the
onset of the apparent recharge boundary effects occurs at about the same time, and in both wells the effect
on the shape of the water level response plots is of similar magnitude and duration. It seems an unlikely
coincidence that two different boundaries affecting two different wells would have such identical timing and
magnitude. Another factor to consider is that wells ONCI and HA are oriented in approximately the same
direction to the pumped well. Thus, one might expect that a boundary condition that affects well H4 would
eventually affect well ONC 1. No boundary effect is observed in well ONC 1, however, even though pumping
continued for 150 days after the apparent boundary effect was manifest in well H4.

4.5.2 Estimation of Horizontal Anisotropy from the Long-Term Pumping Test
Note: the following discussion provides an updated version of the horizontal anisotropy analysis
from the C-Holes that was partof aprevious publicationby Ferrillet al. (1999). The update reflects
a reanalysis of the methods used to correct well datafor barometricpressure effects, resulting in
an estimated hydraulic diffusivity for well wt#14 that is slightly less than that reported by Ferrillet
al. This update has a negligible effect on the calculated orientation of the maximum directional
transmissivity, but the calculated ratio of minimum to maximum directional transmissivity is
significantly less-about5:1 in the present analysis, compared to a 17:1 ratio estimated by Ferrill
et al.
Anisotropy occurs in a porous medium when the permeability is different for flow in different
directions. Horizontal anisotropy can occur for a number of reasons, the most likely of which, in a fractured
rock aquifer, is the presence of vertical fractures. If vertical fractures exhibit a preferential orientation or if
regional stresses result in the opening of fractures that strike along the direction of maximum stress, then
movement of fluid may be enhanced in that direction. In the following discussion and analyses, it is shown
that a conceptual model that includes horizontal anisotropy in the tuff aquifer is quite reasonable and should
be included in a set of viable conceptual models of flow that are used to predict SZ flow and transport away
from YM. The importance of this issue to YM performance is that flow away from YM can be diverted to
the south by horizontal anisotropy, causing transported solutes to remain in the fractured volcanic tuffs
aquifer for longer distances before moving into the valley-fill/alluvial aquifer. It is generally expected that,
in the volcanic tuff aquifer, flow velocities are greater and radionuclide sorption capacities are lower than
in the valley-fill alluvial aquifer.
As shown in figure 2-3, fractures intersected by the C-Holes exhibit a predominantly north-south
orientation. Although minimal large-scale fracture data exist for the SZ, large-scale 3D properties of fracture
permeability fields in the UZ have been estimated based on fracture frequencies and orientations in the ESF
(Sonnenthal et al., 1997). For most units, strong vertical and north-south permeabilities are predicted due to
the predominance of north-south striking, near-vertical fractures. As postulated by Ferrill et al. (1999),
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horizontal anisotropy also may be affected by directional variability in fracture aperture that may be caused
by regional or local stress fields. Ferrill et al. (1999) explain that, due to regional stresses, fracture and fault
dilations (and, hence, transmissivity) tend to be highest for fractures and faults that strike approximately
north-northeast (azimuth 025°-030°) and dip moderately to steeply (i.e., perpendicular to the direction of
least principal stress).
Data collected from the four distant observation wells during the long-term pumping test provide a
means for assessing horizontal anisotropy in the tuff aquifer on the fault-block scale. Although wells c#1 and
c#2 were also monitored, data from these wells are not considered suitable for this analysis because (i) over
the small scale of observation at the C-Holes Complex, pump test results are likely to be dominated by
discrete features; (ii) the production interval in the pumped well included only a fraction of the aquifer
thickness, resulting in 3D flow that is not accounted for in the analytical method used; and (iii) results may
have been influenced by water recirculation from the simultaneously conducted tracer test.
Horizontal anisotropy was evaluated using the method of Papadopulos (1965) for homogenous,
anisotropic confined aquifers of infinite areal extent. To apply this method, at least three observation wells
must be used to determine (i) the angle (6) of the observation wells relative to the pumped well; (ii) the bulk
aquifer transmissivity estimates, which should be similar for all observation wells if the assumption of
homogeneity is valid; and (iii) the directional hydraulic diffusivity. It is important to distinguish between
directional transmissivity [T( 6)], a vector quantity, and the bulk aquifer transmissivity (Te), which is a scalar
quantity equal to the geometric mean of the minimum and maximum directional transmissivities. Directional
hydraulic diffusivity [D( 6)], is defined as the directional transmissivity T( 6) divided by the dimensionless
bulk aquifer storage coefficient (S). Although the primary interest is in T(6), neither it nor Scan be estimated
separately from D( 6) until both the ratio of maximum to minimum D( ) and the direction of maximum D( 6)
are known. These important aquifer characteristics can be determined by fitting an ellipse to a polar plot of
the square-root of D(6), if estimates are available from at least three observation wells (Papadopulos, 1965).
Recognizing that the following description of analysis methods may be a bit confusing to the reader
unfamiliar with anisotropic aquifer analysis, the authors recommend several sources of background literature
on the subject: Papadopulos (1965), Kruseman and deRidder (1990, chapter 8), Neuman et al. (1984), and
Hantush (1966).
Estimates of Te and S were obtained for each observation well with AQTESOLV pump-test analysis
software using the solution of Theis (1935) (see appendix B analysis data sheets). Note that, in this
interpretation, it is assumed that S is constant throughout the aquifer (i.e., a homogenous aquifer), and thus
differences in D( 6) between observation wells are attributed to T( 6). Thus, the value of D( 6) for each well
was taken to be the quantity T/S. Table 4-4 lists the well azimuth (the direction from the pumped well with
respect to north) and the estimated values of Te and D( 6) for each observation well. Note that the T, estimates
obtained from this analysis are broadly consistent with, but less variable than, the aquifer transmissivities
reported by Geldon et al. (1997a).
Analysis of aquifer anisotropy begins with a test of the assumption of a homogenous aquifer system.
In a purely homogenous aquifer, the T, estimated from each observation well should be the same. From
table 4-4, it can be seen that the Te values for each well are quite similar for all wells except H4. The
estimate for H-4 may be affected by a fault system that lies between it and the pumped well. Geldon et al.
(1997a) and Geldon (1998) have suggested that a preferential flow path between the C-Holes and H4 may
exist along the postulated Antler Wash Fault. For this reason, well H-4 is excluded from the analysis of
horizontal anisotropy. This leaves the minimum number of three wells needed to estimate horizontal aquifer
anisotropy. The geometric mean value of Te for wells ONCI, wt#3, and wt#14 is 1,300 m2 /d. This value is
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Table 4-4. Aquifer properties estimated from the 1996 long-term pumping test
Square-Root of Hydraulic

Azimuth,

Distance from

Bulk Aquifer

8

pumped well

Transmissivity, T

Diffusivity, ->D(S)

USW H4

3100

2,245 m

670 m2/d

560 m d-0 5

ONCI

3270

843 m

1,340 m2/d

416 m d-05

UE-25 wt#3

1610

3,526 m

1,230 m2/d

506 m d-05

UE-25 wt#14

0500

2,249 m

1,330 m 2/d

820 m d-0 5

Well ID

D

the assumed bulk aquifer transmissivity tensor used in the calculation of the minimum to maximum values
of T(8).
A polar plot of D(8) for the three wells is shown in figure 4-10. The ellipse shown in figure 4-10
provides a close match to the observation well data with major semiaxis oriented at an azimuth of
approximately 033 (N 330 E). Because of the uncertainty associated with aquifer pumping tests and the
limitation of only the minimum number data points necessary to define an ellipse, the ratio of minimum to
maximum directional transmissivity is poorly constrained. A maximum T( 8)of 2,900 m2 /d, oriented at 0330,
a minimum T(8) of 580 m2/d, oriented at 1230, and a bulk S value of 0.003 are estimated from figure 4-10.
These aquifer parameter estimates are obtained from the orientation angle and the minimum and maximum
values of D(8) obtained from the fitted ellipse, and knowledge that

T(0)

T(6).

=

Te. In this

case, VT(033 )T(123o) = 1300 m2/d.
Because of the considerable degree of uncertainty in the anisotropy ratio and direction obtained from
this analysis, the degree of confidence in this horizontal anisotropy analysis should be regarded as low. This
analysis does, however, indicate that a north-northeast orientation of horizontal anisotropy in the tuff aquifer
near YM is certainly a reasonable conceptual model. It is also encouraging that the predicted 033 direction
of maximum horizontal transmissivity is essentially identical to the maximum fault and fracture dilation
tendency azimuth range of 025°-030° predicted by Ferrill et al. (1999).

4.5.3 Summary of Conclusions from Analysis of the Long-term Pumping Test
From the preceding discussions of results and analyses from the long-term pumping test, the
following can be concluded:
Drawdown responses from all four observation wells were reasonably well matched by the
analytical solution of Theis (1935). Over a scale of 0.8-2.5 km from the C-Holes, bulk
aquifer transmissivity estimates vary by only a factor of two, with three of the four wells
(ONC1, wt#3, and wt#14) indicating transmissivity values of about 1,300 m2/d and the
fourth observation well (H-4) indicating a transmissivity value of 670 m2 /d.
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Figure 4-10. Polar plot of the square roots of directional hydraulic diffusivities for observation wells
ONCI, wt#14, and wt#3 and fitted ellipse. Aquifer parameter estimates are obtained using the
method of Papadopulos (1965).
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The similarity in drawdown responses of the four observation wells and their reasonably
good fit to the Theis (1935) solution indicates that the treatment of the tuff aquifer as a
porous continuum in the vicinity of the C-Holes is a valid approach over scales of several
hundred meters to a few kilometers.

*

The drawdown responses in wells H-4 and wt#14 may reflect the influence of recharge or
high-transmissivity boundaries. This interpretation is suspect, however, because the very
similar shapes of these apparent boundary effects could be indicative of other factors such
as changes in subregional stresses or artifacts due to data reduction methods.
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A horizontal anisotropy analysis of the drawdown responses in wells ONCI, wt#3, and
wt#14 indicates a 5:1 ratio of minimum to maximum directional transmissivity, with the
maximum directional transmissivity of 2,900 m2/d oriented at an azimuth of 0330 and a
minimum directional transmissivity of 580 m2 /d oriented at an azimuth of 123°.
The anisotropy estimate is poorly constrained because of the inherent uncertainty in
pumping test analysis methods, the fact that only the minimum number of observation wells
was used, and the additional uncertainty regarding the validity of assuming a homogenous
effective continuum over the scale of the test. The analysis does suggest, however, that a
conceptual model of horizontal anisotropy in the tuff aquifer is reasonable and should be
addressed in future SZ radionuclide transport models.
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5 INTERWELL TRACER TESTING AT THE C-HOLES
Interwell tracer testing at the C-Holes has been conducted to improve understanding of the important
processes that affect solute transport in the volcanic tuff aquifer. Effective flow porosity in the tuff aquifer
and the attenuation of mobile solute concentrations by matrix diffusion are perhaps the two most important
topics addressed by these tracer tests. In this chapter, the term effective flow porosity is used to describe
combination of interconnected fractures, rubble zones, and high-permeability matrix through which the bulk
of SZ groundwater flow occurs.
The first six tracer tests at the C-Holes Complex were conducted in the highly transmissive Lower Bullfrog
Tuff interval of the boreholes. The first test conducted was in a 180-m interval containing the entire
penetrated portions of the Bullfrog Tuff and Tram Tuff. Five subsequent tests were conducted in an interval
of the Lower Bullfrog about 90-m thick-the zone of highest transmissivity in all three C-Holes. Although
tests have also been conducted in the Prow Pass Tuff, data and analyses from these more recent tests are not
available for review. In all of the tracer tests conducted to date, well c#3 has served as the pumping well.
Three of the six interwell tests discussed herein were managed by the U.S. Geological Survey (USGS). The
other three were managed by the Los Alamos National Laboratory (LANL). In this chapter, the results
reported by these two agencies are reviewed.

5.1

U.S. GEOLOGICAL SURVEY TRACER TESTS

In the first USGS tracer test, conducted between wells c#2 and c#3, in February and March 1996,
iodide was used as the tracer. In the second test, January-July 1997, also conducted between wells c#2 and
c#3, the tracer was difluorobenzoic acid (DFBA). In the third test, conducted between wells c#I and c#3,
from January to July 1997, the tracer was 3-carbamoyl-2-pyridone (pyridone). Note that the only tests from
which aquifer parameters were estimated were conducted between wells c#2 and c#3. Aquifer parameter
estimates were obtained using the analytical method of Moench (1995), which is applicable to steady-state,
horizontal, radially convergent, advective-dispersive flow through parallel-plate fractures in homogenous,
dual-porosity aquifers.
Descriptions of the three USGS interwell tracer tests and results are given in a preliminary report
by Geldon et al. (1997a). The reported results are regarded as preliminary because testing and analysis were
still being conducted at the time the report was submitted as a YMP milestone. Although preliminary, Geldon
et al. (1997a) convey a clear understanding of many of the uncertainties and assumptions that underlie the
analytical methods used to estimate aquifer parameters from the tests; however, understandably, the
preliminary report does not contain in-depth analyses to bound parameter estimates based on uncertainty.
Table 5-1 provides test descriptions and a summary of aquifer parameter estimates given by Geldon et al.
(1997a).
Aquifer parameters estimated by Geldon et al. (1997a) include longitudinal dispersivity (aL), matrix
porosity (4(), and, perhaps most importantly, the effective porosity ( 4 f). SZ flow and transport predictions
are highly sensitive to the assumed value of 4f, as flow velocities are inversely proportional to flow
porosity. From table 5-1 it can be seen that the estimated 4f for the Lower Bullfrog Tuff interval is about
8 percent. As acknowledged by Geldon et al. (1997a), this estimate seems quite high for a conceptual model
of flow in fractures only-they reasoned that portions of the flow pathways must occur through matrix.
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Table 5-1. Summary of U.S. Geological Survey conservative testing at the C-Holes

Test Description
Iodide tracer was introduced
into a -180-m interval of well
UE-25 c#2 in the BullfrogTram Tuff, February 13, 1996.
Well UE-25 c#3 was pumped
at an average rate of 7.4 L/s

DFBA tracer introduced in a
-90-m interval of well c#2 in
the Lower Bullfrog Tuff,
January 10, 1997. Well UE-25
c#3 was pumped at 9.5 L/s.

Estimated
Aquifer
Parameters *

Estimated
Mass
Recovery
47%

67%

4,= 0.086
=0. 16-0.19
aL = 2.4-2.6 m

(k 0.072-0.099
= 0.088-0.132
aL= 1.9-2.4 m

fm

Remarks
(1) The analysis method does not account
for either interwell flow counter to the
background hydraulic gradient, vertical flow
outside of the test intervals, or flow path
tortuosity. Neglect of these factors results in
higher estimated values of ,.
(2) Estimates of 4, are based on strictly
horizontal flow through a narrow 40-m
transmissive interval. For the iodide test, the
estimated 4, is reduced by a factor of 0.22
when flow over the entire 180-m test
interval is assumed.
(3) Given (1) and (2) above, the 4f values
estimated by USGS should be considered
nonconservative extreme upper bounds.

Pyridone tracer was
introduced in a -90-m Bullfrog
Interval of UE-25 c#l, January
9, 1997. Well UE-25 c#3 was
pumped at 9.5 UIs.

Not
determined

Note: this test was still in progress at the time of the Geldon et al.
(1997a) report, and analyses were incomplete. However, it is
worth mentioning that the tracer arrival at well UE-25 c#3 from
wellUE-25 c#l was detected after 56 days.

'Parameter estimates from the U.S. Geological Survey (USGS) conservative tracer tests, reported by Geldon et al.
(1997a), are based on the analytical method of Moench (1995) for horizontal, radially convergent flow in a
homogenous, dual-porosity aquifer.
'The pump rate during the USGS iodide tracer test decreased from 8.5 L/s at the start to 6.2 L/s at the end.
There are several other possible explanations for the high estimated values of 4f, all of which, if
confirmed, would lead to the conclusion that a of4 value of 8 percent is too high for the volcanic tuff aquifer
near the C-Holes. The first possible explanation is that test results were affected by the background hydraulic
gradient. The analytical method used by Geldon et al. (1997a) is based on the assumption that flow from all
directions in the aquifer contributes evenly to the pumping well. In the presence of a background hydraulic
gradient, however, water from the upstream direction is most likely to be captured by the pumping well,
whereas water far enough downstream will escape capture. Hypothetically, a point exists on the downstream
edge of a well capture zone at which the hydraulic gradient is zero. Downstream from this point water flows
away from the well; upstream, water will flow toward the well. Water level measurements in the vicinity
(e.g., Graves, 1998) indicate that the hydraulic gradient should drive flow approximately west to east, counter
to the tracer flow direction from well c#2 to well c#3. Thus one might envision a scenario in which tracer
injected into well c#2 could be near the downstream edge of the capture zone where flow velocity toward
well c#3 is initially very low; some of the tracer may even escape the capture zone. Such an effect would
result in delayed tracer arrival times. Because calculated values of If4are based on initial solute arrival times
(Moench, 1995), conducting a tracer test in a direction counter to that of the background flow could result
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in significant overestimation of Of. As calculated tracer mass recoveries are significantly less than
100 percent for these tests, the hypothesis that a fraction of the injected tracer may have escaped the capture
zone is supported.
The occurrence of a vertical component of flow into or out of the (assumed horizontally bounded)
test interval (i.e., 3D rather than 2D flow) could also result in overestimation of Of. Tracer advection outside
of the test interval en route to the pumping well would essentially increase the mean flow path length beyond
what is assumed for strictly horizontal flow. Thus, tracer arrival times may be influenced by longer-thanassumed flow paths, which could be wrongly interpreted as an effect of high 4f. Flow of tracer-free water
into the tested interval from above or below would result in decreased velocities and tracer dilution within
the tested interval, again resulting in higher estimated values of of. A related factor that would have virtually
the same result is that of flow path tortuosity. If a flow path is very tortuous, as often is the case in fracturedominated flow systems, the mean flow path length can be significantly greater than is assumed for
horizontal, radial flow in a homogenous system.
A final factor to consider regarding the USGS-estimated 4f values is the implied assumption that
interwell flow occurs within narrow, horizontally continuous transmissive zones. For example, the aquifer
thickness value used for the entire 180-m-thick Bullfrog-Tram interval in calculations of Of was only about
40 m, a fraction of the full test interval. However, as discussed in chapters 2 and 4 of this report, transmissive
intervals in the C-Holes tend to be associated with discrete, steeply-dipping fracture zones; thus, flow of
injected tracer out of a borehole is likely to ascend and descend rapidly. The potential for rapid vertical
migration is also evidenced in the hydraulic responses observed in single-hole pumping tests, which, as
argued in chapter 4 of this report, are likely attributable to a strong vertical component of flow near the
boreholes. Underestimation of aquifer transinissive thickness results in increased estimated values of 4U.
Thus, for the iodide tracer test in the Bullfrog-Tram interval, the Of estimate could decrease by as much as
a factor of 0.22 (40 m + 180 m) if the entire tested interval is assumed to participate in interwell flow.
Based on the foregoing discussion, it is argued that the nominal 4f value of 8 percent in the Bullfrog
Tuff estimated from the USGS tracer tests could easily be too high by an order of magnitude or greater.
Because of the uncertainty involved and the direct importance of this parameter to SZ flow and transport
modeling in the tuff aquifer, assumptions used in analytical methods should favor estimating more
conservative lower values of 4f. Recommendations are made in section 5.3 that might help to overcome
these uncertainties.

5.2

LOS ALAMOS NATIONAL LABORATORY TRACER TESTS

Interwell tracer testing conducted at the C-Holes under the management of LANL consisted of two
pilot tracer studies and a multiple-tracer test (also referred to as the reactive tracer test). The first pilot test
was conducted in May and June of 1996 between wells c#2 and c#3 using pentafluorobenzoate (PFBA) as
a tracer. The second tracer test conducted was between wells c#1 and c#2 in June and July of 1996 using
iodide as a tracer. These two pilot tests were conducted to determine the best well for tracer injection in the
long-term multiple-tracer test, conducted October 1996-September 1997. The tracers used in the multipletracer test were PFBA, lithium bromide (Li' and Br-), and 360 nm polystyrene microspheres. The analytical
method used to estimate aquifer parameters from these tests is described in appendix A of Reimus et al.
(1998). The method is applicable to one-dimensional, steady-state, advective-dispersive flow through
parallel-plate fractures in a homogenous, dual-porosity aquifer.
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Results of the two pilot tests are reported in Reimus and Turin (1996) and summarized in Reimus
et al. (1998). The multiple-tracer test has been discussed in a series of draft YMP milestone reports. The most
complete and the most recent report available for review at the time of this writing is a draft report by Reimus
et al. (1998) that incorporates much of the analyses from earlier work. As is the case with the USGS tracer
tests, the test results and aquifer parameter estimates contained in the Reimus et al. (1998) report are
considered preliminary until publication of a final peer-reviewed edition. Tracer test descriptions and a
summary of aquifer parameters estimated from the LANL tracer-test analyses are provided in table 5-2.
Perhaps the most interesting observation from the multiple tracer test is the fact that the normalized
peak concentration of Br- was less than (i.e., more attenuated) that of the PFBA, while late-time Brconcentrations were higher than those of PFBA. Assuming measurements are sufficiently precise, this could
be explained only by the occurrence of matrix diffusion, as the Br- tracer has a diffusion coefficient about
twice that of PFBA. Thus, it has been tentatively demonstrated that matrix diffusion is an effective
attenuation mechanism for dissolved species transported through the volcanic tuff aquifer. It is expected that
this result will be confirmed by the analysis of the recently conducted tracer testing in the Prow Pass Tuff
interval of the C-Holes. It should be noted that although the occurrence of matrix diffusion in the Bullfrog
Tuff interval seems evident, the effective rates of diffusion from fractures into rock matrix are not assessed
directly in the method used by Reimus et al. (1998). Rather, the quantity (4(mb)(Dn)' is treated as a lumped
parameter, where b is the effective fracture half-aperture and Dm is the effective matrix diffusion coefficient.
Use of a lumped parameter may be adequate for use in site-scale modeling of flow and transport; however,
modelers should be alert to adjust lumped parameters to account for the fact that diffusion coefficients are
different for each transported solute of interest. If a single lumped parameter is to be used for all transported
solutes in performance assessment modeling, conservatism requires that the lumped parameter be adjusted
to be consistent with the slowest-diffusing solute.
Aquifer parameters estimated in the LANL tracer tests include b, mean tracer residence time (r),
aL, and Cf. Estimates of b are based on a conceptual model of flow through a system of planar fractures with
an aperture of 2b. The b parameter affects the rate of matrix diffusion, which, in the approach used by
Reimus et al. (1998), is a function of the lumped parameter ((4,Jb)(Dm)', where Dm is the effective matrix
diffusion coefficient.
The estimated parameters listed in table 5-2 for the multiple-tracer test are the ranges between the
upper and lower bounding values calculated by Reimus et al. (1998) for each parameter. These bounding
values are based on an in-depth analysis of parameter uncertainty by Reimus et al. The values estimated for
b were determined by first estimating the quantity (4|n/b)(Dm)' from model fits to tracer data, then calculating
4
the minimum and maximum values of b after substituting ranges of laboratory-determined values for ( m
and D,. Little physical meaning should be assigned to estimated b values as they incorporate a great number
of simplifications and assumptions. The values for aL were estimated from best model fits to tracer data,
considering a range of possible interwell flow distances and scenarios for mixing in the injection borehole.
The range of aL values is consistent with scale-dependent values of longitudinal dispersivity reported in the
literature (e.g., Gelhar et al., 1992). Values of X were calculated from model fits to tracer data covering a
variety of conceptual models regarding flow pathways (e.g., radial flow, linear flow, single pathway, and dual
pathway).
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Table 5-2. Summary of Los Alamos National Laboratories tracer testing at the C-Holes
l

Test Description

Estimated Mass
Recovery

tPilot test 1: PFBA tracer
was introduced into a -90-m
interval of well UE-25 c#2 in
the Lower Bullfrog Tuff, May
15, 1996. Well UE-25 c#3
was pumped at 9.5 L/s, with
3.5% recirculated to well UE25 c#2.

73%

tPilot test 2: Iodide tracer
was introduced into a -90-m
interval of well UE-25 c#1 in
the Lower Bullfrog Tuff, June
18, 1996. Well UE-25 c#3
was pumped at 9.5 LUs, with
2.6% of flow recirculated to
well UE-25 c#1.

6-10%

'Multiple tracer test:
Lithium bromide, PFBA, and
360-nm microspheres were
introduced into a - 90 m
interval of well UE-25 c#2 in
the Lower Bullfrog Tuff,
October 9, 1996, with 3.5% of
flow recirculated to well UE25 c#2 for first 40 days only.

Li': 39%

Estimated Aquifer
Parameters
I
b = 0.05
aL = 1.1 m
u= 6.25 d
f = 0.018
Above estimates are
based on the best
model fit to data
reported by Reimus
and Turin (1996).

Remarks
(1) Better data fits were obtained
when matrix diffusion was
assumed.
(2) An approximate value of 4f
was estimated from of =
QT/(Trtih), where Q is pump rate, r
is interwell distance, and h is
aquifer thickness.

(1) In the available literature, no analyses have been
performed to estimate aquifer parameters from this tracer
test. It is not clear whether such analyses were precluded
by the low mass recovery.
(2) It is possible that the low mass recovery from this test
was because a significant fraction of tracer migrated
outside of the well capture zone and was carried away by
the background hydraulic gradient.
b = 0.042-0.63 cm
a, = 3.3-59 m
n
1.1-37 d
of=
0.0037-0.12

Br: 69%
PFBA: 69%
Microspheres:
15%

Ranges are based on
comprehensive
uncertainty analyses
by Reimus et al.
(1998)

The normalized peak
concentration of the Br showed
greater attenuation relative to that
of the PFBA, while late-time Brconcentrations were higher than
those of PFBA. Assuming
measurements are sufficiently
precise, this could be explained
only by the occurrence of matrix
diffusion, as the Br- tracer has a
diffusion coefficient about triple
that of PFBA.

'Aquifer parameters estimated by LANL are based on a semianalytical solution for transport in a ID, steady-state
flow in a homogenous, dual-porosity aquifer; the method is described by Reimus et al. (1998).
t
The LANL pilot tracer tests are described by Reimus and Turin (1996) and Reimus et al. (1998).
'The results of the multiple tracer test are reported by Reimus et al. (1998)

The importance of tracer residence time lies in the fact that it is the basis for estimating
which were determined from the equation

1

f values,

0 = QT
~~~~~~~~~~~(5-I)
r2h
where Q is the well production rate (9.5 LUs), r is the distance from the pumped to the injection well (-30 m),
and h is the transmissive thickness of the aquifer (-100 m). The range of Of values from the multiple-tracer
test reflects the conservative assumption that flow occurs over the full thickness of the tested interval, and
it incorporates uncertainty regarding interwell flow paths. As Reimus et al. (1998) point out, the upper bound
f 1
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of 0.12 is unrealistically high. As discussed in the preceding section, possible biases toward higher of values
may be caused by the background hydraulic gradient or by vertical flow into or out of the test interval. These
potential biases are acknowledged by Reimus et al. (1998); however, they are not reflected in the lower
bound value of 0.0037 for 4,. Thus, although the 4f value of 0.0037 is regarded as a lower bound by Reimus
et al. (1998), it could reasonably be argued that a much lower bounding value is more appropriate. The
question then is, how much lower? Recommendations for addressing these uncertainties are made in section
5.3.

5.3

CONCLUSIONS AND RECOMMENDATIONS

The LANL multiple-tracer test has reasonably demonstrated the occurrence of matrix diffusion in
the Bullfrog Tuff hydrostratigraphic unit of the volcanic tuff aquifer. Longitudinal dispersivity values have
been reasonably bounded for flow conditions that occurred during the tracer tests. Effective flow porosity
estimates have been estimated from both the USGS and LANL tracer tests; however, the nominal and upper
bound estimates for flow porosity seem unrealistically high and do not account for the potential biases that
may be caused by the background hydraulic gradient and vertical flow into and out of the tested interval.
Uncertainty regarding the potential bias of the background hydraulic gradient on estimated effective
flow porosities could be addressed by conducting another conservative tracer test between wells c#2 and c#3
in the opposite direction, with well c#2 acting as the pumped well and the tracer flow direction closer to that
of the background hydraulic gradient. If similar results could be obtained, then it could be reasoned that
background hydraulic gradient effects are negligible. If the estimated value of of from this proposed test is
lower, then the lower value would represent a more reasonable lower bound. In the unlikely event that a
higher value of 4f would be obtained, researchers may need to rethink present assumptions regarding the
background flow direction in the vicinity of the C-Holes.
The potential effects of vertical flow into or out of the tested interval could be assessed through
numerical modeling that includes transmissive layers above and below the tested interval. A discrete-fracture
model that accounts for the preferentially near-vertical fracture orientation in the Bullfrog and Prow Pass
tuffs would be ideal for such an assessment, but a simple single-continuum flow model that allows for a
moderate degree of vertical anisotropy (preferential vertical flow) might also be reasonable.
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6 CONCLUSIONS

The following conclusions are drawn from the technical reviews and analyses discussed in the preceding five
chapters of this report:
Conceptual models for flow in the volcanic tuff aquifer that treat transmissive intervals in
wells as horizontally continuous, confined, transmissive zones are likely a significant
departure from the physical flow system. This conclusion is supported by the fact that
several of the transmissive intervals identified at the C-Holes and other wells are clearly
associated with steeply-dipping to subvertical features. This observation implies that
transmissive intervals extend vertically away from the boreholes and are thus less likely to
be separated by horizontally continuous confining layers.
*

Ground magnetic surveys in the vicinity of the C-Holes confirm the presence of down-tothe-west normal faults, with significant offset east of YM. This faulting has caused the
eastward dip of the volcanic strata. The proposed zone of northwest-trending, discontinuous
faults between the C-Holes and Antler Wash (e.g., Geldon et al., 1998) could not be
delineated through modeling of the magnetic data or from the magnetic anomaly map. Thus,
either the proposed zone of faulting does not exist in this area or vertical displacement along
the zone is minimal.

*

Calculated barometric efficiencies greater than 1.0 at several wells (Geldon et al., 1998) and
monitoring of barometric and subsurface pore pressures at well ONCI indicate that
barometric pressure fluctuations with periods greater than about 1 day are able to migrate
to the water table through the overlying alluvial and volcanic tuff formations; thus, the
volcanic tuff aquifer can be treated as largely unconfined.

*

Single-well pumping tests conducted in the fractured-rock aquifers near YM exhibit similar
drawdown and recovery responses: a steep semilog time-drawdown slope at early times,
followed by a more gradual slope at late times. This behavior can be attributed to one or
more of the following factors: (i) 3D flow near the boreholes due to partial penetration of
the aquifer, (ii) convergence of flow lines near the borehole due to small cross-sectional
flow area of the water-bearing fractures tapped by the borehole, or (iii) a zone of reduced
transmissivity surrounding the borehole. It is important to note that transmissivity estimates
have been obtained from numerous single-well pumping tests in the tuff volcanic aquifer.
Many (if not most) of these estimates may be too low because of failure to account for a
zone of high head loss surrounding the pumped well. Although it is beyond the scope of this
report to check and correct all previous single-well transmissivity estimates, the need for
such corrections should be assessed before using single-well transmissivity estimates to
construct flow and transport models for the YM tuff aquifer. The drawdown response in
pumping well c#3 is consistent with the conceptual model of a zone of high head loss
surrounding pumping wells. It is conjectured that the high head loss is caused by 3D flow
at the limited number of intersections between near-vertical flowing-fractures vertical well
bores, resulting in an effect similar to that of a partially penetrating well.

*

Transmissivity estimates for several observation wells in the vicinity of the C-Holes, using
2
several different methods of analysis, vary from 640 to about 3,500 m /d. Much of this
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*

variance is due to the significantly higher transmissivity estimated for well c#2, which, due
to its close proximity to pumping well c#3, may not be representative of larger-scale aquifer
transmissivity. Storage coefficients are somewhat more variable than transmissivity. This
could be explained by a combination of aquifer heterogeneity, anisotropy, and the intrinsic
difficulty in estimating aquifer storativity. A composite analysis of four wells within a
kilometer of the pumped well yielded an aquifer transmissivity value of 2,200 m2/d and a
storage coefficient of 0.002, using the Theis (1935) method. A composite analysis of four
wells ranging from 0.8 to 3.5 km from the C-Holes, considering horizontal anisotropy with
the method of Papadopulos (1965), yielded a bulk transmissivity value of 1,300 m2/d and
a storage coefficient of 0.003.
*

Pressure responses in observation wells appear to be affected by some type of secondary
storage effect-either a gravity drainage or a dual-porosity type response. Regardless of the
source of secondary storage, transmissivity estimates are somewhat lower when secondary
storage is considered.

*

Lower-bound values of 1.0, 1.8, and 2.5 m were estimated for the effective distance between
flowing fractures, obtained using the Moench (1984) dual-porosity model for slab-shaped
matrix blocks.

*

The drawdown and recovery responses in the six packed-off intervals of well c#2, and the
three intervals in well c#1 are consistent with a local hydrologic conceptual model of a thick
vertically well-connected aquifer that occupies the Prow Pass tuff and Bullfrog tuff
hydrostratigraphic layers. This aquifer is bounded on the top and bottom by layers with
somewhat lower transmissivity: the Calico Hills tuff layer on the top and the Tram tuff layer
on the bottom. It would be a mistake, however, to presume that these lower-transmissivity
layers act as aquitards or confining units without further testing.

*

In the vicinity of the C-Holes, there is no clear evidence of faults acting as either barriers
to flow or as preferential flow pathways. The drawdown responses in wells H-4 and UE-25
wt#14 indicate the possible influence of recharge or high-transmissivity zones along faults.
This interpretation is suspect, however, because the wells are separated by several
kilometers, yet the apparent boundary effects observed in the drawdown responses for both
wells were similar in timing and magnitude. This type of behavior could be indicative of
other factors such as changes in subregional stresses or artifacts due to data reduction
methods. Analyses of additional pumping test data are needed to confirm the existence of
these boundary conditions. Additionally, drawdown induced by pumping in well c#3 was
observed in observation wells located on opposite sides of two block-bounding faults-the
Bow Ridge Fault, and the Solitario Canyon Fault-indicating that these faults are not
effective barriers to flow.

*

A horizontal anisotropy analysis indicates a maximum directional transmissivity of
2,900 m2/d oriented N 330 E and a minimum directional transmissivity of 580 m2/d oriented
N 1230 E. This anisotropy estimate is poorly constrained, however, because of the inherent
uncertainty in pumping test analysis methods, the fact that only the minimum number of
observation wells was used, and the additional uncertainty regarding validity of assuming
a homogenous effective continuum over the scale of the test. The analysis does indicate,
however, that a conceptual model of horizontal anisotropy in the tuff aquifer is reasonable
6-2
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and, given that flow in the tuff aquifer is believed to occur mainly in a fracture network that
exhibits a preferential north-south strike azimuth, hydrogeologic conceptual models for sitescale flow should consider the potential effects of horizontally anisotropic transmissivity.
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APPENDIX A
PUMP-TEST ANALYSES FOR MAY 22-JUNE 12, 1995
PUMPING TEST DATA
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WELL TEST ANALYSIS
Data Set: D:\CWELLS\PUMPTE-1\MAY22--1\ALL.AQT
Time: 13:47:23
Date: 06/11/99
AQUIFER DATA
Anisotropy Ratio (Kz/Kr): 1.

Saturated Thickness: 500. m

WELL DATA
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WELL TEST ANALYSIS
Data Set: D:\CWELLS\PUMPTE-1\MAY22-~1\C1 NEU.AQT
Time: 08:52:14
Date: 04/23/99
AQUIFER DATA
Saturated Thickness: 500. m
WELL DATA
Well Name
UE-25 c#3

Pumping Wells
X (m)
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Y(m)
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X (m)
39

SOLUTION
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WELL TEST ANALYSIS
Data Set: D:\CWELLS\PUMPTE-1\MAY22--1\C2NEU.AQT
Time: 08:58:55
Date: 04/23/99
AQUIFER DATA
Saturated Thickness: 500. m
WELL DATA
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Data Set: D:\CWELLS\PUMPTE-1 \MAY22--1\ONC1 NEU.AQT
Date: 05/28/99

Time: 19:15:10
AQUIFER DATA

Saturated Thickness: 500. m
WELL DATA
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Solution Method: Neuman
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Observation well UE-25 c#1 analysis using method of Kazemi et al. (1969).
Pumping in well UE-25 c#3 May 22 to June 12, 1995.
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Observation well UE-25 c#2 analysis using method of Kazemi et al. (1969)
Pumping in well UE-25 c#3 May 22-June 12, 1995
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Observation well ONC1 analysis using method of Kazemi et al. (1969)
Pumping in well UE-25 c#3 May 22-June 12,1995
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APPENDIX B
PUMP-TEST ANALYSES FOR MAY 8-DECEMBER 4, 1996
PUMPING TEST DATA
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I Data Set: D:\CWELLS\DATAAN-1\H4.AQT
Date: 05/20/99

Time: 10:04:24

PROJECT INFORMATION
Company: CNWRA
Client: NRC
Project: 20-1402-861
Test Location: Yucca Mountain
Test Well: UE-25c#3
Test Date: 5/96-3/97
AQUIFER DATA
Saturated Thickness: 1. m

Anisotropy Ratio (Kz/Kr): 1.
WELL DATA

Well Name
UE-25c#3

Pumping Wells
X (m)
0

Observation Wells
Y (m)
0

Well Name
USW H-4

SOLUTION
T = 674.1 m 2 /day
S = 0.002148

Aquifer Model: Confined
Solution Method: Theis
B-i

(m)

X (m)

Y

-1720

1442

U

1.

0.1
E
C

E
Q.

0

0.01

0.001
1000.

100.

1.E+04
Time (min)

1.E+05

1.E+06

WELL TEST ANALYSIS
Data Set: D:\CWELLS\DATAAN-1\ONC1.AQT
Date: 05/20/99

Time: 10:05:29

PROJECT INFORMATION
Company: CNWRA
Client: NRC
Project: 20-1402-861
Test Location: Yucca Mountain
Test Well: UE-25c#3
Test Date: 5/96-3/97
AQUIFER DATA
Saturated Thickness: 1. m

Anisotropy Ratio (Kz/Kr): 1.
WELL DATA

Pumping Wells
Well Name

UE-25c#3

X(m)
0

Y (m)
1
0

Weli Name

1

ONC1

Observation Wells
X (m)
-444

SOLUTION
T = 1344.9 m 2 /day
S = 0.007768

Aquifer Model: Confined
Solution Method: Theis
B-2

Y (m)
1

698

.

1.
r

0.1
L
--

E

0)
sa
c
CZ
0)
0~

0.01
0
0

-i

0.001 I
1.E+04

1.E+05

1.E+06

Time (min)
WELL TEST ANALYSIS
Data Set: D:\CWELLS\DATAAN-1\WT3.AQT
Date: 05/19/99

Time: 14:17:03

PROJECT INFORMATION
Company: CNWRA
Client: NRC
Project: 20-1402-861
Test Location: Yucca Mountain
Test Well: UE-25 c#3
Test Date: 5/96-3/97
AQUIFER DATA
Saturated Thickness: 1. m

Anisotropy Ratio (Kz/Kr): 1.
WELL DATA

Pumping Wells

i
Well
Name
!VPwl

0

Observation Wells

X (m)
0

1

lnUE-25 wt#3

SOLUTION
T = 1227.9 m 2 /day
S = 0.00478

Aquifer Model: Confined
Solution Method: Theis

B-3

1167

I

Y (m)
-3327|

1.

_
l1

0.1
E
E
a)

E
a)

K
~1

r

V)

0.01 ~

cc

-

F
0.001 I
100.

1000.

1.E+04

1.E+05

Time (min)
WELL TEST ANALYSIS
Data Set: D:\CWELLS\DATAAN-1\WT14.AQT
Date: 05/19/99
Time: 14:16:45
PROJECT INFORMATION
Company: CNWRA
Client: NRC
Project: 20-1402-861
Test Location: Yucca Mountain
Test Well: UE-25c#3
Test Date: 5/96-3/97
AQUIFER DATA
Saturated Thickness: 1. m

Anisotropy Ratio (Kz/Kr): 1.
WELL DATA

Well Name
UE-25c#3

Pumping Wells
X (m)
0

'

Y(m)
0

Well Name
1 o UE-25 wt#14

Observation Wells
I
X (m)
1724

SOLUTION
Aquifer Model: Confined
Solution Method: Theis

T = 1324.6 m2 /day
S = 0.001976
B-4

Y (m)
1445

