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Abstract

The Permian Salado Formation in the Delaware Basin of New Mexico is an extensively studied evaporite deposit because it is
the host tormation for the Wasle Isolution Pilot Plant (WIPP), u repository for transuranic wastes. Geologic and hydrologic
studies of the Salado cunducted since the mid-1970s have led w the development of a conceptual model of the hydrogeology of
the formation that involves far-field (i.c. beyond the disturbance created by the repository) permeability in anhydrite layers and

- al least sume impure halile layers. Pure halite layers and some impure halite Jayers may not possess an intcrconnected pore
network adequale to provide permeability, Pore pressures are probably very close 1o lithostaric pressure. In the ncar [ield around
an excavation, dilation, creep, and shear have created and/or enhanced permeability and decreased pore pressure. Whether flow
accurs in the [ar field under natural gradients or only after some threshofd gradient is reached is unknown. If far-ficld flow does
occur, mean pore velocitics arc probably on the order of a meter per hundreds of thousands to tens of millions of years.

Most hydraulic-test responscs in the Salado do not appear ta reflect radia) Aow, but instead imply subradial (e.g. intermediate
between linear and radial) flow dimensions. We helieve these subradial dimensions reflect channeling of flow throngh fracture
networks, or portions of fractures. that occupy a diminishing proportion of the radially avaitable space, or through percolation
nctworks that are not ‘saturated” (percolation terminology meaning fully interconnected). This js probably related to the
‘directional nature of the permeability created or enhanced by excavation effects. Inferred values of permeability cannot be
separaled (rom their associated Sow dimensions. Therefore, numerical models of flow and transport should include hetero-
geneity that i§ structuréd to provide the same flow dimensions as are observed in hydraulic tests. Modeling of Ihe Salado
Formation around the WIPP repository should also include coupling between hydraulic properties and the evolving stress fickl
becuuse hydraulic properties change as the stress field changes. © 2002 Elsevier Science B.V. All rights reserved.

Kewwarils: Evaporites; Hydraulic properties: Flow dimensions; Hydrology; Stress-dependent properties

1. Tutroduction S ite deposits in the world because it is the host forma-
' tion for the Waste Isolation Pilot Plant (WIPP), a

The hydrology of evaporite deposils is generally repository lor transuranic wastes generated by the
litle studied and is poorly understood. The Permian United States’ defense programs. As part of WIPP
Salado Formation in the Delaware Basin ol New sile characterizalion, geologic and hydrologic studies
Mexico is one of the most extensively studied evapor- of the Salado have been conducted since the mid-

1970s. In the following paper. we describe  our
; * Comesponding author. Fax: + [-505-234-0123. conceptual model for Salado hydrology zmd_ discuss
3} E-meiil address: ribeauh@sandia.gov (R.L. Beanheim), the data that have been used to.develop that model.
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We consider both the hydrology of the Salado in the
far field, unaffected by the presence of the WIPP exca-
vations, and in the near field or disturhed rock zone
(DRZ) around the repository. We also discuss aspects
of the conceptual model that are important o include
in numerical models of Salado hydrology.

2. Salado geology

The Salado Formation is approximately 600 m
thick at the WIPP site and lies approximately 260~
860 m helow ground surface. It is composed largely of
bedded halite, with minor amounts of interspersed
clay and polyhalite. The Salado alse contains inter-
beds of anhydrite, polyhalite, clay, and siltstone.
Many of these interbeds are traceable over most of
the Delaware Basin. Jones et al. (196U) designated
45 of the continuous anhydrite and/or polyhalite inter-
heds as “Marker Beds’ (MB). and numbered these MB
from {00 to 144, increasing downward. The WiPP
facility horizon (the stratigraphic location of the
underground ¢xcavations) lies hetween MB138 and
MB139, approximately 655 m below ground surface.

A typical stratigraphic section of a 58-m interval of
the Salado, centered approximately at the strati-
graphic midpoiat of the WIPP excavations, is shown
in Fig. 1. Sixteen ‘map units’, numbered 0—15, and 39
other identifiable units have been described by Deal et
al. (1989) and Roberts et al. (1999). The majority of
the units is composed primarily of halite. and is differ-
entiated principally on the basis of differing clay and
polyhalite contents, which rarely excecd 5%. The
halite units tacking inieger map-unit designations
are identified -by H (pure halite), AH (argillaceons
halite), or PH (polyhalitic halite) prefixes, [ollowed
by a number.or Jetter (*m’ for ‘minus’)—number
combination vepresenting that unit’s position with
fespect to the base of the sequence. Which was

arbitrarily defined as the halite upit immediately -

underlying anhydrite ‘c’ and clay B. For example,
AH-4 is the fourth argillaceous halite unit above the
base of the sequence and H-ml js the first halite unit
below the base of the sequence. The remainder of the
units are sulfatic interbeds, such as MBI38 and
MB139, and clay seams. The interbeds ate composed
primarily of anhydrite, with lesser amounts of poly-
halite and halite.

Thinner sulfatic inierbeds and 4 number of the more
confinuous clay seams have also been given letter
designations (e.g. anhydrite a, clay B) to facilitate
consistent referencing. These vnits are shown in Fig.
1. The stratigraphic posilions of the WIPP excavations
with respect to the designated map units are shown in
Fig. 2.

3. Conceptual models
1.1. Far-field Salado hydrology

Our conceptual model for far-field Salado hydrol-
agy is as follows. Porosity of both halite and anhydrite
is Jow, on the order of 0.01. All interconnected poros-
ity is filled with brine containing dissolved gascs,
principally nitrogen. Because halite is a creeping

“mediom, pore pressures arc expeeted o be lithostatic,

or very close thereto, Different layers have different
permeabilitics; anhydriles and clay-rich layers have
the highest permeabilities and pure halites have the
lowest permeabilities. Some halite beds may have no
permeability because of inadequate connection of the
pures. Anhydrite permeability derives from paturally
occurring bedding-plane fractures (Boms, 1985). The
pure halite layers with extresely low to non-existent
permeabilities impede vertical ow of brine, so most
flow through the Salado is horizontal, parallel to
bedding. Within an individual bed, flow may be chan-
nelized into relatively high-permeability pathways
created either by natural heterogeacity or by synde-
positional dissolution troughs filled with pure halite
(Powers and Hassinger, 1985) cutling across the bed
that lipit flow in certain directions. Gas-threshold
(air-entry) pressures ol the evaporites sre high, prob-
ably exceeding the hydraulic-fracturing pressures,

because ol the very low permeabilities.

We assume that flow is driven by pressure gradi-
ents and lollows Darcy’s law, as in most porous
medja. However, as pointed out by Neuzil (1986),
Durcy flow has never actually been demonstrated in
low-permeability formations such as the Salado
under natural fow gradients. Other researchers
(e.g. Swartzendruber, 1962; Pascal, [981; Remson
and Gorelick. 1982) have suggested that low-
permeability medida may have threshold gradients
below which no flow can occur, perhaps related
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Fig. 1. Detailed stratigraphy near the WIPP underground facility.
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" Fig. 2. Schematic of rypical WIPP underground roomms showing stratigraphic positions.

Page 5 of 24

69



From (613) 998-3256

Order # 04366406DP03555163

Tue Jan 20 17:45:17 2004

Page 6 of 24

n R.1. Beavheim, R.M. Roberts / Journal of Hydrology 259 (2002) 66-88

to capillarity or surface-tension cileets in very small
porcs. Thus, Darcy flow in the far field is unproven.
To whatever extent regional flow is occuning under
the naturally oceurring gradients, it is expected to be
toward areas of lower overburden pressure. Flow is
expected Lo be immeasurably slow, however. Given a
halite permeability that we think might be representa-
tive of [ar-field conditions of 1072-107"
(hydraulic  conductivity of ~107"-10 " mrs; see
Section 5.3), a hydraulic gradient of 0.01, and a
porosity of 0.01. brine would take between 3 and 30
million ycars to flow | m. In anbydrite, where the
permeability might be 100 times higher, brinc would
still take 30,000--300,000 years w flow | m.

3.2. Excavation effects on near-field hydrology

When the WIPP repository was mined, the far-field

hydrologic system was altered locally by a variety of

mechanical and coupled hydraulic and mechanical
processes. These ‘excavation cllects’ are discussed
below.

When an excavation is first mined, inclastic dilation
- {volume expansion) of the surrounding rock mass
accurs as the rock expands into the newly created
void volume. This dilation affects both the solid

volume aud pore volume of the rock. In part, the dila-

tion is munifested as grain-boundary separation and
readjustinent, As the pores dilate, the fluid pressure
in the pores decrcases. If the pores dilate more than
the brine can expand, partially satrated conditivns
- may result. Gas may come out of solution as the pore
pressure decreases, resnlting in two-phase conditions.

Peach (1991) discussed the effects of dilation on
halite permeability in terms of percolation theory.
Under undisturbed conditions, the low porosity of
halite may be too poorly connected to reach the perco-
lation threshold—the minimum pore connectivity at
which flow can occur. Without a throughgoing, inter-
connected pore network on the scale of measurement,
a medium will show zero permeability. Given small
amounts of dilation (=0.05 vol%), however, Peach
(1991) found that sufficient grain-boundary micro-
fracturing occurs to create an inlercounected pore
network beyond the percolation threshold. From the
percolation thueshold, permeability increases rapidly
with increasing dilation until the pore network is
saturated (percolation terminology meaning fully

interconnected), which occurs at some dilation less
than 14. Beyond the saluration point, increased dila-
tion has little effect on permeability. Thus, dilation
around an excavation can cause halite to shift from
a condition in which permeability is effectively non-
existent to a condition with measurable permeability.
The dilatancy of halite is enhanced by the presence of
impurities (e.g. aphydrite, clay), so impure halite will
dilate, and thereby increase in permeability, to a
greater distance from an excavation than pure halite,
Note that we do not apply this percolation model 1o
anhydrite, in which llow occurs through naturally
occwTing fractures.

In addition to ilation, stress changes occur around
the mined opening. The vertical load that had been
borne by the removed rock is transferred (o the pillais
adjacent to the room, creating a comptessive vertical
stress concentration in the ribs of the cxcavation. This
compressive stress may act to heal any grain-bound-
ary sepatations that have occurred in halite, purticu-
larly if the pore pressure has decreased. At the same
time, the horizontal stress at the excavation ribs is
reduced to zcro. In halite, the resulting deviatoric
stress causes the rock to creep toward the excavation.
Porosity and permcabilily are continually created as
creep occurs. Close to the excavation where the most
creep occurs, extensional strain fractures may develop
parallel to the excavation surface.

Stresses are concentrated at the corners of an exca-
vation, resulting in shear fracturing. Shear fractures
arc around the opening, creating an effective opening
with a2 more mechantcally stable elliptical cross
section (Boras and Stormont, 1988, 1989). At WIPP,
this idealized picture is complicated by the presence
of layers with different properties, particularly anhy-

“Urite and clay interbeds (e.g. Munson, 1997; Chan et

al., 1999). The shear [racturcs that form at the upper
commers of WIPP excavations arc upwards toward the
nearest anbydrite/clay seam, typically anhydrite “b*/
clay G (Fig. 2). The anhydrite interbeds are stiffer than
the overtying and underlying halitc, and tend to sepa-
ratc from the halite along shear planes. With time, all
of the rock inside the shear planes becomes decoupled
from the surrounding rock mass. This sometimes
leads to roof falls of all the rock between the roof of
an excavation and clay G. :
The permeability created (or enhanced) by exca-
vation eflects is not isotropic. Grain-boundary
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“microcracking occurs predominantly in the direc-
_tion of maximum compressive siress, while exten-
. gion fracturing occurs parallel to an excavation
face (perpendicular to the minimum principal
‘ gtress). In addition, the vertical compressive stress
in the ribs of excavations will tend to heal hori-
gontal microfractures. Thus, permeability around
excavations has strong directional dependency.

-4, Hydraukic testing

‘Pressure-pulse, constant-pressure flow, and pres-
. sure-recovery tcsis ‘were performed between [988
-and 1995 in boreholes drilled from within the WIPP
excuvations to evaluate thc hydraulic properties
controlling brine flow in the vicinity of the repository.
Test locations are shown in Fig. 3. Interpretations of
the tests using the mnde] GTFM (Pickens et al., 1987)
were reported by Beauheim et al. (1991, 1993),
Domski et al. (1996), and Robetts et al. (1999).

The tests were conducted in boreholes drilled to a
variety of distances and in diffecent orientations with
respect to the underground excavations. After drilling,
the holes were filled with native Salado brine and test
tools with multiple packers were installed. The
bottom-hole interval was (he primary test zone in
each hole, while the intervals between packers served
as either guard zones (to guard against leaks) or
secondary test zones. Hydraulic testing commenced
after an initial pressure-buildup period. Two primary
groups of tests were performed. One set of tests, invol-
ving 15 boreholes, was performed to determine how
hydraulic properties were affected by the excavation
of a cylindrical ‘opening, Room Q (Fig. 3). The other
set of tests was performed in 12 boreholes drilled at
different locations in the WIPP excavations. These
tests provided information about hydraulic properties
around existing excavations at the time of testing.

A third set of tests involving 12 test holes called the
Small-Scale Mine-By experiment was performed by
Stormont ei'al. (1991a,b). The purpose of these tests
was to determine how the drilling of a 96.5-cm-
diameter hole would affect hydraulic properties
around the hole. Half of these tests were conducted
using brine and the other half were conducted using
gas.

Before discussing the results of the three testing
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programs, we will introduce the concept of flow
dimensions. Consideration of flow dimensions affects
both the estimates of hydraulic properties inferred
from hydraulic tests and the conceptualization of
how those properties are distribiited in space.

4.1. Flow dimensions

Hydraulic-test-interpretation methods have tradi-
tionally assumed that fow occurs radially toward or
away from tesl boreholes, and that the flow fills all of
the available spacc. In highly helerogeneous and/or
fractured systems, particularly around an cxcavation
where the stress feld is changing in both time and
space, these assumptions may not be valid. Notable
attempls to expand well-test-inlerpretation methodol-
ogics to characterize non-radial flow can be {ound in
Black et al. (1986), Barker (1988), Noy et al. (1988),
and Doe {1991), wherc the concept of 2 {low dimen-
sion (1) is introduced. Barker (1988) discussed flaw
systems with constant hydraulic conductivity (K) and
specific storage (5;) where the flow dimension of the
system was rclated 1o the power by which the flow
area changed with distance from the source and n
described the geometry of the system. The flow area
in this formulation is given by

a2
n |l

Area(r) =4 " -F(Tr 1))
)

where n is the flow dimension. b, the cxlent of the flow
zone, L, I, the gamma function, and r is the rudial
distance from borehole. L.

The flow dimension ris related to the power-law
relationship betwecn flow area and radial distance
from the borehole. The flow dimension is defined as
the power of varation plus one. For example, the
relationship between flow area and distance in a slan-
dard radial system is given by

Area(r) = 2mrb | 2

The flow area is seen to vary linearly with distance
(r'). making the flow dimension, by definition, two.
All of the diugnostic mcthods used to deduce radial
flow. i.e., the shapes of various type curves, depend
only on the relationship between flow urca and
distance (r). The shapes of the type curves are
independent of the constant 2w, so they provide no
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Fig. 3. Map of the WIPP undergrouad facility showing test locations.

information on the degree to which the flow system diagnostic plots of pressure and/or low-rate changes
fills the available space. and their derivatives. They interpreted flow as’ being
Roberts et al. (1999) showed that the dimensional- non-radial in most of the Salado intervals in which

ity ol llow can be deduced for any type of test from hydraulic tests were performed. Of the 16 test
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responses they considered, they found flow to be
subradial in nine cases, superradial in five cases, and
radial in only two cases. Subradial (<Z2) flow dimen-
sions, such as those interpreted from the tests of
MBI138 in L4P52 and S1P74 and of clay J in S1P74.

are consistent with a medium in which fractures or

pores are poorly interconnected or a medium in -

which flow is channeled through those portions of
fractures having the largest apertures. In either case,
the fractures or pores involved in flow occupy a
proportion of the radially available space that
diminishes with distance from the test hole. A super-
radial (>2) flow dimension suggests a system in
which -fraciore/pors connectivity and/or density
increase(s) with distance, or in which the space avail-
able for flaw is expanding in a third dimension (e.g.
spherical flow).

Thesc results provide information useful in under-
standing flow through the Salado. As discussed in
detail in Roberts ef al. (1999), however, low dimen-
sions are somecwhat probiematic in that radial
(dimension = 2) flow in a systcm with distancc-vary-
ing hydraulic paramclers cannot be¢ distinguished
from non-radial flow in a system with constant
hydraulic parameters (in a single-well test). In addi-
tion, time-varying {or pressurc-dependent) properties
can be difficult to distinguish from spatially varying
properties. To deal with these ambiguitics, the
concepl of variable flow dimensions was broadened
to include the non-unigue combinations of temporal
and spatial variations in flow geometries and hydrau-
lic parameters. The baseline analysis of any test could
thea be transformed into different, non-unique combi-
nations of geomeuies and hydraulic parameters as
desired. . :

All of the excavation effects described above are
location-specific-and time-dependent and affect flow
dismensions around an excavation in a variety of ways.
If hydraulic properties in an individual layer change
with distance.from an excavation, a hydraulic test
conducted in that layer will likely show a non-radial
flow dimension. Whether the specific flow dimension
is greater or less thun radial will depend on the speci-
fic spatial pattern of variation of hydraulic properties.
If a propagating pressure transient encounters a region
of decreased permeability, the flow dimension will
decrease, while a region of increased permeability
will have an opposite effect. Fractures connecting

two permeable layers Lhat are otheswise separated
will tend to increase the flow dimension. In a percola-
tion network, the flow dimension should increase us
the connectivity of the network increases. Thus, we
might expect to see an increase in' flow dimension in
halite that has undergone dilation close to an excava-
tion compared to the same halite at a greater distance
from an excavation, unless the new pore connectivity
is highly directional.

Flow dimensions that change as the volume of
influence of a test expands should be expected. For
mstance, stress relief directly above or below an exca-
vation may result in a zone of increased fracturing
(and/or permeability) within the ‘footprint® (vertical
prajection) of the excavation, with less fructuring
{lower permeability) under the ribs of the excavation.
Wheit a4 propagating pressure transient reaches somc
type of discontinuity that restricts flow, such as a zone
of decreased permcability or, in the extreme, 4 no-
flow boundary, the flow dimension initially decreases
rapidly. Thus, a rapid (ransition to a sublineur to nega-
tive flow dimension is best interpreted as a qualitative
indication of a sudden reduction in permeahility and/
or flow area at some distance from the test hole. With
time, the flow dimension will increase to a value
representing the rate at which the permeability-area
product continues Lo increase as the pressure Lransient
propagates further in other directions (i.e. away from
the ‘houndary’). The flow dimensions from the first
and second constant-pressure-withdrawal (CPW) testy
of H-m2 in L4PS1, respectively, illustrate these
points. The flow dimension was initially between
1.5 and 1.8 during both tests, reflecting slighily subra-
dial to radial conditions. The flow dimensions then
decreuscd to negative values, reflecting some restric-
tion to flow with distance from the borehole. After a
transition period, the flow dimension rose and stabi-
lized at a value greater than one but less thun the

initia) value. reflecting the loss in permeability and/

Of area,

Argiiello (1991) showed that stress relief is nat
uniform helow an individual room, but is greater
where the room intersects a drift and is less -at the
back of 4 room wherc no futher excavation has
occuned. A test conducted near the [ront of a room
might, therefore, show one flow dimension until the
pressure transieul propagated into the higher perme-
ability region below thc intersection of the room with
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its access drift, at which time a higher fiow dimension
would be evident. The tests of MB 140 in L4P51 inay
provide an example of this. Conversely, a test
conducted near the back of a room might show a
decreasing flow dimension for some period of time
as the pressure transient propagates into the lower
permeability rock beyond the footprint of the excava-
tion. At some later time, the flow dimension might
increase if the pressure transient propagated into a
higher permeability region toward the front of the
room. Flow dimensions should also be expected to
change with time where hydraulic properties are
pressure-dependent. Non-uniform (i.e. high-gradient)
pressure fields in regions with varying hydraulic prop-
erlies must also affect inferred flow dimensions,

4.2. Tests around Room Q

Room Q was mined at the western cnd ol the $90
dniff in un arca that should have been minimally, if at
all, affected by the presence of the other WIPP cxca-
vations (Fig. 3). Room Q was mined using 2 tunnel-
boring machine to create a 2.9-m-diameter cylindrical
room 109 m long. Before the room was mined, 15
boreholes were drilled into the west rib of the alcove
at the end of the $90 drift and instrumented to allow
pore pressure and permeability testing before and
after the mining. The holes were drilled so that they
terminated in three lines, comprising five holes each.
vertically above (QPPO{-05), vertically below
(QPP11-15), and horizontally north (QPP21-25) of
thie eventual centerline of the room (Fig. 4). All of
the boreholes terminate 22.9m along the length
of the room in a planc normal to the axis of the
rogm. M-each of the three arrays, the boreholes
were designed to terminale at distances of approxi-
mately 2.4, 3.3, 4.6, 7.6; and 13.7 m from the ceater-

line of the room. The tests conducted in these holes-

before Room Q was mined should provide the bést
representation of far-field properties of any-of the
permeability tests performed. The parameter values
presented below were derived by Domski et al.
(1996) assuming a flow dimension of two; no flow-
dimension analysis ol these tests has been performed.

Four anhydrite layers were isolated in the Room Q
boreholes: MB138 (QPP01), MB139 (QPP13), anhy-
drite b (QPP03), and anhydrite ¢ (QPP11). All four
anhydrites showed immediate pressure-buildup

responses when the test zones were shut in. Estimated
pre-mining pore pressures of MB138, MBI139, and
anhydrite b ranged from 12.4 to 14.8 MPa (Fig. 4),
The anhydrite ¢ test interval was not shut-in long
enough for an estimate of the pre-mining pore pres-
sure to he made. The inferred pre-mining permeabil-
ities of MB 39 and anhydrite b were 6 X 10" * and
8 x 10 * m", respectively. The pre-mining data from
MBI38 and anhydrite ¢ were inadequate for perme-
ability estimation. After Room Q was mined. esti-
mated pore pressures decreased and inferred
permeabilities increased insignificantly. Post-mining
pore pressures for the four anhydrite layers ranged
from 6.9 to 104 MPa. Inferred permeabilities for
both MB139 and anhydrite b were 8 X 107 mt?, und
the permeability of MBI38 was inferred to be
1% 107" m? (Fig. 4).

Twelve halite intervals were isolated in the Room Q
boreholes. Of these. six (map units 12 and 13
[QPPU2], 6 [QPPOS], H-1 [QPPI1], PH-4 [QFPI4],
0 and PH-4 [QPP15), and 2 and 3 {QPP21]) showcd
no clear pore pressure or permeability before Room Q
was mined. The remaining six intervals showed clear
evidence of both permeability and pore pressure.
These intervals (map units 6 and 7 [QPP04], H-3
[QPP12], and 2 and/or 3 [QPP22-25]) had apparent
pare pressurcs of approximately 9-10 MPa. The only
pre-mining permeability that could be estimated with
confidence was 3% 10™*m’ for H-3 in QPPI2.
Domski et al. (1996) also atiempled simulations of
the pressurc data from the intervals that showed no
clear pore pressure or permeability. They (ound that
those intervals could have permeabilities. on the order
of 107*-10""2 m? and not show obvious pressure-
buildup responses toward the ambient pore pressure
over the 10s of days that pressure measurcments were
made. Thus, small but non-zero permeabilities are not
inconsistent with the observed dula.

After Room Q was mined, all of the halite intervals
showed clear evidence of pore pressure and perine-
ability. With the exception of H-3 in QPP 12, all halite
intervals for which pre-mining pore pressures could
be estimated had lower pore pressures after mining.
The intervals for which pore pressures could only be
estimated after mining had extrapolated pore pres-’
sures of 9.6 MPa or less. Pore pressures appeared to
decrease with increasing proximity to Room Q. In
some intervals, post-mining pore pressures appeared
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to continue fo decrease with time. The posl-mining
permeabilities that could be estimated for halite inter-
vals ranged from 2 X 107 to 5x 107, m” (Fig. 4).
The permeability of the H-3 interval in QPP12 did not
appear to change as a result of mining Room Q.
Comparing the post-mining responses of the other
halite intervals to the pre-mining responses. Domski
et al. (1996) concluded that permeubilities had
increased by at least two orders of magnitude.

The majority of the post-mining extrapolated pore
pressures =6 m from the surface of Room Q (>3 radii
from the room center) were approximutely between 9
and 10 MPa. The pore pressure in QPP12 before
mining also fell in this range. Perhaps this pore pres-
sure reflects the mean stress at a distance of 23 m from
the instrument alcove at the end of the $90 drift with
no influcnee from Room Q. Two to three meters from
the surface of Room Q (2.1-3.3 radii), posl-mining
pore pressurcs were 3-8 MPa, and within | m of
Room Q (<1.7 radii), pore pressures were 0.3~
3 MPa.

4.2.1. Summary of Room @ observations

The pre-nining observations around Room Q do
not provide a simple picture of far-field hydraulic
properties. All four of the anhydrile inlervals tested
showed permeahility and pore pressure. Half (six) of
the ‘halite intervals tested showed permeability and
pore pressure, and half did not. Extrapolated pore
pressures in the six permeable halile intcrvals were
only 9--10 MPu, not the 15 MPa estimated as the

< undisturbed lithostatic load at the WIPP horizon

(Wawersik and Stone, 1989). Thus, stress relief
related to ‘the presence of the WIPP cxcavutions
may have affected 4il of the test locations even before
Room Q was mined. Extrapolated pore pressures in
the aghydrites (12.4-14.8 MPu) were closer to the
estimated lithostatic pressure than those in the halite,

Z..—gnggesting that anhvdrile may be less sensitive to
R LAATAY LT IR IS Pt TR £ g v TS mEauuviITar sn

Ry S AT T Y o

the elfects of mining on permeability. No coanclusions
can be drawa about the effects of mining un flow
dimensions becaure no flow-dimension analysis has
been performed of these tests. Halite pore pressures
generally increased wilh distance from Room Q.

4.3, Tests at other locations

Forty-three intervals were isolated and monitored
and/or tested in 12 boreholes drilled at various loca-
tions in the WIPP excavations (Fig. 3). Twenty of the
intervals included unhydrite layers, and the other 23
intervals included different halite layers. The data
from these intervals are discussed and interpreted in
Beavheim et al. (1991, 1993) and Roberts et al
(1999). These tests werc conducted at various
distances and orientations around excavations of
different sizes and ages. Thus, the Tesulls represent a
combination of elfects not easily disentangled.

Four of the intervals would not hold brine under
pressure: C2HOI-A guard zone (map unit 6), S1P71-
A guard zone (MB139), and S1P73-A guard zone
(anhydritc b} and test zone (anhydrite a). The
C2HU1-A and S1P71-A guard zones were 0.5-1.6
and 1.2-2.3 m, respectively. below the floors of exca-
vations (Figs. 5 and 6). The SIP73-A goard and test
zones were 1.5-2.6 and 3.4-4.8 m, respectively,
directly above the roof of Room 7 in Panel I (Fig.
6). Floar heave at the first two locations and roof sag
at the last location probably increased permeability
and porosity beyond the capacity of the formation to
keep it filled with brine.

Three of the intervals showed no pressure response
indicative of permeability or pore pressure: C2ZHO3

,,_..guard- zone and lest zone (both map unit 9), and
SCPO1-A guard zone (map unit PH-4). The test and

guard zones in C2HO3 were 7.9--9.1 und 5.9-6.9 m,
respectively, from the rib of Room C2 (Fig. 5). The
geard zone in SCROL was. B399 m, from the eoxe:-

L=2a N}
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| P (six halite and 12 anhydrite intervals) and pore pres- 2% 10 ®m® in the C2HO2 test zone (MB139), 9.5~
| - sures were estimated (or bounded) for 31 intervals (15 10.7 m from Reom C2 in a borehole angled down-

halite and 16 anhydrite intervals). Estimzife-d haliie ward under the 1ib, 10 9% 107 m? in the SCPOL-A
permeabilities ranged from 1X107"'m’ in the test zone (MB139), 10.7-14.8m below and away
C2HO1-B test zone (map unit 0), 4.5-5.6 m below from a back corner of the core-storage library. Non-

b3 o i i

Room C2, to 3 X 10™'° m? in the C2HO1-A test zone zero halite pore pressures ranged from 0.5 MPa in the
; P! g
C2H01-A test zonc (Hig. 5) t0 8.7 MPa in S1P74-B test

zone 2 (inap units AH-1 [clay I] and H-5), 13.2~14.3 m

(map units 4 and 5), 2.1-2.9 m below Room C2 (Fig.
5). Estimated anhydrite permeabilities ranged from
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angled vpwards and away from Room 7 in Panel |
{Fig. 6). Non-zero anhydrite pore pressures ranged
from 0.3 MPa in the L4P51-A guard zone (MB{39),
1.5-2.4m directly below Room L4 (Fig. 6). to
13.5 MPa in the SCPQO[-A test zone.

In some cases, permeabilities were found to be
dependent on the pressures at which the tests were
conducted. As the test fluid pressure incieased, the
etfective stress decreased and permeability increased.
This is interpreted as fracture apertures increasing
with decreasing effective stress. Pressure-dependent
permeability was observed in both anhydrite and
halite layers.

4.4. Small-scale Mine-by

Stormont et al. (1991a,b) performed an experiment

* designated the Small-Scale Mine-By (o delermine the

eflects of excavation on fluid saturation and perme-
ability of the surrounding rock. They drilled an array
of 12 4.8-cm-diameter boreholes to a depth of 8 m
below Room L1 (Fig. 3) at diffcrent radial distances
[rom where they would later drill a 96.5-cm-diameter
hole. They isolated the fower 65 cm of each borehole
(map unit I1-2) and filled six of the holes with brine
and six with gus, all pressurized (o 2 MPa, Testing
showed brine pore pressures of 2.7-3.6 MPa,
brine permeabilitics ranging fom 1x107% to
2% 107" m?, and zero permeability to gas. After the
96.5-cm hole was drilled in the center of the test array,
additional tests were performed in the boreholes.
These tests showed thal permeabilities within
approximately two radii (25) of the center of the
96.5-cm hole increased with proximily to the hole,
with a,-maximum increase of nearly five orders of
magnitude to 9X 10 " m? at 1.25r. Pore pressures
were reduced out to 3r. Within approximately |.5r,

partially suturalcd conditions and measurable gas

permeability developed.

The tests. described by Stormont et al. (1991a,b)

were all conducted over an approximately 250-day
period after the 96.5-cm hole was drilled, so did not
evaluate ainy continuing time-dependence of hydrau-
lic properties. The low inilial pore pressures also indi-
cate that the test horizon had been affected by stress
relief resulting from the excavation of Room LlI.
Thus, the responses observed by Stormont et al.
(1991a,b) were probably superimposed on an

already-disturbed rock mass. Nevertheless, the test
results clearly showed the development of a partially
saturdted zone around the 96.5-cm hole, increased
permeability, and decreased pore pressure.

5. Observed spatial variations in hydraulic
properties

The values of permeability and pare pressurc
infcrred from the tests in the WIPP excavations are
discussed below in the context of the forcgoing
discussion and plotted versus distance from an exca-
vation, We camot he certain that any of our Lest
results are representative of conditions in the far
field, completely unalfceicd by the presence of the
WIPP excavations. The permeability of anhydrite is
typically higher than that of halite. Pore pressure is
demonstrably related to distance from an excavation.

5.1. Permeability

[ig. 5 shows the intervals tested in boreholes drilled
from Room C2 and the propertics inferred from the
tests. The tests were all performed roughly 4.5-5.5
years after the mining of Room C2. In MB139, both
the permeability and flow dimension were higher
directly beneath the room (C2ZHO1-C) than beneath
the room pillar (C2H02). This probably reflects frac-
ture dilation and/or increased fracturing due to stress
relief directly beneath the room. In contrast, halite
permeability decrcased while the flow dimension
increased with distance below the room. We speculate
that excavation clfects caused increased, but direc-
tional, permeability close to the room. The high
zone x;iay indicate that the tested unit, map unit 0, has
little amisotropy belween horizontal and vertical
permeability and that sections of the unit above and
below the isolated interval contributed to the observed
response. No pore-pressure response indicative of
permcability was observed in the clean halite of
map unit 9 in the room pillar (C2H03).

Fig. 6 shows the intervals tested in boreholes drilled
from Rooms L4 and 7 (Waste Panel 1) and the proper-
tics inferred from the tests. MB138 had the lowest
permeability and the highest flow dimension where -
it was tested directly above a room (S1P73-B). We’
would have expected to observe bolth the highest
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Fig. 7. Incerpreted average pesmeabilities versus radius-normalized distances from excavations.

permeability and flow dimension in this position
because ol stress relicl. However, the S1P73-B lesting

‘was performed approximately 3.2 years after the exca-

vation of Room 7. whereas the $1P74-B and 1.4P52-B
tests of MB138 abov& room pillars were performed
approximately scven and [our years after excavation
of Rooms 7 and L4, respectively. Hence, the age of
the cxcavations al the time ‘of testing may have had
some effect on the results. The units that were tested in
two burcholes with similar orientations generally had
similar permeabilities and flow dimensions. The
LAPS1-B and S1P71-B tests of anhydrite ¢, which
were performed when the rooms were of similar
ages'(Room L4 was 1.7-2.6 years old at the time of
testing while Room 7 was 1.7-2.2 years old),
provided similar results, The L4PS2-A and S1P74-A
tests of anhydrite a provided similar results, even
though Room L4 was 2.2-3.2 years old at the time
of testing while Room 7 was 4.4-5.3 years old. The

largest difference in permeabilities, neasly an order of
magnitude, was obscrved in the L4PS1-A and S1P71-
A tests of map unit PH-3. The tests were performed at
similar times refative to the ages of the. rooms (9-15
and 8-13 months), so we attribute the difference in

..permeabilities to natural heterogencity.

" Fig. 7 presents a plot of average permeabilities
versus radivs-normalized lest-inlerval distances from
an excavation from GTFM simulations of the tests
discussed in Beauheim et al. (1991, 1993), Domski
et al. (1996), and Roberts et al. (1999). The distances
were normalized by dividing the distance of cach test
interval along its borehole by the radius of the room in
which the borehole originates, where the room radius
is defined as one-half the diagonal distance across the-
room in cross section. (Distances for the QPPxx test
intervals are uormalized with respect to either-the
instruraentation alcove from which the holes ‘were
drilled or Room Q, whichever was closer in terms of
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radii at the time of testing.) The permeabilities of

_several of the tested units shown on Fig. 7 are believed

to be pressure-dependent. The permeabilines shown
on Fig. 7 tor these tests are the permeabilities corre-
sponding to the static pore pressures in the tested units
prior to testing, Testing sequences performed in the

14P31-C1 guard zone and J.4P51-C2 test zone 2 were

tests of the samme halite interval over different time
periods, so the estimated permeability values are
shown as a range for a single interval on the figure,
Ranges are also shown for other intervals (e.g. MB 140
in L4PS 1) for which different permeability estimates
were obtained.

Fig. 7 shows 14 values of halite permeability and 16
values of anhydrite permeability. No correlations are
evident between estimated halite or anhydrite perme-
ability and radius-normalizcd distance from an exca-
vaton, The lowest estimate of halite permeability,
2% 107 m?, is from QPPl4 after the mining of
Room Q, approximately [.4 room radii from the exca-
vation. All halite permeabilities from test intervals
two of mose room radii from an excavation are higher
than this value. The highest halite permeability esti-
mate, 3 X 107'* m?, is from the C2HN1-A lest zone,
approximately 0.6 room radii below an excavation.
The lowest estimate of avhydrite permeability,
2% 107 m?, is from the C2HOZ test zone, approxi-
mately 2.4-2.8 room radii from the excavation in a
borehole angled downward under the rib. All five
estimates of anhydrite permeability from distances
greater than three room vadii, both in angled and
vertical horeholes, are greater than this value. The
highest estimate of anhydrite permeability,
9% 10"® m?, is from MB139 in the SCPOI-A test
zone. appfoximately 2.4~3.5 room radii below and
beyond an excavation. .

No correlatiohs between permeability and distance
from an excavation can be defined from Fig. 7 even
when the angled-hole tests are considered separately
from the vertical-bole tests. This is not to argue that
permeability is not affected by the excavations. As
discussed in Section 3.2, changes in the stress field
around excavations likely cause both increases and
reductions in permeability at different locations and
times. But both halite and anhydrite permeabilities
seem to range over several orders of magnitude just
because of variations in mineralogy and other natural
heterogeneity, Excavation-induced changes superim-

posed on this ‘natural variation cannot be identified
without pre- and post-excavation testing at each speci-
fic location.

As noted by Beaubeim et al. (1993), estimated
permeabilities such as those presented in Fig. 7 repre-
sent average values assuming that the tested intervals
are homogeneous. If the observed responses are domi-
nated by singuiar features (such as fractures) rather
than by uniform properties, then the average perme-
ability values shown in Fig. 7 might not be meaning-
ful. Apother factor complicating the comparison of
permeability values is the relationship between
permeability and flow dimension. The expression
‘low dimension’ 1s used in this paper to represent
the combined effects of changes in permeability und
flow geometry. Thus, the reporied value of permeabil-
ity depends on the value used for flow dimension. For
a given response, as the value of flow dimension used
fo interpret that response increases, the estimated
permeubility decreases, and vice versa. Even when
flow dimension is clearly defined, we have no wiy
of knowing without additional information if the
dimension is caused by changes in permeability or
changes in the geomelry of flow. The reported perme-
ability values are based on the following assumplions
and are estimated using a multi-step analysis process.
The measured [ormation response is matched initially
using constant values of K and S; and distance-varying
n {n(r)], if nccessary. The flow dimension in the next
step is then assumed Lo be constant and equal to the
late-time value determined in the previous step.
Corresponding K{(7) und S,(+) functious are calculated
such that the simulated response is identical to that
obtained with »(r) and constant K and S,. The late-
time values of K(r) and S,(r) are constants thal corre-
spond to the specified value of n. These late-time
values of K and 8, are the reported values, assumed

_to be the representative values beyond the DRZ (skin)
~ around the test borehole. These assumptions may or

may not be vahid.

Only five of 14 halite permeabilities are equal to or
greater than 10"* m* those from L4P51-C1-GZ,
C2HOI-A, S1P74-B-TZ2, QPPU5 post-mining. and
SOPOI-TZ. The L4P51-C1 gunard zone was unlike
any other zone tested and the reason lor high perme-
ability in halite H-mn2 is unknown. The other four
halite permeabilities greater than 107 ® all come
from test intervals that are within approximately 2.6
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room radii of un excavation and/or contain significant
clay seams. The C2HO1-A test interval was approxi-
mately 0.6 room radii below the floor of Room C2. a
location where excavation-induced disturbance would
be expected. The C2HOL-A tests were also the first of
the permeability tests to be performed, and later
experience showed that pulse tests conducted, like
these. over a 0-3.5 MPa absolute pressure range are
likely to be significantly affected by pressure-depen-
dent test-zone compressibility. The data necessary to
evaluate test-zone compressibility were not collected
during the C2HQ1-A testing and, therefore, the para-
meters estimated from those tests are considered to
have high uncertainty. The STP74-B test zone 2 inter-
val was approximately 2.5 room radii from the exca-
vation, but included AH-1, the most clay-rich halite
interval near the repository hotizon, The QPPOS test
interval was less than 0.6 room radii from Room Q,
and the SOPOI lest interval, 1.0-1.4 room radii from
dn excavation, included clay D. '

Permeability values [or anhydrite ranges upproxi-
mately from 107" to (07" m” The three values
greater than 10™'"% ;n® were from tests conducicd in
boreholes angled away and at distances of 2.4 or
more room radii from the excavations (SCPOI-A,
S1P74-B, and L4P52-B). suggesting that the inferred
high permeabilities are not necessarily caused by
responses lo the excavations, but may be representa-
tive of far-field propetrties.

5.2, Pore pressure

Fig. 8 presents a plot of estimated formation pore
pressures  versus radius-normalized test-interval
distapces {rom an cxcavation for 40 hulite intervals
arkl 20 anhydrite intervals (Beaubeim et al., 1991,
1993; Domski et al., 1996; Roberts et al.; 1999).

The pore pressures were estimated from GTFM simu- .

* lations or extrapolated [rom maximum observed pres-
sures in a zone for all of the Salado permeability tests.
A general ‘trend of increasing pore pressure with
increasing distance from an excavation can be seen
for both anhydrite and halite intervals. Figs. 4—6 show
the sume pattern of increasing pore pressures with
increasing distance from Room Q, Room C2, and
Rooms L4 and 7, respectively. Pore-pressure esti-
mates are available from more intervals (six) in bore-
hole L4P51 than in any other hole, and show a clear

wend of increasing pressure with distance from the
excavation. (Only a lower bound on pore pressure is
available from the seventh (D) interval in L4PS1.)

Pore pressures tend to be most reduced directly
above and below excavations. as shown by atmo-
spheric-pressure (unsaturated) conditions encountered
in two test intervals 0.2~0.4 room radii into the floor
and in two test intervals (0.2-0).8 room radii into the
roof of excavations. With one exception, the highest
pore pressures shown in Fig. 8 at any normalized
distance are from within pillars rather than directly
above or below an excavation. Fig. 6, which presents
data from around two rooms of similar size, clearly
shows the increased depressurization above and
below excavations compared to within pillars.

The highest pore pressures (>12 MPa) have all
been measured in holes drilled outward info virgin
rock [rom the extreme edges of the WIPP excavations.
The highest pore pressure extrapolated for any test
interval is 14.8 MPa lor MB13§ in QPP0O1 before
the mining of Room Q. This value is equal to the
estimated lithostatic pressure at the WIPP repository
horizon (Wawersik and Stone, 19%9), but we note that
it is an extrapolated value only. The highest pressure
actually observed in QPPOI was approximately
10.2 MPa (Domski et al, 1996). Pressures of
11.4 MPa (extrapolated to 12.9 MPa). 10.5MPa

‘(extrapolated to 12.4 MPa). and 11.8 MPa (extrupo-

lated to 13.5 MPa) were observed in QPPO3 (anhy-
drite b), QPP13 (MB139), and SCP0l (MBi39)
(Domski et al., 1996; Roberts et al., 1999). Thus,
the highest observed (and extrapolated) pressures
have been in anhydrite layers. In comparison, the
highest pressures ever observed in halite are approxi-
mately 8.5 MPa (extrapolated to 9.6 MPa) in QPP12,
8.7 MPa in QPP22, and 8.8 MPa in QPP24 (Domski et
al., 1996).

3.3. Discussion

Wawersik et al. (1997) interpret hydrautic-fractur-
ing data to show that the stress state (and presumably
the pore pressure) in MB140, 24-29 m (~six room
radii) below the flvor of Room Cl, was clearly
affected by the excavation. Wawersik and Stone
(1989) reported that an isotropic stress field in halite
at the WIPP, representative of conditions unaffected
by the presence of excavations, was encountered only
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Fig. 8. Interpreted pore pressures versus radius-normalized distances from excavations.

at distances greater than 50 n laterally away from the
excavations. Therelore, as no fests have been
conducied smore than 30 m from excavations, nohe
of them may be outside the region of suess relicl
around the WIPP repository and we cannot be certain
that any of the inferred hydraulic properties are repre-
senfative of conditions in the far field. -

Given this qualification, we pevertheless conclude -

that the permeability of anhydrite is generally higher
than that of halite. The lowest anhydrite permeability
inferred, 2x 10" m? is neady three orders of
magnitude higher than the lowest halite permeabilily,
2% 107 m’. In genera], anhydrite permeabilities are
greater than 10 “’m” and halite permeabilities are
generally less than that value. The consistency of
the inferred anhydrite permeability values over a

wide range of pore-pressure conditions suggests that
far-field values would likely be similar. Appropriate
values for the permeability of halite in the (ar ficld are
less certuin. but the data shown in Fig. 7 suggest that
undisturbed impure halite may have a permeability on

- .2

'the order of 1072-107"' m2.

The pore pressure in @ medium, such as halite, that
undergocs creep might be expected to be equal to the
lithostatic pressure because creep will continue uptil
the deviatoric stress is zero. Pore pressures in anhy-
drite interbeds overlain and underain by halite might
also be cxpected to be equal to lithostatic pressure. A
pore pressure approaching 15 MPa, corresponding to
the estimated undisturbed lithostatic pressure at the
WIPP horizon (Wawersik and  Stone, 1989), has
been never been observed in any test intorval,
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although it has been extrapolated from pressure data
from MB [38 in QPPOI before the mining of Room Q
(Domski et al.,, 1996). Even at the greatest distance
{rom the WTPP excavations at which tests have been
conducted, 24 m, observed or extrapolated halite pore
pressures are less than 10 MPa (Fig. 8). Because halite
has lower elastic moduli than anhydrite (Beauheim et
al., 1991), we would expect halite to show more of a
pore-pressure reduction in response to stress relief
than aphydrite. Thus, observed pore pressures are
consistent with all testing having been conducted
within the region of stress relief around the WIPP
excavations.

6. Evaluation of data and conceptual models
6.1. Far-field permeability

All six anhydrite layers tested have shown pressure
responses indicative of permeability at all times and
focations. Inasmuch as no anhydrite testing has been
performed more than 24 m (or 4.6 room radii) from an
cxecavation, this does not prove that all anhydrites are
permeable in the far field. However, coupled with the
obscrvation of open bedding-planc {ractures that are
not thought to be related to the presence of the WIPP
cxcuvations (Borns, 1985), we belicve that anhydrite
is in fact permeablc in the fur field.

Eight halite intervals have been found that showed
no pressure responsc indicative of permeability and
pore pressure, These intervals comprised relatively
pure halites at distances of 6-24 m (1.6—-4.7 room
radii) from the niearest ex¢avations. At all other loca-
tions,where halite has been tested, including 29 m (5.3
roomn radii) from the nearest excavation, pare pressure
and permeability have been observed. In some cascs,

this may be 4 result of excavation-induced changes. In

other cases, however, parlicularly the halite intervals
23 and 29 m (4.5 and 5.3 room radii) from excava-
tions, we do not believe that the vbserved permeabil-
ities could huve been caused by excavation-induced
changes. We believe that some halite intervals, parti-
cularly those with greater than a few percent impuri-
ties, naturally possess un interconnected pore
network. All other things being equal, we would
cxpect permeability to increase with increasing impu-
rities in the halite, but this cannot be proved with the

availuble data. Argillaceous halite may be the most
permeable halite, because the clay may itself form an
interconnected network.

Observations in borcholes drilled through the
Salado from land surface show that, whether confined
to the anmhydrite layers or including some impure
halite layers, some portion of the Salado must have
far-field permeability. Drillstem tests performed in the
Salado in seven boreholes showed little flow but clear
pressure buildups (Mercer, 1987). Likewise, two
boreholes registered positive pressure buildups at
the wellhead indicative of brine levels ahove ground
surface when the Salado was the only interval open to
the wells (Sandia National Laboratories and D" Appo-
lonia Consulting Engineers, 1982). These wells are
unquestionably within the far field with respect to
any cxcavations, and the pressure responses observed
in these wells clearly demonstrate permeability.

6.2. Percolation model

The responscs observed during the tests conducted
of halite intervals in boreholes QPPO2, QPPOS,
QPPI1, QPP14, QPP15, and QPP21 before and after
the mining of Room Q are consistent with Peach’s
(1991) theory about the development of percolation
networks. In the undisturbed condition, the pores may
have been Loo poorly connected to pravide cnough
flow for a pressure-buildup response. After Room Q
was mined and Lhe halite had dilated to some degree, a
better-connected pore network may have been formed
through grain-boundary microfracturing, allowing
permeability and pore pressure to be estimated.
Under these condilions, the measured pore pressure
must reflect local stress condilions in the rock because
no real connection to 4 “far-field’ pore pressure exists.
The orders-of-magnitude increase in permeability
observed in thc Small-Scale Mine-By experiment
around the 96.5-cm hole is also consistent with dila-
tion increasing the connectivity of the pore network.

No measurable permeability or pore pressure was
observed during Lhe testing of map unit 9 in borehole
C2HO03 (Beauheim et al., 1991) and of PH-4 in the
guard zone of SCP(I (Beauheim et al., 1993). Both of
these units are relatively pure halite. The tested inter-
vals in C2HO3 and SCP0! were 7.8-9.1 m (2.0-2.3
room radii) and 8.8-9.9m (2.0-2.3 room radii),
respectively, [rom the nearest excavations. Insuffi-
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" cient dilation mauy have occurred at these locations to
create an interconnected pore network above the
pe,rcolatlon threshold.

_Further evidence for the lack of interconnection
" among all halite porosity comes from geochemicul
-observations. Krumhansl et al. (1991) discussed
. differcnt brinc chemistries associated with closely
-spaced (<1 m) weeps in the ribs of WIPP excava-
tions. The pore diffusivity (D,) requived to prevent
_these chemistries from equilibrating over a distance
of 1 m for 250 million years (7.9 X 10" 5) would be
on the order of

D, <{lmx]my7.9x10%s=13x10" " m’s

No pore diffusivity data arc available for halite, but
the lowest pore diffusivities reported by Ohlsson and
Nerctnieks (1995) for other low-porosity rocks (gran-
ite and gneiss) are several orders of magnitude higher
than this value. Hence, halitc pores must he extremely
pootly connected. Consistent differences are also
noled between the chemistries of hrines from
MB139, MBI140, and map unit 0 (Roberts et al.,
1999) that sugwest that those units are not verically
interconmected. However, these conclusions about
lack of connectivity in halite are bascd on average
compositions. At the individual sample level, some
percentage could be connected. Perhaps a percolation
network exists that is somewhere below saturation, so
somc points in it are isolated. We do not know if the
percolation network is also subcritical (below the
percolation threshold). Nor do we know if this differs
between/within layers and locations. '

Peach (1991) also noted that the creation/enhance-
ment of permeability during dilation could be simul-
taneously counteracted by the hcaling of fractures in
halite, This implies that permeability is a dynamic
propertly that cannot be measured at one time and
then ;assumed to remain constant. The anomalous-
appearing changes in pore pressure observed in bore-
holes QPP02, QPP04, and QPP14 after the mining of
Reoom Q may reflect ongoing changes to the pore
nciwork.

6.3. Summary

The porosity of the rocks around the WIPP excava-
tions appears to have increased, in some places signif-
icantly, due to dilation and fracturing at a variety of
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scales. Pore pressures have decreased in response to
dilation, fracturing, and flow to the repository, result-
ing in partially saturated and/or two-phase conditions
in some locations. Permeability has increased in some
focations due to dilation, microfracturing, and shear
and extensional fracturing, but decreased in other

" locations because of vertical stress concentration.
Hence, the repository is surrounded by a partially
brine-saturated zone with increased porosity and
permeability which grades outward into a zome at
full brine saturation with altered permeability and
high hydraulic gradients, although the pressure is
lower than 1n the far field. This zone of altered perme-
ability may grade into a region where only pore pres-
sure has been altered (lowered) from far-field
conditions, which in turn grades outward into the
undisturbed far-field formation. The extent and prop-
erties of these zones are continuing to change as the
stress field around the repository evolves.

On the time scale of the operational period of WIPP
(decades), the far field lacks the capacity to fill ulf of
the newly created porosily in and around the reposi-
tory, much less pressurize it to near lithostatic pres-
sure. After WIPP is closcd, fur-field flow toward the
repository will continue, but the overall ‘healing’ of
the formation around the repository (closure) and
compaction of the crushed-salt backfill will act to
reduce both the hydraulic gradient and the porosity
present near the waste. Thus, the amount of brine
that cver comes into contacl with waste will be
controlled by the relative rates at which brinc flow
and repository closure occur.

7. Impllcati;ms for modeling

~The existence/occurrence of excavation-induced
permeability and pressure changes, pressure-depen-
dent permeability, and non-radial flow dimensions in
the Salado has implications. with regard to modeling
of flow and transport. If hydraulic properties are
dependent on current and past stress states, permeabil-
ity values derived from tests conducted at locations
under particular stress regimes cannot be assigned
throughout a modeling domain with a variable stress
regime. A rigorous model should include u coupling
between hydraulic properties and the stress field, with
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a full recognition of the time-dependence of condi-
tions and properlies.

Finite-difference and [linite-element  models
constructed with homogeneous layers have impli-
cit flow dimensions of 2 il the permeable layers
are completely confined or some value between 2
and 3 if different layers have different properties
or properties are anisotropic. Incorporating hetero-
geueity in permeability within layers can alter the
flow dimension. We now recognize that no
inferred value of permeability can be separated
from ils associated flow dimension. If a perme-
ability estimated assuming a subradial flow dimen-
sion is uscd as input to a homogeneous flow
model, flow will be overestimated. Flow may,
likewise, be underestimated if a permeability esti-
mated assuming a greater-than-radial flow dimen-
sion s used in @ model having an implicit
dimension of 2.

Each of the laycers of the Salado reptesented in
the modeling for the WIPP Compliance Certifica-
tion Application (US Dcpartment of Energy, 1996)
was (reated as homogeneous. As a result, the CCA
modeling calculated a larger brine flux toward and
away [rom the WIPP repository than would have
been calculated had condilions giving the subradial
flow dimensions observed in most of the tests been
implemented. However, the same CCA modeling
would, for a given flux, underestimate the distance
to which brine would {low away from the reposi-
lory because it would assume that the brine was
" spread evenly through (he cntire volume of rock
instcad of being channeled within sume  smaller
percentage of the volumet Buased ©in the test results
presented in Rpberts et al. (1999), the Salado might
better be modeled as a helerogeneous medium with
non-radial flow dimensions. )

All of the Salado permcability . tests were
conducted under conditions of induced high

hydraulic gradients. Success in applying a Darcy-.

flow mode] to the interpretation of these tésts docs
not necessarily imply that the model would
provide u vulid description of flow through the
Salado under natural low-gradient conditions, as
discussed by Beauheim et al. (1993). The avail-
able data suggest that a Darcy-llow model should
adequatcly describe flow in the near-field around
the WIPP repository- so long as gradicnts are high,

but flow may be overestimated after the repository -

pressurizes and gradients decrease.

8. Conclusions

Our conceptual model for far-fieid Salado hydrol-
ogy involves permeability in anhydrite layers and at
least some impure halite layers. Pure halite layers and
some impure halite layers may not possess an inter-
connected pore network adequate to provide perime-
ability. Pore pressures are probably very close to
lithostatic pressure. In the near field (DRZ) around
an excavation, dilation, creep, and shear have created
and/ur enhanced permeability and decreased pore
pressure. Very close (<1 m?) to the excavations,
these changes have resulted in partially sainrated
conditions. Whether flow occurs in the far field
under nalural gradients or only after some threshold
gradient is reached is unknown. If far-field flow dacs
occur, mean pore velocities are probably on the order
of a meter per hundreds of thousands to tens ol
millions ol years.

Pressure-pulse, constant-pressure flow, and pres-
sure-recovery tests have been performed in anhydrite
and halite intervals to evalualte Lhe hydraulic proper-
ties controlling brine flow through the Salado. Permc-
abilities ranging from approximately 2x 107"-
3x107%m*® have been interpreted from tests
comxlucted on 30 stratigraphic inlervals within 23 m
of the WIPP underground excavations. Typical aver-
age permeability values for anhydritc range from
approximately 10 *—10" " m®, while those of halite
are less than 107 m’. In the far ficld, halite perme-
abilities arc probably less than 10~ m?, except possi-
bly in highly afgillaceous halites. Pore pressures in 66
stratigraphic intervals range from atmospheric to
14.8 MPa.

Permeabilitics of some tested intervals have been

- fuund to be dependent on the pressures al which the

tests were conducled, which is.interpreted as the result
of fracture apertures changing in response to changes
in effective slress. Flow dimensions inferred from
most test responses are subradial, which we believe
reflects channeling of flow through fracture networks,
or portions of fractures, that occupy a diminishing
proportion of the radially available space, or through
percolation networks that are not saturated (fully
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" imtérconnected). This is probably related to the direc-
tional nature of the permeability created or enhunced
by excavation effects. Other test responses indicate
flow dimensions between radial and spherical, which
may reflect propagation of pressure transients above
or below the plane of the test interval or into regions
of increased permeability (e.g. closer to an excava-
- tion). The variable stress and pore-pressure fields
* around the WIPP excavations probably contribute to
the ohserved non-radial flow cimensions.
. Inferred values of permeability cannot be separated
" frow their associated flow dimensions. Therefore,
numerical models of flow and transport should include
_ heterogeneity that is structured to provide the same
" flow dimensions as are observed in hydraulic tests.
Modeling of the Salade Formation around the WIPP
repository  should also include - coupling between
hydraulic propertics and the evolving stress field
because hydraulic propertics change as the stress
ficld changes. '
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