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ABSTRACT

Small-scale faults (< 1 m displacement) in poorly consolidated sediments produce
low hydraulic conductivity deformation bands ranging from much less than one
centimeter to several centimeters in thickness. The purpose of this study is to measure
the hydraulic conductivity of deformation bands as well as the three-dimensional
hydraulic conductivity of the poorly consolidated surrounding matrix sands in order to
investigate the likelihood that these small displacement faults might significantly
influence fluid and chemical movement.

The study area is located about 20 miles south of Socorro, New Mexico within the
Bosque del Apache National Wildlife Refuge in the Socorro Basin. At the study site, the
faulted lower Santa Fe Group (middle Miocene to late Oligocene) eolian facies are
characterized by poorly consolidated and well- to moderately-sorted fine- to coarse-
grained sands, and large-scale cross-stratification and planar bedding. Deformation
bands are abundant in the study area and exhibit smaller grain size, poorer sorting, and
lower hydraulic conductivity than the surrounding undeformed sediments

Oriented, undisturbed samples from both undeformed and deformed sediments
were collected in the field, and hydraulic conductivities were measured in the laboratory
using a flexible-wall permeameter. The hydraulic conductivity of undeformed sediments
parallel to bedding ranged from 2.29 x 10 to 1.63 x 10 cm/s, and perpendicular to
bedding ranged from 2.11 x 10~ to 6.65 x 10~ cm/s. The mean ratio of hydraulic
conductivity between parallel and perpendicular to bedding was 1.43. Hydraulic
conductivities parallel to dip were 4 to 20% higher than those parallel to strike, however,

the precision of the measurements was not sufficient to say that this difference is
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significant. Hydraulic conductivity perpendicular to deformation bands is four orders of
magnitude less than the undeformed host sediments and ranges from 2.52 x 107 to 3.93 x
107 cmis.

The major cause of anisotropy in the undeformed sediments is probably
depositional controls on grain orientation and bedding structure. Hydraulic conductivity
reduction in individual deformation bands may have been caused by cataclasis, rotation
of grain fragments, increased clay content, and diagenetic alteration. The results of the
hydraulic conductivity measurements support the concept that depositional and
deformational processes may influence hydraulic conductivity and its anisotropy in

faulted poorly consolidated sediments.
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INTRODUCTION

The influence of faults on fluid flow is not well understood. However some
models of fluid flow in faults at various scales have been proposed (e.g. Davis and
DeWeist, 1966; Huntoon and Lundy, 1979; Maclay and Small, 1983; Haneberg, 1994).
Faults may act as either conduits or barriers to fluid flow (Knipe, 1993; Knipe and
McCaig, 1994; Cox, 1994; Gibson, 1994).

It is important to understand the role that faults play in the movement of water
and chemicals in the subsurface. Faults can have an impact on water supply, petroleum
migration and trapping, diagenesis, and movement or immobilization of contaminant
plumes. Near-surface small-scale (less than one-meter of displacement) faults in poorly
consolidated materials are especially important because they may impact 1) water supply,
2) movement of dissolved contaminants, and/or 3) movement of free-phase non aqueous
phase liquids such as gasoline or chlorinated hydrocarbons.

Most of the work on small displacement faults in sedimentary deposits has
focused on well-consolidated sandstone and these small displacement faults exhibit an
order of magnitude porosity decrease and have hydraulic conductivities three orders of
magnitude less than the surrounding parent rock (Aydin and Johnson, 1983; Antonellini
and Aydin, 1994). Although small displacement faults are common in poorly
consolidated sediments, such as the Santa Fe Group sediments in the Rio Grande rift,
they are too small to be included on geologic maps and very little is known about their
hydrologic characteristics and spatial distribution. Sigda (1997) measured fault zone
hydraulic conductivities for small displacement faults in poorly consolidated sediments

using in-situ air permeametry and showed that hydraulic conductivities of the deformed



sediments are two to three orders of magnitude less than that of the undeformed
sediments.

Deformation bands, narrow zone of cataclasis, are mostly associated with small
displacement faults, and they have displacements of a few mm to tens of cm and
thicknesses as low as Imm. Deformation bands and deformation zones (cataclastic slip
zone, i.e., zones of closely spaced deformation bands) typically have a lighter color and a
higher resistance to weathering, even though they have essentially the same mineralogical
and chemical compositions as the surrounding parent sandstone (Antonellini and Aydin,
1994). Mozley and Goodwin (1995) studied deformation bands in poorly consolidated
Santa Fe Group sediments and found that they are characterized by grain fracturing
and/or elongate grain orientation within several centimeters of a given deformation band
boundary. They also mentioned that some small displacement faults that exhibit little to
no deformation were also preserved within the fault zone. If deformation bands in poorly
or unconsolidated sands have low conductivities like those in well-consolidated
sediments, as suggested by Sigda (1997), they may act as natural barriers to single phase
fluid flow, and may subdivide aquifers into compartments, thereby affecting the
movement of water and hydrocarbons and possibly influencing diagenesis (Smith, 1980;
Pittman, 1981; Bevan, 1985; Nelson, 1985; Hardmann and Booth, 1991; Antonellini and
Aydin, 1994).

Several previous studies deal with conductivity anisotropy in undeformed
sediments. The first mention of conductivity anisotropy in sandstone might be Newell
(cited in King, 1899) who noticed in 1885 that in natural sandstone, hydraulic

conductivity was greater parallel to bedding than perpendicular to it. Hutta (1956)



studied the relationship between fabric orientation of sands and hydraulic conductivity
variation in the plane of bedding with 35 samples from varied rock types, and he
mentioned that there is no significant correlation between fabric orientation of sands and
hydraulic conductivity variation in the plane of bedding. Griffiths (1961) documented
that the quartz grain orientation from Bardford sand was found to lie at an angle with
respect to bedding, so that the maximum hydraulic conductivity may be parallel to the
angle of inclination of the grains rather than parallel to bedding. Mast and Potter (1963)
measured imbibition rate in late Mississippian and Pennsylvanian sandstones of the
[llinois Basin and found that maximum imbibition direction was parallel not only to the
maximum hydraulic conductivity direction but also the mean fabric orientation. Fondeur
(1964) estimated anisotropy in the silicified Hassi Messaoud Sandstone (Cambrian) of
Algeria, and found vertical hydraulic conductivity to be 25 to 50% less than horizontal
hydraulic conductivity, but found little hydraulic conductivity difference in the horizontal
direction. Greenkorn et al. (1964) measured the hydraulic conductivity of 142 sandstone
samples using an air permeameter and noted that in sandstone hydraulic conductivity was
approximately 30% lower perpendicular to bedding than parallel to it. Greenkorn et al.
(1964) did not discuss the depositional environments of the sandstones he studied. Using
borehole dilution tests and permeameter measurements at Twin Lakes, Killey and
Motyaner (1988) estimated the ratio of horizontal to vertical hydraulic conductivity as 1.1
to 10.8 in a fluvial sand aquifer. Most recently, Burger and Belitz (1997) measured
hydraulic conductivity of unconsolidated sands in a Holocene shoreface deposit for sixty-
four samples using a constant head permeameter and found that the ratio of horizontal to

vertical hydraulic conductivity ranged from 1.33 to 1.57.



The purpose of this study was to measure the hydraulic conductivity anisotropy of
both deformation bands and undeformed sands in a relatively unconsolidated sand so that
the effect of the lower hydraulic conductivity deformation zones associated with small
faults on fluid movement and chemical transport might be deduced. A flexible-wall
permeameter was chosen for this study because 1) unlike in-situ air permeametry,
directional hydraulic conductivities can easily be measured, and 2) the local groundwater
could be used so pore throat clogging from clay swelling would be comparable to what
would be expected in the water saturated subsurface.

Hydraulic conductivity measurements are strongly scale-dependent (Neuman,
1990) and interpretations derived from bedding-scale measurements, such those in this
study, are not likely to be definitive at significantly larger scales. However, it is
important to begin to characterize hydraulic conductivity variations and differences
between and within the poorly consolidated sand matrix and the deformation zones
created by small, sub-meter-scale faults, because these small features are currently

ignored in water resources planning and site-scale contaminant transport modeling.



GEOLOGY

The study area is located in the southern part of the Socorro Basin (Fig. 1) and
lies within the lower Santa Fe Group. The Rio Grande rift separates the Colorado Plateau
to the west from the interior of the craton to the east (Chapin and Cather, 1994).
Approximately 30 million years ago the extensional processes that characterize
continental rifting began. Large crustal segments tilted and sank relative to adjacent
elevated mountain blocks and created thick basin fill deposits, ultimately resulting in the
formation of the Rio Grande rift basins, including the Albuquerque and Socorro Basins
(Kelley, 1977; Cather, 1992).

The Santa Fe Group is divided into lower, middle, and upper units (Hawley et al.,
1995). The sediments of the lower Santa Fe Group range from approximately 25 to 15
million years age (Hawley et al., 1995). The Santa Fe Group consists of interbedded,
fine-grained sand and clay, which is indicative of a low to moderate energy environment
(Lozinsky and Tedford, 1991). With regard to Socorro Basin, the Popatosa Basin, an
ancestor to the modern-day basins, extended about 50% during the Oligocene and
Miocene (Chapin and Cather, 1994). During the Miocene, the Popatosa Basin separated
into the La Jencia and Socorro Basins with the uplift of the Lemitar-Socorro Mountains
(Cather et al., 1994). The Socorro Basin is composed of an unknown thickness of
alluvial fill, probably up to several thousand feet, and is bounded by outcrops of
Paleozoic rocks to the east and Tertiary volcanic, Paleozoic, and Precambrian rocks to the
west (Anderholm, 1983). The primary aquifer of the Socorro Basin contains Tertiary and

Quaternary alluvial fill deposits. The upper units of the alluvial deposit mainly consist of
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sand and gravel, with some clay layers. These deposits are relatively conductive;
however, deeper strata may consist of less conductive indurated clays and evaporites
(Anderholm, 1983).

The study area is located about 20 miles south of Socorro, New Mexico (Fig. 2).
The study area lies along the east side of a railroad cut that is adjacent to the Canyon
Trail in the Bosque del Apache Wildlife Refuge approximately 1.4 miles south of the
Visitor’s Center on the west side of NM Route 1. The sampling sites are located 20 m
apart along the same railroad cut. In this area, numerous faults with displacements
ranging from a few millimeters to tens of centimeters cut poorly consolidated lower Santa
Fe Group sediments of middle Miocene to late Oligocene age (Davis, 1994). The
sediments in the railroad cut consist of eolian, fluvial, and alluvial fan facies. The eolian
facies in the study area is about 1.5 m thick and is characterized by poorly consolidated
and well to moderately sorted silty fine- to coarse-grained sand, and exhibits large scale
tangential cross-stratification and planar bedding. This study was conducted entirely
within the eolian facies. The deformation bands are lighter in color and better indurated
than the surrounding undeformed sands when the outcrop is dry. However, when the
outcrop is damp, it is difficult to distinguish individual deformation bands from the
surrounding sand matrix by differences in color and hardness. This suggests that the
bands are clay-mineral rich.

The faults are small normal faults. They typically dip 60° to 80° in a southerly
direction. A few dip to the north. The width of the deformed zones varies from a few
mm to tens of mm. Fault zones tend to be wider towards the base of the outcrop.

Foliation or lineation is subparallel to slip direction in the vicinity, but was not
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observable at the study sites, therefore, the total vertical displacement of individual

deformation bands and fault zones was estimated by marker bed or contact displacement.



METHODS

First, two sites were selected that exhibited a relatively simple distribution of
undeformed and deformed zones. Next, samples were collected in the field. When the
outcrop was relatively dry, sampling was performed using a 1°/s-inch diameter hole saw
with center drill removed. When the outcrop was damp, the sand was too friable for
sampling with a hole saw, so orientation markings were applied to the surface of the
outcrop and cubes of sediment approximately 30 cm on each side were collected. The
blocks were then oven-dried at 105°C and sampled using a 1°/g-inch hole saw. After a
core was removed from the hole saw, it was shaped by carefully rubbing the sample
between two wooden blocks containing 1.5-inch radius grooves to reduce the diameter to
1.5-inches.

Preparing a deformation band sample required exceptional care because the
bands are generally less than 1cm thick and are easily broken. The smallest deformation
bands, less than 1 mm thick, could not be separated from the undeformed sands. For
these thin deformation bands, samples were prepared which also contained undeformed
sands and the hydraulic conductivity of the deformation band was estimated using an
inverse harmonic or arithmetic mean model, as appropriate for the sample orientation.
Figure 3 shows how hydraulic conductivity was measured in relation to the deformation
bands in composite sample.

Sixteen samples were collected from Site 1. Of these, eight consisted of
undeformed sands and eight contained one or more deformation bands. Cores from the
undeformed sands were obtained with three orientations: 1) parallel with bedding and

parallel with strike, 2) parallel to bedding and parallel to dip, and 3) perpendicular to

10



Flow direction

.

—— Deformation bands

—Undeformed sands

Flow direction

Deformation bands

W

—— Undeformed sands

.

Figure 3. Orientation of hydraulic conductivity measurements in deformed sands.



Figure 4 delineates the orientation of the undeformed samples. Of the samples
containing deformation bands, two consisted of only deformation bands (thickness: 0.6
and 0.3 cm) with all sand removed, and six consisted of thin deformation bands
sandwiched within matrix sand. Of the six samples of deformation bands sandwiched in
matrix sand, four were oriented perpendicular to the deformation bands and two were
oriented parallel to the deformation bands.

Fourteen samples were collected from Site 2. Six were collected from
undeformed sands, two each parallel with bedding and parallel with the outcrop, parallel
to bedding and perpendicular to the outcrop, and perpendicular to bedding. Eight
samples were collected containing deformed material. Of these, two consisted of only
deformation band material (thickness: 0.3 and 0.2 cm), four were oriented perpendicular
to the deformation bands and sandwiched in matrix sand, and two were oriented parallel
to the deformation bands and sandwiched in matrix sand.

After preparation, the length of each sample core was measured and it was placed
into the flexible-wall permeameter (Fig. 5). The 1.5-inch diameter core was confined by
a rubber membrane, which was subjected to an external hydrostatic pressure in excess of
the head applied to the sample during hydraulic conductivity measurement. The rubber
membrane ensures there is no leakage along the sides of the specimen. The procedure for
using the flexible wall permeameter is as follows:

1. Prepare a 1.5-inch diameter core specimen. Measure and record the length and cross-
sectional area of the specimen.
2. De-air the water in both the supply reservoir and the constant head reservoir by

placing it under vacuum. This usually takes about one hour. For this procedure
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the constant head reservoir is connected to the water supply reservoir and both are

connected to the vacuum pump.

3. Load the specimen in the permeameter with either 316 stainless steel screens (for
undeformed sand samples) or porous stones (for deformation band samples) placed at
each end of the core. Porous stones were used because they provide greater support
for the fragile deformation band samples. The water outlet tube is then connected to
the vacuum pump, the valve between the constant-head reservoir and permeameter is
closed, and the core is placed under vacuum for approximately one hour while
constrained by the rubber membrane.

4. The chamber surrounding the flexible liner is then filled with water and pressurized
using lab air. When a head difference of 10 cm was used across the sample, the
chamber pressure was set at 10 psi, which is equivalent to 704 cm of head. The
chamber pressure should not be less than the maximum head on the sample during the
test.

5. The valve between the vacuum pump and the permeameter outlet is then closed, so
that the sample remains under vacuum, and the water inlet valve is opened and the
sample is allowed to saturate with de-aired water. The outlet valve is not opened until
the sample is fully saturated.

6. The volume of water discharging is then periodically recorded. To maximize
accuracy, the volume of each aliquot is determined gravimetrically to two decimal
places. Measurements continue until steady state is reached and the flow is no longer
changing over time. Steady state is defined as when there is no change in flow rate

for three consecutive measurements over a time period of at least one hour. For
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samples with very low hydraulic conductivity, such as the deformation bands, the
volume of water discharging at an applied head of 10 cm was quite small and difficult
to measure accurately. Therefore, for these samples, a syringe pump (ISCO Model
500D) was used to provide a constant head of up to 2,886 cm (41 psi). A
correspondingly greater fluid pressure was used in the outer chamber as necessary.
The major procedural difference was that de-aired water was loaded into the 500 ml
capacity syringe pump, and then fed directly into the flexible wall permeameter after
the sample was placed under a vacuum. Each of these samples was run to steady

state.

Calculation Methods
Hydraulic conductivities K were calculated from

K=k
Ath

(1)
where V is the volume of water collected in cm’, L is the length of the sample in cm, A is
the area of the sample in cm’, t is time in seconds, and h is head difference in centimeters.
To effectively use Equation 1, the value h must first be corrected for the permeameter
head loss (Burger and Belitz, 1997). This is done by first measuring the flow rate Q in
cm’/minute through the empty permeameter for differing heads Ah in centimeters and
fitting an equation to the data so that the head loss in the permeameter can be calculated
for different flow rates. The head loss for the measured head, as calculated from the best-

fit equation, is then subtracted from the measured head before calculation of hydraulic

conductivities. For the empty permeameter, run only with screens (Fig. 6), the best-fit
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equation is

Ah = -149.93 +150.29 exp _—Q ()
~966.27

r* for this equation is 0.9998. For the empty permeameter run only with porous stones
(Fig. 7), the best-fit equation is
Ah = 0.685 + 0.428Q' (3)

r* for this equation is 0.9909. Nonlinearity of the curve (Fig. 7) may be due to expansion

and contraction of flow in the empty permeameter (Burger and Belitz, 1997). The

deformation band samples had such low flows that the correction factors calculated by

Equation 3 were insignificant.

Possible errors that might cause inaccurate determinations of the hydraulic
conductivity include.

1. Inaccurate measurements of volume of discharged water, sample length, cross-
sectional area, head difference, etc.

2. Small quantities of air dissolved in the water might tend to collect at the sample-water
interface and reduce the apparent hydraulic conductivity over time. De-aired water
and vacuum evacuation of the sample prior to saturation were used for this reason.

3. When swelling clays are present, a difference in water quality between the testing
solution and the water in an aquifer might cause differences between actual and
measured hydraulic conductivities.

4. Differing compaction conditions between the aquifer and the laboratory.

The precision of measurement was £0.05 cm for both sample length and diameter,

except for the deformation band samples where it was £0.02 cm, £0.5 seconds (except
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when the syringe pump was used), +0.63 cm” for volume (average drop of water), except
when the syringe pump was used), and £0.05 cm for head measurements (except when
using syringe pump). Thus, assuming evaporation to be minimal and ignoring possible
problems from air bubbles, the precision of the method can be estimated by calculating

the maximum expected hydraulic conductivity from

(V+0.63)L+0.05)
high = > (4)
(R —0.05)*(t—0.5)h —0.05)
where R is the sample radius, and the minimum expected hydraulic conductivity from
V-0.63L—-0.05
I<low = ( P )( ) (5)
(R +0.05)* (t+0.5)(h +0.05)
the percentage error E can then be calculated from
Kpien — K
E=4 —sh IV g9 (6)
2K average

No hydraulic conductivity standards were available to check the permeameter for
bias.

The transducer used with the syringe pump has an accuracy of +0.5 psi. The
flow rates and pressures were obtained directly from the instrument, which has a flow
error of 1 part in 10,000. Thus, when the syringe pump was used as a constant head
source, h was £30.3 cm. The length of the deformation band samples was measured

more carefully so that

(V Y j(L +0.02)
10000

(R —0.05)*(tYh —30.3)

(7)

Khigh =

and
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(V _102)/00)@ ~0.02)

K =
T (R +0.05)% (t)(h +30.3)

(8)

The head differential measured by the transducer in psi was converted to cm of

head using

h=—- )
pg

The pressure head in psi is first converted to N/m? by multiplying by 6.895 x 10° N/m?,
the gravitational constant g = 9.8 m/s”, and water density p = 997.538 Kg/m? (at 23°C).
Head differentials used with the syringe pump ranged from a low of 1,057 to a high of
2891 cm.
The Intrinsic permeability k (Appendix) was calculated in darcies from
o)
:ﬁ (10)
Where viscosity p = 0.009358 g/s-cm (at 23°C)
Where the sample was composed of a layered sandwich of matrix sand and one or
more deformation bands oriented perpendicular to flow, the equivalent vertical hydraulic

conductivity was calculated from the following equation using the inverse harmonic

mean model (Deutsch, 1989) under the assumption that each layer is homogeneous.

K effective — Z—:l (1 1)
2[¢)

1

where Kefreetive 18 the average vertical hydraulic conductivity(cm/s), b; is the thickness of

each layer(cm), and K is the vertical hydraulic conductivity of each layer(cm/s).
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When the samples consisted of a sandwich of matrix sand and deformation bands
oriented parallel to flow, equivalent (average) horizontal hydraulic conductivity can be

calculated by an inverse arithmetic mean model (Deutsch, 1989) according to.

biKi
K effective — % (12)
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RESULTS

A total of 30 hydraulic conductivity measurements were made; 16 from Site 1 and
14 from Site 2 (Appendix). At Site 1, eight measurements of undeformed sediments and
eight measurements of deformed sediments were made. At Site 2, six measurements
were from undeformed sediments and eight measurements were from deformed
sediments.

Site Description
Site 1.

The whole outcrop covers a vertical distance of about 6 m and consists of eolian
sands overlain by fluvial and alluvial fan facies (Fig. 8). The eolian deposits are
composed of well- to moderately-sorted, buff to light brown, fine to coarse-grained
subangular sands. Large scale cross-stratification (strike N 70°E), tangential foresets (1
to 2 m), and planar bedding and a number of small displacement faults or deformation
bands are observable in this outcrop. The eolian facies is composed of two units; an
upper part that is about 40 cm thick consisting planar bedded, medium- to fine-grained,
well-sorted buff sand; and a lower part which is composed of fine- to coarse-grained,
light-brown or gray sand, moderately sorted with large-scale cross-stratification
interlayered with coarse layers. Calcareous cemented beds and concretions are present
along several horizons at various locations in the railroad cut.

At Site 1, the thickness of individual deformation bands is about 1mm, and they

typically have displacements ranging from 3 to 20 mm. The deformation zone also varies
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Figure 8. Lithology and structure of site 1.

24



from 2 mm to 1.5 cm in thickness. The bands are variable in thickness and have a wavy
shape rather than planar in plan view. The total vertical displacement in the fault zone is
estimated from the displacement of the contact between the eolian and the fluvial facies
and is about 53 cm.

Site 2.

This site is located about 20 m south of Site 1 and consists of eolian deposits
composed mostly of the upper unit of the eolian facies. The lower eolian unit is buried at
this site (Fig. 9). The whole outcrop covers a 5 m vertical section. This site is also
overlain by approximately 1 m of an alluvial fan facies and about 1.3 m of a fluvial
facies. The eolian facies is characterized by mostly well-sorted, fine-grained,
horizontally-laminated buff sand, although in some locations it appears relatively
massive. The bedding is accented by clay laminations and calcareous cemented beds
oriented parallel to bedding. The thickness of the individual deformation bands is about
Imm with displacements ranging from 1 to 15 mm. The thickness of deformation zone
varies from 2 mm to 0.8 cm. The total vertical displacement of the normal fault in fault
zone at Site 2 was estimated by displacement of a clay marker bed and is approximately
42 cm.

Hydraulic conductivity measurement

The results of these measurements are summarized in Tables 1, 2, and Figure 12.

Table 3 shows a relationship between deformation band thickness and hydraulic

conductivity.
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Site 1.

The hydraulic conductivity of undeformed sediments parallel to cross and planar
bedding ranged from 2.29 x 10~ to 1.63 x 107 cr/s (Fig. 10). The highest undeformed
sand hydraulic conductivity was from the coarse layer within the lower unit and the
lowest value was from the upper finer-grained eolian sands. The hydraulic conductivity
perpendicular to bedding was not measured in either the coarse or fine layers. The two
samples perpendicular to cross-bedding ranged from 6.48 to 6.65 x 10 cm/s, yielding a
mean ratio between horizontal and vertical hydraulic conductivity of 1.41 for the eolian
sand at Site 1. Additionally, in the plane of cross bedding, hydraulic conductivity parallel
to the dip direction is a little higher than parallel to strike with a mean ratio of 1.12. In
the deformed zone, the hydraulic conductivity perpendicular to the deformation bands,
for composite samples containing both deformation bands and undeformed sands, was
3.88 x 10°t0 3.91 x 10” cm/s. Hydraulic conductivity measured parallel to deformation
bands in composite samples ranged from 2.56 x 10 to 3.71 x 10~ cm/s. Therefore, there
are about two orders of magnitude difference between hydraulic conductivities
perpendicular and parallel to deformation bands within the deformed zone. In the
samples containing only deformation band material, flow was perpendicular to the band.
The hydraulic conductivity of these samples ranged between 2.52 and 3.06 x 107 cm/s.
The hydraulic conductivity perpendicular to the deformation bands in composite samples,
as calculated using the inverse harmonic mean model, ranged from 2.24 to 3.41 x 10

cmy/s.
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Deformation zone : 8 samples

| to homog. def. bands :  3.06 x 107, 2.52 x 10”

Def. zone, |to def. bands : 3.88 x 10°, 4.05 x 10®, 9.68 x 10°, 3.91 x 10°
Def. zone, // to def. bands : 2.56 x 10*, 3.71 x 10

Coarse layer: 1 sample

// to bed.: 1.63 x 10 e !

P G Ay Iyer: 1 sample
\ L gt L // to bed. : 2.29 x 10°

Site 1a : 3 samples Site 1b : 3 samples

| to X-bed. : 6.65 x 10° | to X-bed. : 6.48 x10°
// to strike © 9.09 x 10° // to strike :  8.47 x 10°
/ltodip :  9.47x10° /ltodip : 1.01x 10"

Figure 10. Location of hydraulic conductivity measurements at Site 1.

(L: Perpendicular, //: Parallel, homog.: homogeneous,
def.: Deformation, X-bed.: Cross-bedding)
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Table 1. Hydraulic conductivity of undeformed sands.

Location Orientation Hydraulic conductivity (cm/s)
Site 1a* Normal to bedding 6.65x 10™
(Foot wall) Parallel to Strike 9.09x 107

Parallel to dip direction 9.47x 107
Site 1b° Normal to bedding 6.48 x 10™
(Hanging wall) |Parallel to Strike 8.47x 107
Parallel to dip direction 1.01 x 107
Site 2a Normal to bedding 2.11x 10”
Parallel to bedding, XX 2.91x 107
Parallel to bedding, YY> 3.69 x 107
Site 2b Normal to bedding 2.49x 107
Parallel to bedding, XX 3.44x 107
Parallel to bedding, YY 3.51x 107
Site 1 Coarse layer, //° to bedding 1.63 x 107
Finer layer, // to bedding 2.29x 107

'Perpendicular to outcrop, “Parallel to outcrop, *Parallel, “Foot wall, "Hanging wall

Site 2.

The hydraulic conductivity of four undeformed samples parallel to bedding
ranged from 2.91 to 3.69 x 10 cm/s (Fig. 11). Perpendicular to bedding the range was
2.11 to 2.49 x 10~ cm/s, yielding a mean ratio of hydraulic conductivity between parallel
and perpendicular to bedding of 1.47 for Site 2. Within the bedding plane, the hydraulic
conductivity anisotropy ratio is 1.14.

In the deformed zone at Site 2, hydraulic conductivity of composite samples
oriented perpendicular to deformation bands ranged from 1.61 x 10™ to 4.03 x10™ cm/s.
Parallel to the deformation bands in composite sample, hydraulic conductivity was 1.22

and 2.98 x 10” cm/s, respectively. The hydraulic conductivity perpendicular to the
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Deformation zone : 8 samples

| to homogeneous def. bands : 3.93 x 107, 2.83 x 10”7

Def. zone, | to def. bands : 1.61 x 10°, 3.42 x 10°, 9.91 x 10°, 4.03 x 10*
Def. zone, // to def. bands : 1.22 x 10°, 2.98 x 10°

Site 2a: 3 samples Site 2b : 3 samples

| to bed. :2.11x10° ltobed. :2.49x10°
// to bed. XX :2.91 x 10° // to bed. XX : 344 x10°
//to bed. YY :3.69x10° //tobed. YY : 3.51x10°

Figure 11. Location of distribution of hydraulic conductivity (cm/s) at Site 2.
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Table 2. Hydraulic conductivity of deformed sands.

Sample
No.

Sample
Location

Orientation

Hydraulic conductivity
(cm/s)

>

3.06 x 107

Site 1 |L' to homog.” def.’ bands
- 2.52x 107
Def. zone, //* to bands 3.71x 107
- 2.56x 10™
Def. zone, L to bands 3.91x 107
- 4.05x10°
- 9.68 x 10°°
- 3.88x 10°
Site 2 |L to homog. def. bands 3.93 x10”
- 2.83x 107
Def. zone, // to band 1.22x 107
- 2.98x 107
Def. zone, 1 to band 4.03x 10
- 1.61x 107
- 9.91x 107
H - 3.42x 107

O "M mIdawm P o-"dmdoaw

'Perpendicular, “Homogeneous, *Deformation, *Parallel

Table 3. Hydraulic conductivity versus thickness of deformation bands in homogeneous
samples.

Thickness of homogeneous deformation Hydraulic conductivity (cm/s)
bands sample (cm)
0.6 3.06x 107
0.3 2.52x 10
0.3 3.93x 107
0.2 2.82x 107
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homogeneous bands was 2.83 and 3.93 x 107 cm/s. In composite samples, hydraulic
conductivity of perpendicular to the deformation bands calculated using the inverse
harmonic mean model ranged from 2.21 x 10°t0 2.17 x 107

Hydraulic conductivity of undeformed samples typically decreased about 20 to
30% over 2 to 3 hours and then stabilized at a roughly constant value (Fig. 13). Each test
ran for approximately 5 hours. The hydraulic conductivity of deformed sands decreased
about 50 to 80% during 4 to 8 hours and then stabilized. These tests were typically run
for 10 hours.

Equations 4 through 8 were used to estimate the precision of the hydraulic
conductivity measurements. These estimated accuracies ranged from a high of £33.2% to
a low of £6.7 % with a mean of £13.1%. The one-standard deviation analytical precision
of replicate steady-state measurements ranged from a high of £7.9% to a low of 0%,
with a mean of +1.4%. For this reason, it is best to use precision estimates developed
from error analysis, as in Equations 4 ~ 8 rather than the replicate precision for a single

sample in interpreting the results of this study.
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Figure 12. Plot of hydraulic conductivity of all samples.
(N: number of samples, Avg.: average hydraulic conductivity)
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Figure 13. Plot demonstrating the decrease of flow rate Q over time (undeformed sands,
perpendicular to bedding, Site 1a). Each sample was run to steady state and the hydraulic
conductivity was calculated from a minimum of three steady state readings.
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Texture and Mineralogy
Four samples, two of undeformed sands and two of deformation band material

(Table 4) were examined to determine the mineral composition (Table 5) and percentage
of the clay-size fraction (Table 6). Each sample was disaggregated and the sand and
gravel were separated by sieving through a 230-mesh screen, then the clay-size fraction
was separated from the remaining samples using a hydrometer, dried, and finally
analyzed by X-ray diffraction at the New Mexico Bureau of Mines and Mineral
Resources X-ray laboratory. The X-ray diffraction method identifies the clay and other
minerals found within the clay-size fraction and provides a semi-quantitative estimate of
their abundance. Illite and smectite are present and clinoptilolite (zeolite), feldspar,
quartz, and calcite were also identified as clay-size fraction components. The deformed

sediments contain larger percentages of smaller grain sizes and exhibit poorer sorting.

Table 4. X-ray diffraction sample description.

Sample ID Sample Location
GA98063 Undeformed sand of Site 1- footwall block
GA98064 Deformation bands of Site 1

GA98065 Undeformed sand of Site 2- footwall block
GA98066 Deformation bands of Site 2
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Table 5. Mineralogy of clay-size fraction.

Sample Location Illite | Smectite | I/S' | Others®

Undeformed sand

Site 1- footwall block 50° |50 TR | CLINO, FEL

Site 1, Deformation bands 40 30 30 CLINO, QTZ, FEL, CAL
Undeformed sand

Site 2- footwall block 50 20 30 CLINO, QTZ, FEL

Site 2, Deformation bands 20 50 30 CLINO, QTZ, FEL, (CAL)

'I/S : Mixed-layer illite and smectite clays

*Non-clay minerals : QTZ = quartz, FEL = feldspars; CAL = calcite; CLINO =
clinoptilolite, TR = trace or less than 5%, = major component, and ( ) = minor
component.

3The results are reported as percent following clay mineral groups: kaolinite,

illite, chlorite, smectite, and I/S (mixed-layer illite-smectite)

Table 6. Particle size analysis.

Sample Location SAND+' | SILT* | CLAY®
Undeformed sand

Site 1a - footwall block 95* 4 1
Site 1, Deformation bands 74 22 4
Undeformed sand

Site 2a - footwall block 93 5

Site 2, Deformation bands 84 14

'Lager than 1/16 mm, “2 micron to 1/16 mm, *Less than 2 micron
*Particle size analysis reported as percentage, Results accurate to +2%
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DISCUSSION

Haneberg et al., (1998) measured hydraulic conductivity of recompacted samples
from the Santa Fe Group, most of which contained more clay than the samples measured
in this study, and found that hydraulic conductivity decreases exponentially over time due
to secondary consolidation of the sample. In this study, hydraulic conductivity also
decreased over time. In a flexible wall permeameter, the sample is under confining
pressure and therefore the specimen may compact over time. However, the confining
pressure used in this study was low (10 psi, except for the seven deformation band
samples) and it is doubtful that such low compaction pressures could cause an extensive
decrease in hydraulic conductivity.

The presence of clay in pores and pore throats may affect hydraulic conductivity.
All samples contained small amounts of smectite, highly expandable clay. The degree to
which smectite swells when in contact with fluids (thereby reducing flow through the
sample) is, in part, dependent on fluid chemistry. Morre et al., (1982) found that strong
electrolyte solutions suppress the water bonding properties of smectite platelets, and as a
result, clay hydraulic conductivities can vary by orders of magnitude in different
electrolyte solutions. The fact that different hydraulic conductivity values are often
obtained using air versus water may be partially explained by the presence of swelling
clays in the pores. Because this study was conducted with tap water, which has its source
from local groundwater, the hydraulic conductivities measured in this study should be
representative of what might be expected for this facies if it were saturated with

groundwater.
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Also, air bubbles might be concentrated between water and sample even though
degassing was carefully conducted prior to each measurement. However, hydraulic
conductivities of all of specimens reached steady state after 2 to 8 hours. Therefore, the
values of hydraulic conductivities reported in this study are reasonable.

It has been recognized that the hydraulic conductivity of sands is affected by
lithology (grain size, sorting, shape, etc.) and the degree of diagenetic alteration (e.g.,
compaction and cementation). The directional hydraulic conductivity measurements of
undeformed sands, perpendicular to cross- or planar-bedding show lower hydraulic
conductivities than parallel to them. Even though grain fabric on foresets is known to be
parallel to dip direction (Hamilton et al., 1968), anisotropy is not very high within the
plane of bedding in foresets.

The directional anisotropy reported in this study in undeformed sands could be
because of preferential grain orientations and bedding or lamination of the sediments
during deposition. In a previous study, Potter and Mast (1963) reported that framework
grains in sandstone appear to accumulate with their long axes parallel to current flow and
imbricate upcurrent 10 to 25 degrees from the depositional interface (Potter and Mast
1963). Mast and Potter (1963) also documented that orientation, packing, and shape of
the framework grains have a much stronger effect on vertical hydraulic conductivity than
horizontal conductivity. Accordingly, both grain fabric orientation and lamination
(bedding) might cause hydraulic conductivity perpendicular to bedding to be less than
that parallel to bedding structure.

The results of the hydraulic conductivity measurements in the undeformed sand

matrix suggest that vertical hydraulic conductivity (perpendicular to cross stratification or
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planar bedding) in the outcrop is about 43% less than the maximum measured hydraulic
conductivity, which lies in the plane of bedding. Considering the estimated error of
+10.8% involved in these specific measurements, this is a significant difference. The
difference in hydraulic conductivity measured on the axes, which lie in the plane of
bedding, was 12.0%. The estimated error for these measurements was +10.6%, thus the
measured difference in hydraulic conductivity within the plane of bedding may not be
significant.

Does hydraulic conductivity parallel to bedding represent the maximum hydraulic
conductivity? Previous studies documented that the maximum hydraulic conductivity
may be parallel to the grain orientation rather than parallel to bedding (Griffiths, 1961;
Potter and Mast, 1963). Therefore, if angle of the grain imbrication exists and/or is
figured out, it is possible to predict the direction of the maximum hydraulic conductivity.

What effect does hydraulic conductivity anisotropy have on water and chemical
movement? Since conductivity is greater parallel to than perpendicular to bedding,
greater flow of both water and chemicals would be expected parallel to bedding. This
suggests that a contaminant plume in these sediments where no deformation bands are
encountered would tend to spread more rapidly parallel to bedding. The data in this study
suggest that conductivity parallel to dip direction and parallel with bedding might be a
little higher than conductivity parallel to strike and parallel to bedding, although the
precision of these measurements is not sufficient to prove this point. However, if this is
the case, then a contaminant plume in these sediments would be slightly elongate in the

direction parallel with bedding and perpendicular to strike, and significantly compressed
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perpendicular to bedding, assuming the groundwater flow direction was in the direction
of maximum conductivity.

The hydraulic conductivity of deformation bands measured perpendicular to the
deformation band ranged from 2.52 x 107 to 2.17 x 10~ cmy/s, including the values
calculated by the inverse harmonic mean model. The hydraulic conductivity of
undeformed sands ranged from 2.11 x 10™ to 1.63 x 107 cm/s. This result suggests that
hydraulic conductivity of deformation bands may be more variable than that of the
undeformed sands. It is likely dependent on the amount of displacement, deformation
band thickness, and grain size within the deformation band.

The shape of the deformation bands is not planar so that flow between the
deformation bands can be blocked by eye or ramp structures. Also, additional
deformation may occur immediately adjacent to deformation bands. Antonellini and
Aydin (1994) calculated hydraulic conductivities in well consolidated sandstones parallel
to a deformation band using a arithmetic mean model and their value is about one order
of magnitude larger than that perpendicular to the deformation bands. In this study
measurements of conductivity parallel to deformation bands proved insensitive.

An important question is what effect do the small, < 1 cm deformation bands
commonly found in faulted sediments have on water and chemical movement? Do they
significantly slow or redirect water and/or chemical movement, or is their effect
negligible? The average hydraulic conductivity across the thin deformation bands
measured in this study is 3.1 x 10”7 cm/s. The average hydraulic conductivity of the

matrix sands measured in this study is 6.2 x 10~ cm/s. Thus, there is a four-order of
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magnitude decrease in the hydraulic conductivity in the deformation bands or, to put it
another way, the sands on average are 20,000 times more permeable than the deformation
bands.

Sigda (1997) measured a maximum three-order of magnitude decrease in
hydraulic conductivity between the matrix sands and the deformation bands at his study
sites in lower Santa Fe Group sediments. This study found a maximum difference of four
orders of magnitude. This difference is probably due to three factors. First, Sigda’s
(1997) faults may not have similar conductivities as those examined in this study.
Second, Sigda’s (1997) data were obtained with an in-situ air permeameter, so clay
swelling in the pores and pore throats during his measurements was not a factor. The
hydraulic conductivity measurements performed in this study used the local groundwater
and there typically was a decrease in hydraulic conductivity over time of 20 to 30% for
the undeformed sands, and 50 to 80% for the deformation band samples. All of the
samples contained swelling clays (Table 4). Second, the flexible-wall permeameter used
in this study exerts a small compaction pressure on the samples, which the air
permeameter does not. Some of the hydraulic conductivity decrease might be due to
compaction. Clays tend to be swollen in the pores and pore throats of saturated aquifer
sands, and sands at depth tend to be more compacted than in outcrop. Therefore, the four
order of magnitude maximum hydraulic conductivity decreases may be closer to what
actually occurs in the aquifer.

This difference in hydraulic conductivity suggests that, depending upon the
continuity and attitude of the deformation bands, they will 1) act as leaky barriers to flow

of water and dissolved chemicals, 2) act as barriers to non-wetting phase fluids, 3)
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depending upon geometry and pore size, act as small-scale traps for free-phase
nonaqueous phase contaminants, especially at and near the juncture of two or more
deformation bands, and 4) discontinuous sections of deformation bands might serve to
redirect the flow of water and dissolved contaminants, and/or flow of nonaqueous phase
contaminants thus complicating the distribution of contaminants at a site.

Also, water supply wells located near a small, sub-meter scale fault in poorly
consolidated sediments will produce less water due to interference of the deformation
bands with water flow, than one not located near a fault. Additionally, if a monitoring
well is installed in a pump and treat system such that there is even one deformation band
located between it and the contaminant plume, the deformation band will reduce the
effectiveness of the well in removing the contaminants. Even if the deformation bands
are discontinuous, pump and treat systems will have to produce significantly higher
volumes of water to impact contaminant levels than if the deformation bands were not
present.

The results of this study, and those of Sigda (1997), suggest that small-
displacement faults in poorly consolidated sediments may have significant impacts on
hydraulic conductivity anisotropy and should not be ignored in relation to water supply
and contaminated sites. These small-displacement faults are seldom mapped, even at the
site level. However, the results of this study suggest that these effects should be factored

into smaller-scale water supply studies and remediation efforts at contaminated sites.

42



SUMMARY AND CONCLUSIONS

Undisturbed, oriented samples from both undeformed and deformed sediments
were collected in the field from eolian facies in the lower Santa Fe Group (middle
Miocene to late Oligocene age), and hydraulic conductivities were measured using a
flexible-wall permeameter. This eolian facies is characterized by poorly consolidated and
well- to moderately-sorted fine- to coarse-grained sand, and large-scale cross
stratification and planar bedding. These sediments are cut by deformation bands
associated with small faults having typical throws of less than one meter. The
deformation bands within the deformed zones exhibit smaller grain size, poorer sorting,
and lower hydraulic conductivity than the surrounding undeformed sands.

The experimental results show that the hydraulic conductivity of the undeformed
sands is significantly greater parallel to bedding than perpendicular to bedding. The
hydraulic conductivity of undeformed sediments parallel to bedding ranged from 2.29 x
107 to 1.63 x 10 cm/s, and perpendicular to bedding ranged from 2.11 x 10 to 6.65 x
10~ cm/s. The mean ratio for both Sites between hydraulic conductivity parallel to and
perpendicular to bedding was 1.43.

The hydraulic conductivity perpendicular to deformation bands is four orders of
magnitude less than the undeformed host sediments and ranged from 2.52 x 107 to 3.93 x
10”7 cm/s. Hydraulic conductivity perpendicular to deformation bands may depend on
the fault displacement, band thickness, and grain size within the band. However, no
relationship between deformation band thickness and hydraulic conductivity was

discernable from the data.
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Both depositional and deformational processes may influence hydraulic
conductivity and anisotropy in the faulted poorly consolidated sediments. The major
control of anisotropy in the undeformed sands is most likely depositional controls on
grain orientation and bedding structure, and hydraulic conductivity reduction in
individual deformation bands may be caused by cataclasis, rotation of grain fragments,
clay content and diagenetic processes.

The results suggest that a dissolved contaminant plume that encounters no
deformation bands in these sediments will tend to spread more rapidly parallel to bedding
and have a smaller thickness perpendicular to bedding.

The four-order of magnitude difference between the hydraulic conductivity of the
deformation bands and that of the host sands suggests that, depending upon the continuity
and attitude of the deformation bands, they might 1) act as leaky barriers to flow of water
and dissolved chemicals, 2) act as barriers to free-phase nonaqueous phase contaminant
mobility, 3) depending upon geometry and pore size, act as small-scale traps for free-
phase nonaqueous phase contaminants, especially at and near the juncture of two or more
deformation bands, 4) discontinuous sections of deformation bands might serve to
redirect the flow of water and dissolved chemicals, and/or flow of nonaqueous phase

contaminants thus complicating the distribution of contaminants at a site.
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RECOMMENDATIONS FOR FUTURE WORK

This study has pointed out the important role that small, less than one-meter, scale
faults can have on water and chemical movement. Future work should include
developing methods to predict the distribution and frequency of these small faults at
differing scales so that their impact on water and chemical movement can begin to be
quantified. The relationship between deformation band hydraulic conductivity, thickness,
throw, sediment mineralogy, grain-size, and pore size need to be quantitatively
investigated as well so that predictive models of small-scale fault hydraulic conductivity
can be developed if the impact of these small faults is to be understood at larger scales.

Further work using a mini-flexible wall permeameter is needed to better measure
three-dimensional hydraulic conductivity within deformation bands which are usually
less than one centimeter thick. Preliminary testing using Tool Dip™ (liquid plastic
coating compound) to seal the deformation band sample to the permeameter pistons
(instead of rubber membrane which are available only in limited size range) suggests use

of a mini-flexible wall permeameter is feasible.
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APPENDIX

Site 1 - a: Foot-wall, b: Hanging-wall
Undeformed sands
Perpendicular to bedding, Parallel to strike and dip direction
Deformed sands
Perpendicular and Parallel deformation zone (composite sample)
Perpendicular to deformation bands (homogeneous sample)

Site 2 - a: Foot-wall, b: Hanging-wall
Undeformed sands
Perpendicular to bedding, Parallel to bedding
[XX (perpendicular to outcrop), and Y'Y (parallel to outcrop) orientation]
Deformed sands
Perpendicular and Parallel to deformation bands (composite sample)
Perpendicular to deformation bands (homogeneous sample)

KEY to Data Tables
Description of abbreviations:
A Cross-section area of sample cylinder (cm®)
Chm-P Chamber pressure in permeameter (psi)
Elp-time Elapsed time of measurement (minute)
Flowrate Rate of water flow through sample (ml/min.)
H Hydraulic head difference (cm)
H-corret. Correction factor of hydraulic head (cm)
k Intrinsic permeability (darcies)
Kavg Average intrinsic permeability (darcies)
K Hydraulic conductivity (cm/s)
Kaer Hydraulic conductivity of deformation bands (cm/s)
Kave Average hydraulic conductivity (cm/s)
L Length of the specimen (cm)
P-head Pressure head (psi)
P-head.corret Correction factor of pressure head (psi)
T Length of time of flow (second)
Temp. Temperature of discharged water (Celsius)
v Volume of water percolated (cm’)
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KEY to Graph

Description of abbreviations:

Dip. Dip direction

Elapsed time Elapsed time of hydraulic conductivity measurement (minute)
Nor. Perpendicular to bedding
Pa. Parallel to bedding

S. #1 Site 1

S.#2 Site 2

Stk. Strike

Dip. Dip direction

XX Perpendicular to outcrop
YY Parallel to outcrop

/! Parallel

1 Perpendicular
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Table Al. Site 1a, hydraulic conductivity and permeability data for undeformed sand,

perpendicular to bedding.

H A T Chm-P L Elp-time H-corret. \% K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 1.6 0 6.00 23.06 8.99E-03 8.72
10 11.401 1 10 1.6 60 6.24 21.53 8.07E-03 7.83
10 11.401 1 10 1.6 120 6.46 20.17 7.30E-03 7.08
10 11.401 1 10 1.6 180 6.61 19.24 6.81E-03 6.60
10 11.401 1 10 1.6 240 6.68 18.78 6.58E-03 6.38
10 11.401 1 10 1.6 300 6.69 18.75 6.56E-03 6.36

Temp. 23° Average Steady State Measurement 6.65E-03 6.45

Single sample replicate precision at one standard deviation
+1.40E-04 or £2.11 %

Precision estimated from error analysis

+11.3%

Table A2. Site 1a, hydraulic conductivity and permeability data for undeformed sand,
parallel to strike.

H A T Chm-P L Elp-time H-corret. \% K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [cm’] [cn/s] [darcies]
10 11.401 1 10 1.4 0 4.61 31.77 1.41E-02 13.36
10 11.401 1 10 1.4 60 5.14 28.42 1.13E-02 10.71
10 11.401 1 10 1.4 120 5.48 26.34 9.84E-03 9.33
10 11.401 1 10 1.4 180 5.66 25.21 9.12E-03 8.64
10 11.401 1 10 1.4 240 5.67 25.16 9.08E-03 8.61
10 11.401 1 10 1.4 300 5.67 25.12 9.07E-03 8.60
Temp. 24° Average Steady State Measurement 9.09E-03 8.62

Single sample replicate precision at one standard deviation
+2.49E-05 or £0.27 %

Precision estimated from error analysis

+11.1 %

Table A3. Site 1a, hydraulic conductivity and permeability data for undeformed sand;
parallel to dip direction.

H A T Chm-P L Elp-time H-corret. \4 K k
[cm] [cm?] [minute] [psi] [cm] [min.] [psi] [cm’] [cn/s] [darcies]
10 11.401 1 10 2.3 0 5.65 25.24 1.50E-02 14.57
10 11.401 1 10 2.3 60 6.09 22.53 1.24E-02 12.06
10 11.401 1 10 2.3 120 6.63 19.12 9.70E-03 9.40
10 11.401 1 10 2.3 180 6.67 18.83 9.49E-03 9.21
10 11.401 1 10 2.3 240 6.68 18.81 9.47E-03 9.18
10 11.401 1 10 2.3 300 6.68 18.78 9.45E-03 9.17

Temp. 23° Average Steady State Measurement 9.47E-03 9.19

Single sample replicate precision at one standard deviation
+1.99E-05 or £0.21 %

Precision estimated from error analysis

+10.5 %
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Table A4. Site 1b, hydraulic conductivity and permeability data for undeformed sand;

perpendicular to bedding.

H A T Chm-P L Elp-time H-corret. \4 K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 1.7 0 6.03 22.89 9.43E-03 9.36
10 11.401 1 10 1.7 60 6.36 20.82 8.14E-03 8.08
10 11.401 1 10 1.7 120 6.65 18.98 7.09E-03 7.04
10 11.401 1 10 1.7 180 6.82 17.91 6.53E-03 6.48
10 11.401 1 10 1.7 240 6.84 17.77 6.46E-03 6.41
10 11.401 1 10 1.7 300 6.84 17.75 6.45E-03 6.40

Temp. 22° Average Steady State Measurement 6.48E-03 6.43

Single sample replicate precision at one standard deviation
+4.26E-05 or £0.66 %

Precision estimated from error analysis

+11.3 %

Table AS. Site 1b, hydraulic conductivity and permeability data for undeformed sand;
parallel to strike.

H A T Chm-P L Elp-time H-corret. \% K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 1.5 0 4.70 31.21 1.46E-02 14.12
10 11.401 1 10 1.5 60 5.08 28.81 1.24E-02 12.06
10 11.401 1 10 1.5 120 5.32 27.31 1.13E-02 10.92
10 11.401 1 10 1.5 180 5.79 24.41 9.24E-03 8.97
10 11.401 1 10 1.5 240 6.09 22.52 8.11E-03 7.86
10 11.401 1 10 1.5 300 6.10 22.41 8.06E-03 7.81

Temp. 23° Average Steady State Measurement 8.47E-03 8.21

Single sample replicate precision at one standard deviation
+6.72E-04 or £7.93 %

Precision estimated from error analysis

+10.8 %

Table A6. Site 1b, hydraulic conductivity and permeability data for undeformed sand;
parallel to dip direction.

H A T Chm-P L Elp-time H-corret. \4 K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 2.1 0 5.41 26.77 1.52E-02 14.73
10 11.401 1 10 2.1 60 5.85 24.03 1.26E-02 12.23
10 11.401 1 10 2.1 120 6.12 22.32 1.12E-02 10.86
10 11.401 1 10 2.1 180 6.25 21.52 1.06E-02 10.25
10 11.401 1 10 2.1 240 6.41 20.49 9.81E-03 9.52
10 11.401 1 10 2.1 300 6.41 20.48 9.81E-03 9.51

Temp. 23° Average Steady State Measurement 1.01E-02 9.76

Single sample replicate precision at one standard deviation
+4.36E-04 or +4.32 %

Precision estimated from error analysis

+10.2 %
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Table A7. Site 2a, hydraulic conductivity and permeability data for undeformed sand;

perpendicular to bedding.

H A T Chm-P L Elp-time H-corret. \4 K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 2.3 0 8.42 7.74 3.09E-03 3.07
10 11.401 1 10 2.3 60 8.55 6.93 2.73E-03 2.71
10 11.401 1 10 2.3 120 8.71 5.93 2.29E-03 2.27
10 11.401 1 10 2.3 180 8.76 5.62 2.16E-03 2.14
10 11.401 1 10 2.3 240 8.78 5.45 2.09E-03 2.07
10 11.401 1 10 2.3 300 8.78 5.44 2.08E-03 2.06

Temp. 22° Average Steady State Measurement 2.11E-03 2.09

Single sample replicate precision at one standard deviation
+4.16E-05 or £1.97%

Precision estimated from error analysis

+18.0%

Table AS8. Site 2a, hydraulic conductivity and permeability data for undeformed sand,

parallel to bedding, XX orientation.

H A T Chm-P L Elp-time H-corret. \% K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [cm’] [cn/s] [darcies]
10 11.401 1 10 2.1 0 8.14 9.56 3.61E-03 3.58
10 11.401 1 10 2.1 60 8.25 8.82 3.28E-03 3.26
10 11.401 1 10 2.1 120 8.32 8.41 3.10E-03 3.08
10 11.401 1 10 2.1 180 8.36 8.17 3.00E-03 2.98
10 11.401 1 10 2.1 240 8.40 7.88 2.88E-03 2.86
10 11.401 1 10 2.1 300 8.41 7.82 2.85E-03 2.83
Temp. 22° Average Steady State Measurement 2.91E-03 2.89

Single sample replicate precision at one standard deviation
+7.78E-05 or £2.67%

Precision estimated from error analysis

+14.9%

Table A9. Site 2a, hydraulic conductivity and permeability data for undeformed sand,

parallel to bedding, Y'Y orientation.

H A T Chm-P L Elp-time H-corret. \% K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 2.6 0 7.97 10.64 5.07E-03 4.92
10 11.401 1 10 2.6 60 8.16 943 4.39E-03 4.26
10 11.401 1 10 2.6 120 8.24 8.89 4.10E-03 3.98
10 11.401 1 10 2.6 180 8.34 8.29 3.78E-03 3.66
10 11.401 1 10 2.6 240 8.37 8.05 3.66E-03 3.55
10 11.401 1 10 2.6 300 8.38 8.04 3.65E-03 3.54

Temp. 23° Average Steady State Measurement 3.69E-03 3.58

Single sample replicate precision at one standard deviation
+7.34E-05 or £1.99%

Precision estimated from error analysis

+14.2%
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Table A10. Site 2b, hydraulic conductivity and permeability data for undeformed sand;

perpendicular to bedding.

H A T Chm-P L Elp-time H-corret. \4 K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 22 0 8.26 8.81 3.43E-03 3.33
10 11.401 1 10 22 60 8.45 7.54 2.87E-03 2.78
10 11.401 1 10 22 120 8.57 6.83 2.56E-03 2.49
10 11.401 1 10 22 180 8.59 6.67 2.50E-03 242
10 11.401 1 10 22 240 8.59 6.67 2.50E-03 242
10 11.401 1 10 22 300 8.59 6.65 2.49E-03 241

Temp. 23° Average Steady State Measurement 2.49E-03 242

Single sample replicate precision at one standard deviation
+4.32E-06 or £0.17%

Precision estimated from error analysis

+16.5%

Table A11. Site 2b, hydraulic conductivity and permeability data for undeformed sand;

parallel to bedding, XX orientation.

H A T Chm-P L Elp-time H-corret. \4 K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 2.1 0 7.84 11.46 4.49E-03 4.26
10 11.401 1 10 2.1 60 7.95 10.78 4.16E-03 3.94
10 11.401 1 10 2.1 120 8.07 10.01 3.81E-03 3.61
10 11.401 1 10 2.1 180 8.19 9.22 3.46E-03 3.28
10 11.401 1 10 2.1 240 8.20 9.19 3.44E-03 3.26
10 11.401 1 10 2.1 300 8.20 9.17 3.43E-03 3.25

Temp. 24° Average Steady State Measurement 3.44E-03 3.26

Single sample replicate precision at one standard deviation
+1.17E-05 or £0.34%

Precision estimated from error analysis

+14.0%

Table A12. Site 2b, hydraulic conductivity and permeability data for undeformed sand;

parallel to bedding, Y'Y orientation.

H A T Chm-P L Elp-time H-corret. A\ K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 2.4 0 7.90 11.05 4.91E-03 4.87
10 11.401 1 10 2.4 60 8.00 10.44 4.58E-03 4.55
10 11.401 1 10 24 120 8.19 9.21 3.95E-03 3.92
10 11.401 1 10 2.4 180 8.33 8.35 3.52E-03 3.49
10 11.401 1 10 2.4 240 8.33 8.33 3.51E-03 3.48
10 11.401 1 10 2.4 300 8.33 8.32 3.50E-03 3.47

Temp. 22° Average Steady State Measurement 3.51E-03 3.48

Single sample replicate precision at one standard deviation
1+6.43E-06 or £0.18%

Precision estimated from error analysis

+14.4%
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Table A13. Site 1, hydraulic conductivity and permeability data for undeformed sand;

upper fine layer, parallel to bedding.

H A T Chm-P L Elp-time H-corret. \4 K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 1.4 0 7.87 11.28 2.93E-03 2.84
10 11.401 1 10 1.4 60 8.02 10.32 2.63E-03 2.55
10 11.401 1 10 1.4 120 8.06 10.02 2.54E-03 2.47
10 11.401 1 10 1.4 180 8.17 9.34 2.34E-03 2.27
10 11.401 1 10 1.4 240 8.21 9.09 2.27E-03 2.20
10 11.401 1 10 1.4 300 8.22 9.05 2.25E-03 2.19

Temp. 23° Average Steady State Measurement 2.29E-03 2.22

Single sample replicate precision at one standard deviation
+4.67E-05 or £2.04%

Precision estimated from error analysis
+15.1%

Table A14. Site 1, hydraulic conductivity and permeability data for undeformed sand;

intercalated coarse lens, parallel to bedding.

H A T Chm-P L Elp-time H-corret. \4 K k
[cm] [em?] [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 2.6 0 4.97 29.53 2.26E-02 21.90
10 11.401 1 10 2.6 60 5.34 27.21 1.94E-02 18.78
10 11.401 1 10 2.6 120 5.62 25.46 1.72E-02 16.70
10 11.401 1 10 2.6 180 5.72 24.84 1.65E-02 16.01
10 11.401 1 10 2.6 240 5.73 24.47 1.62E-02 15.74
10 11.401 1 10 2.6 300 5.73 24.43 1.62E-02 15.72
Temp. 23° Average Steady State Measurement 1.63E-02 15.82

Single sample replicate precision at one standard deviation
+1.67E-04 or £1.02%

Precision estimated from error analysis
+9.8%

Table B1. Site 1, hydraulic conductivity and permeability data for deformation band;
perpendicular to deformation band; sample A.

P-head | P-head.corret.. L A Chm-P Flowrate Elp-time K k
[psi] [psi] [cm] [em?] [psi] [ml/min.] [min.] [c/s] [darcies]
15 14.98 0.6 11.401 50 1.00 0 8.30E-07 8.05E-04
18 17.98 0.6 11.401 50 1.00 60 6.91E-07 6.71E-04
21 20.98 0.6 11.401 50 1.00 120 5.93E-07 5.75E-04
25 24.98 0.6 11.401 50 1.00 180 4.98E-07 4.83E-04
29 28.98 0.6 11.401 50 1.00 240 4.29E-07 4.16E-04
32 31.98 0.6 11.401 50 1.00 300 3.89E-07 3.77E-04
35 34.98 0.6 11.401 50 1.00 360 3.55E-07 3.45E-04
38 37.98 0.6 11.401 50 1.00 420 3.27E-07 3.18E-04
40 39.98 0.6 11.401 50 1.00 480 3.11E-07 3.02E-04
41 40.98 0.6 11.401 50 1.00 540 3.03E-07 2.94E-04
41 40.98 0.6 11.401 50 1.00 600 3.03E-07 2.94E-04
Temp. 23° Average Steady State Measurement 3.06E-07 2.97E-04

Single sample replicate precision at one standard deviation
+4.38E-09 or £1.43%

Precision estimated from error analysis
+7.2%
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Table B2. Site 1, hydraulic conductivity and permeability data for deformation band;
perpendicular to deformation band; sample B.

P-head | P-head.corret.. L A Chm-P Flowrate Elp-time K k
[psi] [psi] [cm] [em?] [psi] [ml/min.] [min.] [cm/s] [darcies]
10 9.98 0.3 11.401 50 1.00 0 6.23E-07 5.90E-04
12 11.98 0.3 11.401 50 1.00 60 5.19E-07 4.92E-04
15 14.98 0.3 11.401 50 1.00 120 4.15E-07 3.93E-04
17 16.98 0.3 11.401 50 1.00 180 3.66E-07 3.47E-04
19 18.98 0.3 11.401 50 1.00 240 3.28E-07 3.10E-04
20 19.98 0.3 11.401 50 1.00 300 3.11E-07 2.95E-04
22 21.98 0.3 11.401 50 1.00 360 2.83E-07 2.68E-04
23 22.98 0.3 11.401 50 1.00 420 2.71E-07 2.56E-04
24 23.98 0.3 11.401 50 1.00 480 2.59E-07 2.46E-04
25 24.98 0.3 11.401 50 1.00 540 2.49E-07 2.36E-04
25 24.98 0.3 11.401 50 1.00 600 2.49E-07 2.36E-04
Temp. 24° Average Steady State Measurement 2.52E-07 2.39E-04

Single sample replicate precision at one standard deviation

+5.99E-09 or +2.38%

Precision estimated from error analysis
+10.9%

Table B3. Site 2, hydraulic conductivity and permeability data for deformation band;
perpendicular to deformation band; sample A.

P-head | P-head.corret.. L A Chm-P Flowrate Elp-time K k
[psi] [psi] [cm] [cm?] [psi] [ml/min.] [min.] [c/s] [darcies]
9 8.97 0.3 11.401 50 2.00 0 1.39E-06 1.38E-03
11 10.97 0.3 11.401 50 2.00 60 1.13E-06 1.13E-03
15 14.97 0.3 11.401 50 2.00 120 8.31E-07 8.25E-04
18 17.97 0.3 11.401 50 2.00 180 6.92E-07 6.87E-04
21 20.97 0.3 11.401 50 2.00 240 5.93E-07 5.89E-04
24 23.97 0.3 11.401 50 2.00 300 5.19E-07 5.15E-04
27 26.97 0.3 11.401 50 2.00 360 4.61E-07 4.58E-04
29 28.97 0.3 11.401 50 2.00 420 4.29E-07 4.26E-04
31 30.97 0.3 11.401 50 2.00 480 4.02E-07 3.99E-04
32 31.97 0.3 11.401 50 2.00 540 3.89E-07 3.86E-04
32 31.97 0.3 11.401 50 2.00 600 3.89E-07 3.86E-04
Temp. 22° Average Steady State Measurement 3.93E-07 3.90E-04

Single sample replicate precision at one standard deviation

+7.25E-09 or +1.84%

Precision estimated from error analysis
+10.8%
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Table B4. Site 2, hydraulic conductivity and permeability data for deformation band;
perpendicular to deformation band; sample B.

P-head | P-head.corret.. L A Chm-P Flowrate Elp-time K k
[psi] [psi] [cm] [em?] [psi] [ml/min.] [min.] [cm/s] [darcies]
4 3.98 0.2 11.401 40 1.00 0 1.04E-06 1.01E-03
5 498 0.2 11.401 40 1.00 60 8.32E-07 8.07E-04
7 6.98 0.2 11.401 40 1.00 120 5.93E-07 5.76E-04
9 8.98 0.2 11.401 40 1.00 180 4.61E-07 4.47E-04
11 10.98 0.2 11.401 40 1.00 240 3.77E-07 3.66E-04
12 11.98 0.2 11.401 40 1.00 300 3.46E-07 3.35E-04
14 13.98 0.2 11.401 40 1.00 360 2.96E-07 2.87E-04
14 13.98 0.2 11.401 40 1.00 420 2.96E-07 2.87E-04
14 13.98 0.2 11.401 40 1.00 480 2.96E-07 2.87E-04
15 14.98 0.2 11.401 40 1.00 540 2.77E-07 2.68E-04
15 14.98 0.2 11.401 40 1.00 600 2.77E-07 2.68E-04
Temp. 23° Average Steady State Measurement 2.83E-07 2.75E-04

Single sample replicate precision at one standard deviation

+1.14E-08 or +4.03%

Precision estimated from error analysis
+15.5%

Table C1. Site 1, hydraulic conductivity and permeability data for deformation zone;
parallel to deformation bands (0.3cm) and normal to bedding; sample C.

H A T Chm-P L Elp-time H-corret. \% K k
[cm] [em®] | [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 1.9 0 7.32 14.76 5.60E-03 5.43
10 11.401 1 10 1.9 60 7.54 13.37 4.93E-03 4.78
10 11.401 1 10 1.9 120 7.69 12.41 4.48E-03 435
10 11.401 1 10 1.9 180 7.91 11.02 3.87E-03 3.75
10 11.401 1 10 1.9 240 7.95 10.75 3.76E-03 3.64
10 11.401 1 10 1.9 300 7.96 10.68 3.73E-03 3.61
10 11.401 1 10 1.9 360 7.97 10.65 3.71E-03 3.60
10 11.401 1 10 1.9 420 7.97 10.62 3.70E-03 3.59
Temp. 23° Average Steady State Measurement 3.71E-03 3.60
Single sample replicate precision at one standard deviation Precision estimated from error analysis
1.29E-05 as a 0.00% +10.2%
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Table C2. Site 1, hydraulic conductivity and permeability data for deformation zone;
parallel to deformation bands (1.5cm) and parallel to bedding; sample D.

H A T Chm-P L Elp-time H-corret. \% K k
[cm] [em®] | [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
30 11.401 1 10 2.4 0 28.97 4.24 5.13E-04 0.51
30 11.401 1 10 2.4 60 29.03 3.84 4.64E-04 0.46
30 11.401 1 10 2.4 120 29.18 2.92 3.51E-04 0.35
30 11.401 1 10 2.4 180 29.23 2.58 3.10E-04 0.31
30 11.401 1 10 2.4 240 29.29 2.20 2.64E-04 0.26
30 11.401 1 10 2.4 300 29.30 2.16 2.59E-04 0.26
30 11.401 1 10 2.4 360 29.30 2.14 2.56E-04 0.25
30 11.401 1 10 2.4 420 29.30 2.12 2.54E-04 0.25
Temp. 22° Average Steady State Measurement 2.56E-04 0.25

Single sample replicate precision at one standard deviation

+2.39E-070r £0.93%

Precision estimated from error analysis

+20.5%

Table C3. Site 2, hydraulic conductivity and permeability data for deformation zone;
parallel to deformation bands (0.4cm) and parallel to bedding; sample C.

H A T Chm-P L Elp-time H-corret. \% K k
[cm] [em®] | [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 2 10 23 0 8.84 10.18 1.94E-03 1.88
10 11.401 2 10 2.3 60 8.92 9.14 1.72E-03 1.67
10 11.401 2 10 2.3 120 8.98 8.34 1.56E-03 1.51
10 11.401 2 10 23 180 9.07 7.21 1.34E-03 1.30
10 11.401 2 10 23 240 9.11 6.68 1.23E-03 1.20
10 11.401 2 10 23 300 9.11 6.65 1.23E-03 1.19
10 11.401 2 10 2.3 360 9.11 6.64 1.23E-03 1.19
10 11.401 2 10 2.3 420 9.11 6.62 1.22E-03 1.18
Temp. 23° Average Steady State Measurement 1.22E-03 1.19

Single sample replicate precision at one standard deviation

+2.82E-06 or +0.23%

Precision estimated from error analysis

+11.1%
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Table C4. Site 2, hydraulic conductivity and permeability data for deformation zone
parallel to deformation bands (0.2cm) and parallel to bedding; sample D.

H A T Chm-P L Elp-time H-corret. \% K k

[cm] [em®] | [minute] [psi] [cm] [min.] [psi] [em’] [cm/s] [darcies]
10 11.401 1 10 2.4 0 8.12 9.67 4.18E-03 3.96
10 11.401 1 10 24 60 8.26 8.79 3.73E-03 3.54
10 11.401 1 10 24 120 8.39 7.98 3.34E-03 3.16
10 11.401 1 10 2.4 180 8.48 7.37 3.05E-03 2.89
10 11.401 1 10 2.4 240 8.50 7.24 2.99E-03 2.83
10 11.401 1 10 2.4 300 8.50 7.22 2.98E-03 2.82
10 11.401 1 10 24 360 8.50 7.22 2.98E-03 2.82
10 11.401 1 10 2.4 420 8.51 7.20 2.97E-03 2.81

Temp. 24° Average Steady State Measurement 2.98E-03 2.82

Single sample replicate precision at one standard deviation Precision estimated from error analysis
+6.78E-06 or £ 0.23% +11.1%

Table C5. Site 1, hydraulic conductivity and permeability data for deformation zone;

perpendicular to deformation bands (0.2cm) and parallel to bedding; sample E.

H A T Chm-P L Elp-time | H-corret. A% Kaer. Kave Kavg
[cm] [em?] | [minute] | [psi] [cm] [min.] [psi] [em’] [cm/s] [em/s] [darcies]
45 11.401 5 10 2.3 0 44.41 7.00 9.32E-06 1.06E-04 0.11
45 11.401 5 10 2.3 60 44.43 6.34 8.43E-06 9.60E-05 0.10
45 11.401 5 10 2.3 120 44.45 5.83 7.74E-06 8.82E-05 0.09
45 11.401 5 10 2.3 180 44.48 4.75 6.29E-06 7.18E-05 0.07
45 11.401 5 10 2.3 240 44.50 4.12 5.45E-06 6.23E-05 0.06
45 11.401 5 10 2.3 300 44.52 3.76 4.97E-06 5.68E-05 0.06
45 11.401 5 10 2.3 360 44.53 3.26 4.30E-06 4.92E-05 0.05
45 11.401 5 10 2.3 420 44.54 3.02 3.98E-06 4.56E-05 0.05
45 11.401 5 10 2.3 480 44.55 2.64 3.48E-06 3.98E-05 0.04
45 11.401 5 10 2.3 540 44.55 2.58 3.40E-06 3.89E-05 0.04
45 11.401 5 10 2.3 600 44.55 2.55 3.36E-06 3.85E-05 0.04
Temp. 22° Average Steady State Measurement 3.41E-06 3.91E-05 0.04

Single sample replicate precision at one standard deviation

+6.92E-07 or £1.77%

Precision estimated from error analysis
+18.0%

60




Table C6. Site 1, hydraulic conductivity and permeability data for deformation zone;
perpendicular to deformation bands (0.6cm) and parallel to bedding; sample F.

H A T Chm-P L Elp-time | H-corret. A% Kaet. Kavg Kavg
[cm] [em®] | [minute] | [psi] [cm] [min.] [psi] [em’] [cm/s] [em/s] [darcies]
45 11.401 10 10 2.6 0 44.58 3.51 6.92E-06 2.99E-05 0.03
45 11.401 10 10 2.6 60 44.58 3.08 6.07E-06 2.63E-05 0.02
45 11.401 10 10 2.6 120 44.59 2.69 5.30E-06 2.29E-05 0.02
45 11.401 10 10 2.6 180 44.60 2.11 4.16E-06 1.80E-05 0.02
45 11.401 10 10 2.6 240 44.60 1.86 3.66E-06 1.59E-05 0.02
45 11.401 10 10 2.6 300 44.61 1.43 2.81E-06 1.22E-05 0.01
45 11.401 10 10 2.6 360 44.61 1.29 2.54E-06 1.10E-05 0.01
45 11.401 10 10 2.6 420 44.61 1.19 2.34E-06 1.01E-05 0.01
45 11.401 10 10 2.6 480 44.61 1.14 2.24E-06 9.71E-06 0.01
45 11.401 10 10 2.6 540 44.61 1.14 2.24E-06 9.71E-06 0.01
45 11.401 10 10 2.6 600 44.61 1.13 2.22E-06 9.63E-06 0.01
Temp. 24° Average Steady State Measurement 2.24E-06 9.68E-06 0.01

Single sample replicate precision at one standard deviation

+4.92E-08 or +0.51%

Precision estimated from error analysis
+33.2%

Table C7. Site 1, hydraulic conductivity and permeability data for deformation zone;

perpendicular to deformation bands (1.4cm) and parallel to bedding; sample G.

P-head | P-head.corret.. L Chm-P | Flowrate Elp-time Ket. Kavg Kavg
[psi] [psi] [cm] [em?] [psi] [ml/min.] [min.] [c/s] [cm/s] [darcies]
25 24.93 2.5 11.401 40 5.55 0 6.46E-06 1.15E-05 1.12E-02
25 24.95 2.5 11.401 40 3.88 60 4.51E-06 8.05E-06 7.81E-03
25 24.95 2.5 11.401 40 3.21 120 3.74E-06 6.67E-06 6.47E-03
25 24.96 2.5 11.401 40 2.88 180 3.35E-06 5.98E-06 5.80E-03
25 24.96 2.5 11.401 40 2.57 240 2.99E-06 5.33E-06 5.17E-03
25 24.97 2.5 11.401 40 221 300 2.57E-06 4.59E-06 4.45E-03
25 24.97 2.5 11.401 40 2.00 360 2.33E-06 4.16E-06 4.03E-03
25 24.97 2.5 11.401 40 1.99 420 2.31E-06 4.12E-06 4.00E-03
25 24.97 2.5 11.401 40 1.96 480 2.27E-06 4.06E-06 3.94E-03
25 24.97 2.5 11.401 40 1.95 540 2.27E-06 4.05E-06 3.92E-03
25 24.97 2.5 11.401 40 1.95 600 2.26E-06 4.04E-06 3.92E-03
Temp. 23° Average Steady State Measurement 2.27E-06 4.05E-06 3.93E-03
Single sample replicate precision at one standard deviation Precision estimated from error analysis
+8.64E-09 or £0.21% +6.7%
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Table C8. Site 1, hydraulic conductivity and permeability data for deformation zone;

perpendicular to deformation bands (1.5cm) and parallel to bedding; sample H.

P-head | P-head.corret.. L Chm-P | Flowrate Elp-time Ket. Kavg Kavg
[psi] [psi] [cm] [em?] [psi] [ml/min.] [min.] [c/s] [cm/s] [darcies]
25 24.92 2.2 11.401 40 6.44 0 8.03E-06 1.18E-05 1.14E-02
25 24.93 2.2 11.401 40 5.66 60 7.06E-06 1.04E-05 1.00E-02
25 24.94 22 11.401 40 4.34 120 5.42E-06 7.94E-06 7.70E-03
25 24.95 2.2 11.401 40 3.43 180 4.28E-06 6.27E-06 6.08E-03
25 24.96 22 11.401 40 2.97 240 3.70E-06 5.42E-06 5.26E-03
25 24.96 22 11.401 40 2.76 300 3.44E-06 5.05E-06 4.90E-03
25 24.96 22 11.401 40 2.46 360 3.06E-06 4.49E-06 4.36E-03
25 24.96 2.2 11.401 40 2.33 420 2.91E-06 4.26E-06 4.14E-03
25 24.97 2.2 11.401 40 2.13 480 2.65E-06 3.89E-06 3.77E-03
25 24.97 22 11.401 40 2.12 540 2.64E-06 3.88E-06 3.76E-03
25 24.97 2.2 11.401 40 2.12 600 2.64E-06 3.87E-06 3.75E-03
Temp. 23° Average Steady State Measurement 2.65E-06 3.88E-06 3.76E-03
Single sample replicate precision at one standard deviation Precision estimated from error analysis
+1.12E-08 or £0.29% +7.0%

Table C9. Site 2, hydraulic conductivity and permeability data for deformation zone;

perpendicular to deformation bands (0.1cm) and parallel to bedding; sample E.

H A T Chm-P L Elp-time | H-corret. A% Ket. Kavg Kavg
[cm] [em?] | [minute] | [psi] [cm] [min.] [psi] [em’] [cm/s] [cm/s] [darcies]
30 11.401 5 10 2.1 0 28.34 41.29 5.69E-05 8.95E-04 0.87
30 11.401 5 10 2.1 60 28.47 37.24 4.94E-05 8.03E-04 0.78
30 11.401 5 10 2.1 120 28.63 32.20 4.08E-05 6.91E-04 0.67
30 11.401 5 10 2.1 180 28.77 27.77 3.39E-05 5.93E-04 0.57
30 11.401 5 10 2.1 240 28.87 24.49 2.91E-05 5.21E-04 0.51
30 11.401 5 10 2.1 300 28.93 22.42 2.62E-05 4.76E-04 0.46
30 11.401 5 10 2.1 360 29.00 20.20 2.31E-05 4.28E-04 0.41
30 11.401 5 10 2.1 420 29.04 19.13 2.17E-05 4.04E-04 0.39
30 11.401 5 10 2.1 480 29.04 19.08 2.17E-05 4.03E-04 0.39
30 11.401 5 10 2.1 540 29.04 19.07 2.17E-05 4.03E-04 0.39
30 11.401 5 10 2.1 600 29.04 19.07 2.17E-05 4.03E-04 0.39
Temp. 23° Average Steady State Measurement 2.17E-05 4.03E-04 0.39

Single sample replicate precision at one standard deviation
+1.22E-07 or £0.03%

+7.8%

Precision estimated from error analysis
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Table C10. Site 2, hydraulic conductivity and permeability data for deformation zone;

perpendicular to deformation bands (0.3cm) and parallel to bedding; sample F.

H A T Chm-P L Elp-time | H-corret. A% Kaet. Kavg Kavg
[cm] [em®] | [minute] | [psi] [cm] [min.] [psi] [em’] [cm/s] [em/s] [darcies]
45 11.401 10 10 22 0 44.49 9.12 9.14E-06 6.59E-05 0.07
45 11.401 10 10 22 60 44.51 7.78 7.78E-06 5.62E-05 0.06
45 11.401 10 10 22 120 44.53 6.62 6.60E-06 4.78E-05 0.05
45 11.401 10 10 2.2 180 44.54 5.74 5.71E-06 4.14E-05 0.04
45 11.401 10 10 22 240 44.57 3.92 3.89E-06 2.83E-05 0.03
45 11.401 10 10 22 300 44.59 3.01 2.98E-06 2.17E-05 0.02
45 11.401 10 10 22 360 44.59 2.72 2.69E-06 1.96E-05 0.02
45 11.401 10 10 22 420 44.59 2.55 2.52E-06 1.84E-05 0.02
45 11.401 10 10 22 480 44.60 2.25 2.22E-06 1.62E-05 0.02
45 11.401 10 10 22 540 44.60 2.24 2.21E-06 1.62E-05 0.02
45 11.401 10 10 22 600 44.60 2.22 2.19E-06 1.60E-05 0.02
Temp. 22° Average Steady State Measurement 2.21E-06 1.61E-05 0.02

Single sample replicate precision at one standard deviation
+1.10E-07 or £0.68%

+20.2%

Precision estimated from error analysis

Table C11. Site 2, hydraulic conductivity and permeability data for deformation zone;

perpendicular to deformation bands (0.2cm) and parallel to bedding; sample G.

P-head | P-head.corret.. L Chm-P | Flowrate Elp-time Koet. Ky Kavg
[psi] [psi] [cm] [em?] [psi] [ml/min.] [min.] [cm/s] [cm/s] [darcies]
10 9.52 1.9 11.401 20 84.46 0 4.05E-05 3.49E-04 0.35
10 9.58 1.9 11.401 20 70.57 60 3.31E-05 2.90E-04 0.29
10 9.60 1.9 11.401 20 64.21 120 2.98E-05 2.63E-04 0.26
10 9.63 1.9 11.401 20 57.42 180 2.64E-05 2.35E-04 0.23
10 9.67 1.9 11.401 20 49.41 240 2.24E-05 2.01E-04 0.20
10 9.70 1.9 11.401 20 43.24 300 1.94E-05 1.76E-04 0.17
10 9.75 1.9 11.401 20 32.56 360 1.43E-05 1.32E-04 0.13
10 9.78 1.9 11.401 20 27.47 420 1.20E-05 1.11E-04 0.11
10 9.79 1.9 11.401 20 25.24 480 1.10E-05 1.02E-04 0.10
10 9.79 1.9 11.401 20 24.37 540 1.06E-05 9.80E-05 0.10
10 9.80 1.9 11.401 20 24.31 600 1.06E-05 9.77E-05 0.10
Temp. 22° Average Steady State Measurement 1.07E-05 9.91E-05 0.10

Single sample replicate precision at one standard deviation
+2.13E-06 or £2.15%

+10.0%

Precision estimated from error analysis
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Table C12. Site 2, hydraulic conductivity and permeability data for deformation zone;

perpendicular to deformation bands (0.5cm) and parallel to bedding; sample H.

P-head | P-head.corret.. L A Chm-P | Flowrate Elp-time Kaer, Kavg Kavg
[psi] [psi] [cm] [cm?] [psi] [ml/min.] [min.] [cm/s] [cm/s] [darcies]
10 9.84 2.3 11.401 20 17.67 0 1.90E-05 8.56E-05 0.08
10 9.85 2.3 11.401 20 16.25 60 1.74E-05 7.86E-05 0.07
10 9.85 2.3 11.401 20 15.69 120 1.68E-05 7.59E-05 0.07
10 9.86 2.3 11.401 20 13.88 180 1.48E-05 6.71E-05 0.06
10 9.88 2.3 11.401 20 12.04 240 1.28E-05 5.81E-05 0.06
10 9.89 2.3 11.401 20 10.37 300 1.10E-05 5.00E-05 0.05
10 9.91 2.3 11.401 20 8.11 360 8.56E-06 3.90E-05 0.04
10 9.91 2.3 11.401 20 7.26 420 7.65E-06 3.49E-05 0.03
10 9.92 2.3 11.401 20 7.13 480 7.51E-06 3.43E-05 0.03
10 9.92 2.3 11.401 20 7.13 540 7.51E-06 3.43E-05 0.03
10 9.92 2.3 11.401 20 7.10 600 7.48E-06 3.41E-05 0.03
Temp. 24° Average Steady State Measurement 7.50E-06 3.42E-05 0.03

Single sample replicate precision at one standard deviation
+8.32E-08 or £0.24%

Precision estimated from error analysis

+9.8%

64




2.5E-02

2.0E-02

1.5E-02

K (cm/s)

7
BOE-03 4o - - mmmm e
: ! . n
! T e
0.0E+00 1 1 ‘ ‘
0 60 120 180 240 300

Elapsed time (min.)

—+— S.#1. Fine.

—&— S.#1a. Nor.
—¢— S .#1b. Nor.

——S.#1a. Pa. Stk.
—¥— S.#1b. Pa. Stk.

——S.#1. Coarse.

—&— S.#1a. Pa. Dip.
—@— S.#1b. Pa. Dip.

Figure Al. Hydraulic conductivity of undeformed sands, Site 1.
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