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CONVERSION FACTORS

For readers who may prefer to use inch-pound units rather than the
metric (International System) units used in this report, the following
conversion factors may be used:

Multiply metric (SI) units By To obtain inch-pound units
meter (m) 3.281 foot
centimeter (cm) 0.3937 inch
kilometer (km) 0.6214 mile
liter per minute (L/min) 0.000589 cubic foot per second

The following units are listed to define abbreviations:
kilohertz (kHz)

Sea level: 1In this report "sea level" refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a
general adjustment of the first order level nets of both the United States
and Canada, formerly called "Sea Level Datum of 1929",



FRACTURE CHARACTERIZATION AND FRACTURE-PERMEABILITY ESTIMATES FROM

GEOPHYSICAL LOGS IN THE MIRROR LAKE WATERSHED, NEW HAMPSHIRE
Frederick L. Paillet1 and Kemal Kapucu2

ABSTRACT

A network of closely spaced boreholes at Mirror ‘Lake, New Hampshire,
vas expanded to include an additional series of 150-millimeter diameter
boreholes along a line extending more than 2 kilometers. The line was
extended by drilling one new 152-meter-deep borehole 100 meters northwest
of the existing borehole network and deepening an existing bedrock borehole
located 100 meters farther northwest. The line also was extended toward
the southeast by drilling a 167-meter-deep borehole to complete a series of
one nev and two existing boreholes spaced about 500 meters apart. The
resulting line of bedrock boreholes provides a nested set of controls for
simulating fracture flow at scales of investigation imposed by 10-, 100-,
and 500-meters borehole separations. The expanded series of boreholes was
drilled and geophysical logs obtained to estimate the vertical and
horizontal distribution of fracture permeability for characterization of
ground-vater flow in fractured bedrock in the Mirror Lake watershed. An
extensive suite of geophysical logs was obtained in all but one of the new
boreholes. These data are given along with geophysical log data obtained
from previously drilled boreholes. Fracture frequency distribution in each
borehole was estimated by use of acoustic-televiewer borehole logs.
Low-temperature mineral alteration near fractures, which may be indicative
of ground-water circulation patterns, was estimated by comparing various
geophysical log anomalies for individual fractures that were indicated on
the televiewer logs. Quantitative estimates for fracture-zone
transmissivity were calculated for three of the boreholes for which
acoustic tube-wave amplitude logs were available for analysis. Heat-pulse
flowmeter measurements were made during recovery of one of the newly
drilled boreholes, and during steady pumping of three other boreholes.
These data are presented in various fracture-frequency and fracture-
permeability profiles to provide complete information for future
application in models of ground-water flow in the Mirror Lake watershed.

INTRODUCTION

Borehole geophysical measurements provide important information that
can be used to characterize the in-situ properties of a fractured rock
volume. However, testing and verification of new fracture characterization
and permeability estimation techniques have proven difficult because of the
lack of corroborative data for fracture permeability. In this report, the
general term "fracture characterization" will be used to denote the process

1U.S. Geological Survey, Denver, Colorado

2Mineral Research and Exploration Institute, Ankara, Turkey



of assigning semi-quantitative and qualitative values to individual
fractures in order to compare one fracture to another, or to indicate which
fractures are likely to be functioning as conduits for ground-water flow.
Fracture permeability is mentioned separately as one fracture property
related to ground-vater flow. However, factors other than permeability
adjacent to the boreholes are likely to affect regional permeability. For
example, extent of alteration adjacent to fracture planes, fracture
orientation with respect to regional fracture trends, and average size of
asperities could indicate the ability of a single fracture to conduct flow.

Purpose and Scope

This report describes the conventional geophysical logs available for
a network of closely spaced boreholes near Mirror Lake, New Hampshire
(Fig. 1). Several recently developed techniques for the in-situ
characterization of fracture permeability based on acoustic tube-wave
attenuation and heat-pulse flowmeter measurements in observation boreholes
during pumping also are described.

This report presents borehole data for the series of boreholes at
Mirror Lake for use in identifying aquifer properties for ground-water flow
modeling and for comparison with other fracture characterization methods.
The bedrock drilling in the Mirror Lake watershed was conducted in 1987 to
extend the information on fracture permeability and to obtain additional
information on the interaction of ground water in bedrock with ground water
in surficial sediments given by Paillet (1985) and Winter (1984). This
report updates the fracture data provided in a previous report (Paillet,
1985), which presents fracture-hydrology information on the series of four
closely-spaced boreholes drilled in the first phase of this study. The
four boreholes were drilled in a square pattern with 10-m (meter)
separations between adjacent boreholes (Fig. 1). Subsequent studies
identified hydraulic connections between the four boreholes (Paillet and
others, 1987a; Hardin and others, 1987). However, the initial phase of the
study provided no information as to how far from the original network the
hydraulic connection of fracture flow paths extended, or how this single
well-defined pattern of hydraulic interconnection represented the fracture
hydrology of bedrock flow paths in the vicinity of Mirror Lake.

The additional series of boreholes in the Mirror Lake watershed was
designed to provide information over a scale of investigation that was one
order of magnitude larger than the 10-m square array of boreholes.
Therefore, the additional boreholes were drilled at 100-m separations.
Drilling of one more borehole subsequently allowed the 10- and 100-m
separation borehole arrays to be nested within a profile of boreholes
separated at 500-m intervals. The expanded set of Mirror Lake bedrock
boreholes described in this report provide an unique opportunity to
study fracture flow at three different scales of investigation within a
single watershed.

Additional geophysical logs and other measurements are planned during
future onsite work at Mirror Lake. The data provided in this report are
intended as guides for other investigators in planning and implementing
future fracture studies at Mirror Lake. The long-term goal of geophysical
logging of fractures in the Mirror Lake watershed is to provide the
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Figure 1. A, Location of boreholes near Mirror Lake; B, Section showing
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description of bedrock permeability and storage distributions required to
construct aquifer models accounting for the interaction of flow in
fractures in bedrock with flow in surficial sediments in the lake basin.

Description of Study Site

The location of the nine boreholes used to determine the fracture
distribution at Mirror Lake are shown in figure 1A. Land-surface altitude,
total depth, casing depth and approximate date of drilling are listed in
Table 1. All nine boreholes are about 150 mm (millimeters) in diameter and
are cased through at least 9 m of unconsolidated superficial deposits. All
but borehole KHL-BR penetrate more than 100 m into the underlying bedrock.
The regional bedrock is a foliated, micaceous schist consisting of former
continental slope sediments that were metamorphized during intense tectonic
metamorphism (Billings and others, 1979). The bedrock is freshly exposed in
recent road cuts along Interstate Highway 93 less than 500 m from the
borehole profile (Fig. 1). A photograph of fractures and quartz veins
exposed at that location is shown in figure 2. Cores were not obtained
during the drilling of the boreholes at Mirror Lake, but lithologic logs
were made from studies of drill cuttings obtained at regular depth intervals
for all boreholes except borehole PV-BR. Lithologic logs indicate that the
schist at the study site has been extensively intruded by quartz monzonite,
which composed a substantial part of the cuttings. Background geology and
hydrogeology for the Mirror Lake drainage basin are given by Winter (1984)
and Likens (1985). Mirror Lake is adjacent to the Hubbard Brook
Experimental Forest (Fig. 1), which contains several smaller drainage basins
that have been the subjects of intense hydrologic and geochemical
investigations. However, few previous investigations have been done on the
contribution of deep water circulation in fractured basement rocks to the
total geochemical budget in the Hubbard Brook drainage basin.

The nine boreholes shown in figure 1 represent a combination of recently
drilled and previously drilled boreholes designed to provide a nested set of
fracture observation points over three different scales of investigation.

In 1985, boreholes FS83-BR1, 2, 3, and 4, were drilled in a 10-m square
(Fig. 1A) to investigate fracture systems at a small scale. Three of these
boreholes are 107 m deep and the fourth is 229 m deep. The geophysical logs
for only the single deepest borehole in the FS83-BR series, borehole
FS83-BR4, are presented in this report. Additional information about the
other three FS83-BR series boreholes is given by Paillet (1985). The
hydraulic connection of fractures between these boreholes was investigated
in detail in several previous studies (Paillet and others, 1987a, 1987b;
Hardin and others, 1987).

In 1987, borehole FS87-BR was installed about 100 m to the northwest of
the borehole nest, and an existing borehole, FS79-BR, which was another
100 m further northwest was deepened. These locations and spacings were
chosen in order to expand the area of investigation from 10 to 100 m.
Future fracture characterization and fracture flow modeling at Mirror Lake
will concentrate on this larger area of investigation. The orientation of
the borehole profile was chosen to be transverse to regional topographic
contours and to the strike of the predominantly east and west dipping
fractures, and to make use of existing boreholes and access roads in thickly
forested terrain.
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Figure 2. Photograph showing fractures and quartz veins exposed in recent
road cut along Interstate Highway 93, 0.5 kilometer northeast of section
(location shown in fig. 1A).



Table 1.--Boreholes at Mirror Lake, New Hampshire

Land-surface Total Bottom of
altitude depth casing
Borehole (meters (meters) (meters) Date drilled

above sea level)

FS79-BR 256 137 15 Summer, 1979;
deepened August,
1987
FS87-BR 252 152 9 August 1987
FS83-BR1 239 107 17 Summer, 1983
FS83-BR2 239.5 107 17 Summer, 1983
FS83-BR3 239.5 107 17 Summer, 1983
FS83-BR4 240 229 17 July 1985
KHL-BR 214 47 12 Summer 1979
CO-BR 215 167 10 August 1987
PV-BR 208 187 15 Before 1984

1Geophysical logs indicate that borehole CO-BR is deviated by as much as 15°
from the vertical at depths greater than 50 meters; actual vertical depth may
be less than 150 meters.



The borehole network was extended to an even larger scale of
investigation by drilling one additional borehole, CO-BR. The combination
of this new borehole and the existing boreholes KHL-BR and PV-BR extend the
network to the southeast and provide information at a scale of 500 m.

The use of boreholes with existing geophysical and lithologic logs
decreased the expense of drilling, but complicated the comparison of data.
The one borehole that was deepened for this study, borehole FS79-BR, was
relogged completely to ensure consistent comparison of fractures in the
upper and lower parts of the borehole. Borehole PV-BR is a domestic
wvater-supply well drilled prior to this study, and no reliable lithologic
log is available. Borehole PV-BR and borehole KHL-BR were unavailable for
logging during this study. However, limited geophysical logs were available
from earlier phases of work. Logs of borehole PV-BR were obtained using the
same equipment used to log the FS-series boreholes. Borehole KHL-BR was
logged using logging equipment with different probe configurations and
electronic gain controls, so that direct comparisons cannot be made between
logs obtained for this study and logs from borehole KHL-BR. However, the
geophysical and lithologic logs for borehole KHL-BR originally published by
Winter (1984) are reproduced for comparison.

Results of Previous Fracture Permeability Tests at the
FS83-BR Boreholes

The hydraulic connections provided by flow paths in fractures between
the four closely-spaced FS83-BR boreholes were investigated in a series of
studies described by Paillet and others (1987a, 1987b) and Hardin and
others (1987). These investigations included flowmeter measurements during
pumping and vertical seismic profiles. The results indicated that there was
a single, major interconnection between the four boreholes. This single
connection intersected all four boreholes at about 45 m in depth, even
though the fracture zone seemed to be composed of steeply dipping fractures
on the basis of ATV (acoustic televiewer) logs obtained in each of the
boreholes. Surface seismic investigations, producing an indication of
fracture permeability over a larger volume of rock extending away from the
boreholes, indicated a single, nearly horizontal zone of large fracture
permeability (Hardin and others, 1987). Packer-isolation and injection
tests provided independent confirmation of the relative permeability
measurements obtained for this fracture zone based on tube-wave attenuation
of AWF (acoustic waveform) data.

The results of HPFM (heat-pulse flowmeter) measurements during pumping
of borehole BR4 are shown in figure 3. The pumping tests confirmed the
presence of the hydraulic connection between the FS83-BR boreholes as a
nearly horizontal zone of permeability composed of short sections of
intersecting fractures. Various geophysical and hydraulic interpretations
of the profile of fracture permeability in borehole FS83-BR4 are shown in
figure 4 (Paillet and others, 7b). These results indicate the substantial
effect of the volume of investigation on interpretation of fracture
permeability. The geophysical logs (ATV, AWF, and conventional logs)
indicate that more than 20 of the fractures intersecting borehole FS83-BR4
are permeable within a few meters of the borehole wall. However, some of
these apparently open fractures did not yield water during pumping or failed

7
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to accept water during packer-isolation and injection testing. Comparison
of the distribution of apparently open fractures obtained from geophysical
logs with the single zone of fracture connection between boreholes inferred
from pumping tests demonstrates the substantial difference between
permeability that is measured a few meters and tens of meters around
borehole FS83-BR4. This dependence of fracture permeability on rock volume
of investigation in the vicinity of borehole FS83-BR4 raises questions
whether the hydraulic connection between the four FS83-BR boreholes bears
any relation to the larger scale circulation of ground water in the
crystalline basement rocks beneath Mirror Lake.

One additional result of the investigation of the FS83-BR boreholes was
obtained during this study after publication of the results discussed by
Paillet and others (1987a) and Hardin and others (1987). During recovery
after pumping, the water level in borehole FS83-BR4 seemed to recover
slightly faster than the water level in the other three boreholes. Analysis
of the measured recovery rates indicates that flow from one or more deeper
fractures in borehole FS83-BR4 caused this difference. This was determined
when borehole FS83-BR4 was observed to recover fully within 24 hours after
pumping stopped. Flow from a deeper fracture zone was inferred to travel
upwards in borehole FS83-BR4 to exit at the main fracture zone, allowing
flow into the other FS83-BR boreholes. The inferred volume of flow was less
than the 0.005 L/min (liter per minute) resolution limit of the heat-pulse
flowmeter. However, this small flow was large enough to result in a
measurable hydraulic gradient between borehole FS83-BR4 and the other
boreholes after a full day of recovery. Subsequent measurements of interval
pressures during packer-isolation and injection tests indicated that the
flow from the deeper part of borehole FS83-BR4 was being produced by an
isolated fracture at about 140 m in depth (P.A. Hsieh, U.S. Geological
Survey, written comm., 1987).

APPROACH
Geophysical Logging Equipment

Most of the boreholes shown in figure 1 were logged using an extensive
suite of conventional geophysical logging equipment. The suite includes
caliper, natural-gamma, epithermal-neutron, acoustic-transit-time, and
single-point-resistance logs (table 2). All of these geophysical techniques
commonly are used in the characterization of aquifers, and are described in
numerous references (Keys and MacCary, 1971; Hearst and Nelson, 1985).
Additional conventional logs were not run in existing wells because of time
constraints during the 1987 field season.

In addition to the conventional geophysical logs, several newer logging
techniques designed specifically for fracture characterization were used in
this study. These were (1) the ATV log (2) AWF logs, and (3) HPFM
measurements. The ATV log provides a photographic record of the pattern of
acoustic reflectivity on the borehole wall (Zemanek and others, 1970;
Paillet and others, 1985). Fractures appear as dark lines on the image
where the intersection of the fracture opening with the borehole wall
scatters incident acoustic wave energy. The format and interpretation of
fracture strike and dip based on ATV logs is shown in figure 5. The AWF

10



Table 2.--Summary of geophysical logs and other measurements in the Mirror
Lake boreholes

Borehole
Log or test FS79- FsS87- FS83- FSB83- FS83- FS83- KHL- CO- PV-
BR BR BR1 BR2Z BR3 BR4 BR BR BR
Conventional logs:
Caliper F1 F1 F2 F2 F2 F1 F1 N N
Natural-gamma N N F2 F2 F2 F2 F1 N N
Single-point F1 F1 F2 F2 F2 F1 N N N
resistance
Other electric log N N N N N N F1 N N
Acoustic~transit F1 F1 F2 F2 F2 F1 F1 N N
time
Epithermal neutron F1 F1 N N N N Fl N N
Gamma-Gamma N N N N N N Fl N N
Acoustic televiever F1 F1 F2 F2 F2 F1 Fl F1 F1
log
Acoustic waveform F1 F1 F2 F2 F2 Fl N N N
Lithology log F1 F1 F2 F2 F2 F1 Fl N N
Flowmeter during F1 R F3 F3 F3 F3 F1 F1 F1
pumping
Vertical seismic N N N N N F3 N N N
profile
Packer isolation N N N N N F4 N N N

and injection

EXPLANATION:

F - Measurement made over full depth of borehole; if flowmeter used,
distribution of vertical flow profile during pumping or drawdown

determined.

Fl1 - data in this report; F2 - data given by Paillet

(1985); F3 - data given by Paillet and others (1987a); F4 - data

given by Paillet and others (1987b).

N - No measurement in borehole.

S - Flowmeter measurements made under natural conditions or during

recovery from drawdown; no flow detected.

R - Flowmeter measurements made following drawdown; some flow detected.

11
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logging technique records the complete pressure signal received by a
conventional acoustic logging probe (Paillet and White, 1982; Paillet 1983).
A part of this signal correlates closely with fracture permeability. This
part of the signal is the tube-wave mode--a guided wave that travels along
the borehole (Biot, 1952; Cheng and Toksoz, 1981; Paillet and White, 1982).
The estimation of fracture permeability using tube-wave attenuation in AWF
data is described by Paillet (1983) and Hardin and others, (1987). The
method relates that part of tube-wave attenuation associated with viscous
dissipation of fluid motions induced in the fracture with fracture
permeabilities. The HPFM provides extremely sensitive measurements of
vertical flow in boreholes (Hess, 1982), and can be used to identify
specific fractures producing flow during pumping tests (Hess, 1986; Paillet
and others, 1987a). All of these measurement techniques were used during
previous studies of the FS83-BR boreholes and are planned for use in future
studies to define fracture permeability along the expanded borehole network
shown in figure 1.

In-Situ Measurements of Fracture Permeability

Fracture characterization methods involve various physical models for
fractures in the vicinity of boreholes. Difference in the volume of rock
surrounding the borehole investigated by individual methods needs to be
considered in comparing different geophysical logs obtained in the same
borehole. The term "rock volume of investigation" is used to denote the
roughly spherical volume of rock over which a specific geophysical
measurement averages rock properties. Fracture characterization at Mirror
Lake has been based on a simple model for fracture permeability that permits
comparison of measurements made using geophysical equipment that effectively
average rock properties over different vertical intervals around the depth
point nominally associated with the measurements. For example, one log may
have a small rock volume of investigations providing a single measurement
averaging the properties of several adjacent fractures. Fracture flow is
simulated as plane Poiseuille flow in a uniform opening of width between
two infinite rock bodies. The discharge per unit width of the opening in
the simulation is related to the pressure gradient and fracture thickness
according to the equation (Witherspoon and others, 1981):

prbd
Q- (0
121

wvhere Q is the measured discharge per unit width (cmz/s), P’ is the pressure
gradient (pascal/cm), b is the fracture aperture (cm), and n is the
viscosity of water (g/cm+s). For thin confined aquifers, the fracture plane
may be considered to be a single aquifer the transmissivity, T (em/s), of
which is given by the equation:

T = Kb = pgb>/121n (2)

where g is the acceleration of gravity, p is the density of water (g/cm),
and K is the hydraulic conductivity of the fracture (ecm/s).

Although naturally occurring fractures are not characterized by a
single, uniform aperture, fractures at Mirror Lake may be related to

13



infinite plane fractures, each with a single uniform aperture described in
equation (1). In this report, natural fractures are simulated as thin zones
of permeable rock that are surrounded by a variable thickness of altered,
less permeable rock and that are embedded within a mass of crystalline rock
with even lower permeability (Fig. 6). The results of geophysical
measurements of properties of fractured rock indicate the combined effects
of fracture openings, borehole enlargement in fractured intervals, infilling
minerals, and alteration of rock adjacent to fractures (Fig. 7). All of
these features affect the permeability estimated by using geophysical logs
and other equipment. Different fracture-permeability measurements are
compared by estimating the aperture of an equivalent plane fracture
conducting plane Poiseuille flow that gives the measured response under
in-situ conditions.

The most direct measurement of fracture permeability is made by
isolating a short interval of borehole and then measuring the flow induced
by an imposed hydraulic-head change (Zeigler, 1976; Hsieh and others, 1983).
This approach has several significant complications. First, the exact
thickness of fracture zones cannot be determined, so that permeability
estimates average the discrete permeability of a few thin fractures
throughout the entire isolated interval. Second, some simulations of
fracture response need to be based on the head difference between the
borehole wall and an undetermined radius of influence in the fracture zone.
Third, the volume of investigation associated with these tests is much
larger than that associated with most borehole geophysical investigations.
Finally, the relatively small permeability of many fractures requires that
measurements be made during a period of several hours. These long test
periods, combined with the long set-up times needed for use of packers, make
direct measurement of fracture permeability a lengthy and complicated
process.

Although the permeability of individual fractures is difficult to
quantify, studies indicate that fracture permeability alone may not
determine the volume of water circulating through a fracture system. For
example, a permeable fracture ending abruptly several hundreds of meters
avay from a borehole and not intersecting other fractures would have
little flow. .Studies of randomly orientated sets of permeable fractures of
finite length indicate that fracture connectivity has an effect on
permeability in a given volume of rock (Long and others, 1982). One
consequence of fracture connections is the possible overestimation of
fracture permeability caused by fracture interconnections that short circuit
flow from the zone isolated during packer tests to areas in the borehole
that are above and below the test zone.

In this report, fracture permeability interpretations are presented as
the average permeability of the rock surrounding an interval where one or
several fractures intersect the borehole. Permeabilities are given as the
total transmissivity of the interval, or as the aperture of a single,
infinite fracture of uniform width, b which has the same volume of flow at
the measured hydraulic gradient. When geophysical measurements obtained
using different detector spacings associated with different rock volumes of
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Figure 6. Fracture model illustrating asperities, infilling minerals, and
alteration.
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Figure 7. Fracture sampling with a geophysical logging tool, illustrating
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open fracture and altered rock.
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investigation are compared with each other, or with the results of
packer-isolation tests, permeabilities averaged over different intervals
surrounding the measurement point need to be compared. Because these
differing intervals may correspond to different numbers of fractures, the
permeabilities of more than one fracture set need to be combined to give the
transmissivity or equivalent single fracture aperture that has the same
average permeability as the combined set of fractures. In that case, the
transmissivity values of individual fractures are summed to yield the
transmissivity of a single equivalent fracture:

T, =Ty + Ty, (3)
wvhere T, and T, are the transmissivity values of the individual fractures
having an equivalent single fracture transmissivity of T . Where fracture

permeabilities are expressed in single equivalent fracture apertures, the
permeabilities are combined using the cubic law (Witherspoon and others,
1981):

2 3,1/3
b, = (by” + b)), (4)

where b, and b, are the apertures of each of the fractures, and bc is the
aperturé of a Single fracture conducting the same flow as the two fractures
together (Paillet and others, 1987).

FRACTURE CHARACTERIZATION AND FRACTURE PERMEABILITY ESTIMATES

Fracture Characterization at Boreholes FS83-BR, FS87-BR, KHL-BR,
CO-BR and PV-BR by Use of Acoustic Televiewer Logs and
other Conventional Geophysical Logs

The bedrock drilling in the Mirror Lake watershed in 1987 was conducted
to provide information on the distribution of fractures along the borehole
profile shown in figure 1B. The relative depths and altitude of boreholes
FS79-BR, FS87-BR, FS83-BR4, KHL-BR, CO-BR, and PV-BR are indicated in figure
1B without vertical exaggeration. Estimated ground-water production ratio
determined during various pumping tests, or from the measured rate of water
level recovery after drilling, are indicated in figure 1C. Geophysical logs
and lithologic logs for boreholes FS79-BR, FS87-BR, and FS83-BR4 are shown
in figures 8, 9, and 10. Only one geophysical log was obtained in borehole
CO-BR, and two logs were available for borehole PV-BR. The composite suite
of geophysical logs for borehole KHL-BR given by Winter (1984) is reproduced
in figure 11.

ATV log data in figures 8-10 show all fractures and fracture zones as
discrete horizontal lines because the ve<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>